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The miscibility of chlorinated polyethylene (CPE)/polyvinyl chloride (PVC) blends is intricately influenced by
both chemical structures and environmental conditions. This study employs all-atom molecular dynamics
simulations to systematically investigate the effects of CPE chlorine content and molecular architecture,
blend composition, and temperature on CPE/PVC miscibility behavior. Analysis of solubility parameters
(0) suggests that the compatibility of CPE/PVC blends improves with increasing chlorine content within
the examined range. Random-chlorinated polyethylene (r-CPE) demonstrates superior miscibility with
PVC compared to block-chlorinated polyethylene (b-CPE), attributed to enhanced electrostatic
contributions arising from intensified polar Cl-Cl interactions. CPE/PVC blends containing approximately
20-80 wt% CPE are found to be thermodynamically immiscible at 300 K. Furthermore, a quantitative
relationship between the Flory—Huggins interaction parameter (x;2) and temperature (7) is established,

revealing an increase in x1» with T, indicative of reduced miscibility at higher temperatures. The phase
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Accepted 19th December 2025 diagram exhibits a low critical solution temperature (LCST) behavior, consistent with the x;,—-T

relationships. Notably, r-CPE/PVC binary systems exhibit a higher LCST critical temperature (T,,) than b-
CPE/PVC systems. In general, this simulation study provides better understandings of CPE/PVC
miscibility and offers valuable guidance for the design and optimization of CPE/PVC composite materials.
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Chlorinated polyethylene (CPE), derived from high-density
polyethylene (HDPE) through chlorine substitution, offers

1 Introduction

Polyvinyl chloride (PVC) is a widely used synthetic polymer
renowned for its versatility, durability, and cost-effectiveness.'
However, its performance is somewhat hindered by brittleness
at low temperatures, limiting its applications in cold
climates.*” To address this issue, various modification strate-
gies have been explored,®*" including the incorporation of
rubber modifiers like acrylic rubber (ACR),"* acrylonitrile-
butadiene-styrene (ABS),’*** and nitrile butadiene rubber
(NBR),"** as well as other modifiers such as polymethyl meth-
acrylate (PMMA),'*"” methyl methacrylate-butadiene-styrene
(MBS),*®** dioctyl phthalate (DOP),* and chlorinated poly-
ethylene (CPE).** For example, our recent work combined all-
atom molecular dynamics (MD) simulation and experimental
tools to investigate the mechanical properties of PVC/CaCO;
nanocomposites, and the results indicated that 12 wt% CaCO;
modified with oleate anion and dodecylbenzenesulfonate can
impart high toughness to PVC.
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a promising approach to modifying PVC.**** Its structural
similarity to PVC, with the introduction of polar groups,
enhances compatibility and improves toughness.** CPE/PVC
blends have been shown to form partially thermodynamically
compatible systems, leading to improved mechanical proper-
ties.”> However, CPE and PVC are probably segmental immis-
cible, while CPE exhibits good compatibility with polyethylene
(PE). To improve the CPE/PVC blend miscibility, nanoparticles
are usually added into CPE/PVC blends functionalizing as
interfacial compatibilizer. For instance, You et al. investigated
the brittle-ductile transition in CPE/PVC blends, finding that
CPE and nano-CaCOj; can enhance both mechanical properties
and toughness.”* Their results indicated that CPE plays a more
significant role than PVC in determining the brittle-ductile
transition temperature, while nano-CaCO; has a minimal
impact. Recent work by Zhang et al. also demonstrated that
increasing CPE could significantly improve the impact resis-
tance and thermal stability of the PVC composites.>

To optimize the performance of CPE/PVC blends, a deep
understanding of their thermodynamic compatibility is essen-
tial. However, although many experimental studies have
explored CPE/PVC blend compatibility, precise control of
experimental parameters can be challenging due to their
interconnected nature. Computational simulations offer
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a powerful tool to predict polymer blend miscibility, particularly
for systems that are difficult to study experimentally.””** For
instance, using molecular dynamics simulation, the miscibility
in polylactide/polyvinilphenol blends was analyzed.*® Jawalkar
et al. employed atomistic MD simulations to investigate the
compatibility of poly(vinyl alcohol) and chitosan blends.** Their
simulation results showed good agreement with experimental
data, demonstrating the reliability of this approach. Besides,
Patnaik et al. studied the miscibility behavior of PMMA/4-n-
pentyl-4’-cyanobiphenyl binary mixtures, a blend of polymeric
and low molecular weight molecules, using a combination of
modified Flory-Huggins theory and molecular simulation
techniques.*” Costa et al. investigated the solubility of hydro-
phobic or hydrophilic polymers in aliphatic cyclohexane, and
compared Flory-Huggins interaction parameters (xq,) using
three different molecular dynamics simulation approaches.?*
Their results indicated that y,, obtained from the enthalpy of
solvation and Gibbs free energy of solvation were more accurate
than that calculated from Hildebrand solubility parameters of
the pure components.

While significant attention has been directed towards the
molecular simulation of polymer blend miscibility, the CPE/
PVC blend system remains relatively unexplored. In this
study, we employ all-atom molecular dynamics (MD) simula-
tions to investigate the miscibility behavior of CPE/PVC blends,
by varying CPE chlorine content and molecular architecture,
blend ratio, and temperature. We systematically examine the
cohesive energy density (C.E.D.), solubility parameters (9),
Flory-Huggins interaction parameter (x;,), Gibbs free energy
(AG), and phase diagrams to evaluate the blend compatibility.
Notably, some of our simulation results align well with experi-
mental observations. Our findings could provide some guid-
ance on the design and production of CPE/PVC composites in
industrial applications.

2 Simulation models and method
2.1 All-atom models

In this work, atomistic models of CPE/PVC blends were con-
structed using Avogadro software.*® The CPE chains were
generated by replacing some hydrogen atoms with chlorine
atoms. Each chain consisted of 20 repeat units, sufficient to
capture structural and dynamic characteristics of longer
chains.* The total number of atoms in the system was more
than 4000. Each chain consisted of 20 repeat units, which is
sufficient to capture structural and dynamic characteristics of
longer chains, while intentionally excluding the effects of chain
entanglement.® Although certain quantitative values (e.g,
C.E.D. and ¢) may display some chain-length dependence, we
believe the main conclusions of our study in the qualitive and
even certain quantitative aspects should remain robust. The
chlorine content (Cl wt%) of CPE is defined by

AWm

25 x 100%, (1)
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where w is the mass fraction of the molecular chain and Aw is
the difference in mass. PVC contains 56.7 wt% CI. In this work,
the Cl wt% of CPE investigated ranges from 26.9% to 42.4%,
falling within the established immiscibility window with PVC
(the lower bound of miscibility = 44 wt% (ref. 36)). In fact, CPEs
with 25-40 wt% Cl are considered to be optimal impact modi-
fiers due to their practical compatibility, underscoring our
selection of these CPE models to specifically address the
enhancement of PVC toughness. Detailed information about
the modeled CPE is provided in Table 1.

To investigate the effects of CPE chain architecture on CPE/
PVC miscibility, two CPE types were established in this study,
i.e., random CPE (r-CPE) and block CPE (b-CPE), distinguished
by their Cl atom distribution along the molecular chain. Fig. 1
illustrates examples of r-CPE and b-CPE chains.

For each modeled system, the COMPASS (Condensed-Phase
Optimized Molecular Potentials for Atomistic Simulation
Studies) force field*” was employed in the molecular dynamics
(MD) simulations. This force field is well-suited for character-
izing polymer blending systems and accurately predicting the
miscibility properties of polymeric mixtures. The COMPASS
force field ensures a high degree of accuracy by comprehen-
sively accounting for the total potential energy, including bond
interactions, cross-coupling terms, and non-bond energies.
Within the LAMMPS (Large-scale Atomic/Molecular Massively
Parallel Simulator) software,” the COMPASS force field is
implemented via the CLASS2 package, which accounts for
bonded interactions (bonds, angles, dihedrals, improper) and
non-bonded interactions.* Specifically, the non-bonded inter-
actions are depicted as the summation of van der Waals forces
and electrostatic interactions, as given by

Enon-bond = Evan der Waals + Eelectrostatic (2)
o\ 9 o\ 6
r,'j r,-j
Evan der Waals — E Eij 2 <_) -3 (_ [3)
7 r,'j r,'j
th'f]j
Eeleclroslatic = > (4)
g i

where both are cut off at the distance of 9.5 A. Standard Ewald
summations are employed to compute the electrostatic inter-
actions. The COMPASS force field, as realized in the CLASS2
package, has been demonstrated to be both effective and

Table 1 Details of CPE models in the study

No. of Cl atoms per Cl wt%
chain Degree of polymerization of CPE
6 20 26.9%
7 30.0%
8 32.9%
9 35.6%
10 38.0%
11 40.3%
12 42.4%
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(d) r-CPE/PVC system

Fig.1 Representative molecular models of (a) block CPE (b-CPE), (b) random CPE (r-CPE), both with 35.6 wt% Cl, (c) pure PVC system, and (d) r-
CPE/PVC blend system. Purple, cyan, and pink atoms represent chlorine (Cl), carbon (C), and hydrogen (H), respectively. In panel (d), PVC chains

are colored blue and r-CPE chains are red for visual distinction.

accurate in modeling polymeric materials, which has also been
shown in our previous atomistic MD studies on the SWNT/TPU
composite model* and the Cqo/TPU composite model.** The
CPE/PVC composite systems investigated in our simulations
comprised materials with varying CPE (r-CPE with 35.6 Cl wt%)
to PVC ratios, as detailed in Table 2.

2.2 Molecular dynamics simulation

All molecular dynamics (MD) simulations were performed
using LAMMPS.*® The system was initialized with non-
overlapping polymer chain configurations in a large simula-
tion box. Following energy minimization via the steepest
descent algorithm, the system was further equilibrated under
isothermal-isobaric (NPT) ensemble conditions at a pressure of

Table 2 CPE/PVC composites examined in the study

No. of PVC chains in

System no. composite PVC wt% CPE wt%
1 20 100% 0%

2 17 87.8% 12.2%

3 14 74.1% 25.9%

4 10 58.9% 41.1%

5 7 41.8% 58.2%

6 5 30.4% 69.6%

7 4 22.3% 77.7%

8 2 13.7% 86.3%

9 0 0% 100%

918 | RSC Adv, 2026, 16, 916-930

0.1 MPa and a temperature of 300 K for a duration of 1 ns. The
Nose-Hoover thermostat and barostat*»** were employed to
control temperature and pressure, respectively, while New-
tonian equations of motion were integrated using the velocity-
Verlet algorithm with a time step of 1 fs. Three-dimensional
periodic boundary conditions were applied throughout to
reduce the finite-size effects. Fig. 1c and d show some of the
simulation systems under equilibrium. After sufficient equili-
bration, configurations were recorded every 2 ps over an addi-
tional 500 ps NPT simulation. To investigate the temperature-
dependent miscibility behavior of the CPE/PVC blends
(Section 3.3), MD simulations were also conducted across
a broader range (250 K, 300 K, 350 K, 400 K, and 450 K), span-
ning both the glassy and rubbery regimes of PVC (T, = 370 K).
Fig. 2 depicts the evolution of PVC density and system energies
as a function of simulation time. It is evident from the figure
that the system rapidly reaches equilibrium within the initial 50
ps. In addition, to assess the conformational equilibration at
the chain level, the time evolution of the radius of gyration (Ry)
was also monitored (Fig. 3). The R, time series likewise
converges quickly to a stable value, indicating that the polymer
chains have achieved conformational equilibrium. Together,
the convergence of bulk thermodynamic properties and chain
conformations corroborates that the systems reach equilibrium
on the stated timescale. It should be noted that, unless other-
wise specified, all numerical values presented in the tables and
principal comparative analysis correspond to the reference
temperature of 300 K.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Variations in (a) PVC density and (b) system energies as a function of time over the initial 500 ps.
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Fig. 3 Time evolution of the radius of gyration (Ry) of the PVC, r-CPE,
b-CPE chains.

We further validated our simulation results by comparing
key parameters, including polymer density (p) and solubility
parameter (9), with experimental values, as summarized in
Table 3. Experimental reference data for density and solubility
parameters are reported at 298 K, whereas all simulation results
in this work were obtained at 300 K. As shown, the values of p
and 0 obtained from our MD simulations fall within the ranges
reported experimentally. The close agreement between the
simulation results and the experimental measurements

Table 3 Comparison of our simulation results with experimental values

highlights the reliability and accuracy of our computational
approach.

3 Results and discussion
3.1 Effects of CPE chlorine content

3.1.1 Hildebrand solubility parameter. To quantify the
impact of CPE on CPE/PVC blend compatibility, we first calcu-
late the Hildebrand solubility parameter for CPE. The solubility
parameter reflects the cohesive energy density and thus can be
a good indicator to characterize the intermolecular interactions
within a material. The solubility parameter, d, is defined as the
square root of cohesive energy density,* which is written as

5 [Ev  [AH,—RT
Vr Vo

where E.,, represents the change in internal energy upon
vaporization, i.e., the energy required to separate all molecules;
R is the molar gas constant (8.314 ] mol~ " K™ '), and T is the
simulation temperature (400 K in this study). In this work, E.op,
can be determined by averaging all intermolecular non-bonded
energy over simulation time,*

(5)

(6)

where E;; is the total non-bonded energy, and (...) denotes the
time average over MD simulation time after sufficient
equilibrium.

Density (g cm™?)

Solubility parameter (MPa’®)

Polymers MD simulations® Experiments” MD simulations Experiments

b-CPE 1.301 £ 0.004 1.15-1.25 — —

r-CPE 1.322 £ 0.004 1.15-1.25 — —

PVC 1.338 + 0.005 1.34 (ref. 44), 1.35-1.45 21.20 £ 0.11 23.10 (ref. 45), 21.92 (ref. 36)

@ MD simulation data were all obtained at a temperature of 300 K. ° Experimental data were obtained at room temperature.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 summarizes the solubility parameters (6) of CPE as
a function of chlorine content (Cl wt%). To facilitate visual
interpretation, Fig. 4 illustrates the corresponding trends in
o0 for both b-CPE and r-CPE. A consistent increase in ¢ with
rising Cl% is observed for both b-CPE and r-CPE, consistent
with findings from prior studies. Notably, r-CPE exhibits
a higher 6 than b-CPE at equivalent Cl%, suggesting stronger
intermolecular interactions in the randomly chlorinated
system. At low Cl wt% (e.g., 26.88 wt%), the difference in
0 between r-CPE and b-CPE is minimal; however, this disparity
grows markedly with increasing Cl wt%. Such a discrepancy is
likely attributed to the microphase separation of polar -CH,-
CHCI- segments from nonpolar -CH,-CH,- units within the b-
CPE polymer, which diminishes the interchain dipole-dipole
interactions mediated by Cl atoms. This hypothesis is corrob-
orated by the observed large divergence in electrostatic solu-
bility parameters (Fig. 5), as discussed subsequently.

We further compute the absolute solubility parameter
differences between CPE and PVC (]Ad|), enabling direct
assessment of their thermodynamic compatibility. Based on
Hildebrand's theory, the enthalpy changes of mixing AH, can be
expressed as

AHy = V(01 — 62’1902 = Vo|Ad|* 12, )

where V, is the volume of the mixture monomer, and ¢, and ¢,
are the volume fractions of component 1 and 2, respectively.
Therefore, the magnitude of |Ad| serves as an indicator of the
degree of miscibility between two components; a larger value
suggests reduced compatibility due to heightened disparities in
their cohesive energy densities. Empirical evidence suggests
that two polymers are miscible provided that their solubility
parameters are close enough, such as (6; — d,)*> = 2.0 MPa.*°
Fig. 4b illustrates the dependence of |Ad| on chlorine content
(C1 wt%) in CPEs. The |A¢| is seen to decrease with increasing
Cl wt%, suggesting enhanced CPE/PVC miscibility. r-CPE
exhibits better compatibility with PVC compared to b-CPE.
However, CPEs with <42.4 wt% CI are indeed thermodynami-
cally immiscible with PVC, as evidenced by the large |Ad| = 0.98
MPa’® observed for r-CPE/PVC blends at 42.4 Cl wt%, together
with the Flory-Huggins interaction parameter and phase
diagram, which will be discussed later.

Table 4 Solubility parameters of CPE with varying chlorine contents
dcpr (MPa%?)

Clwt% b-CPE r-CPE 0pyc (MPa®®) |Ad;|* (MPa%®) |A6,)° (MPa®)
26.9% 19.39 19.41 21.20 1.81 1.79

30.0% 19.46 19.55 1.74 1.65

32.9% 19.53 19.75 1.67 1.45

35.6% 19.62 19.88 1.58 1.32

38.0% 19.71 19.99 1.49 1.21

40.3% 19.94 20.33 1.26 0.87

42.4% 19.97 20.22 1.23 0.98

“ |A51| = |5b-CPE - 5Pvc|~ b |A52‘ = ‘6r-CPE - 5Pvc|~

920 | RSC Adv, 2026, 16, 916-930
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3.1.2 Hansen solubility parameter. Actually, the Hilder-
brand solubility parameter is most applicable to non-polar
systems and may not adequately predict compatibility in
blends involving highly polar or hydrogen-bonded polymers.*”
In this regard, we adopt the Hansen solubility parameter to
determine the CPE/PVC miscibility, by taking the dispersion
forces, polar forces, and hydrogen bonding forces into account.
The Hansen solubility parameter is characterized by

0% =047+ 0,0 + o (8)

where 44, 0p, and 6y, represent the dispersion component, polar
component, and hydrogen-bonding component, respectively. In
our simulations, the non-bonded pairwise interactions can be
divided into the van der Waals and the electrostatic parts (eqn
(2)), allowing us to estimate the energy contributions from van
der Waals (d,aw) and the electrostatic (4y) interactions sepa-
rately. The solubility parameters calculated using Hansen
method for CPE and PVC are summarized in Table 5. In this
study, the van der Waals energy (Eyan der waals) and electrostatic
energy (Eelectrostatic) Obtained from the COMPASS force field are
used as quantitative descriptors of intermolecular interactions
within an energy-decomposition framework. The van der Waals
term, described by a Lennard-Jones 9-6 potential (eqn (3)),
primarily reflects instantaneous dipole-induced dipole (disper-
sion) interactions and thus corresponds to the dispersive
component (d4) of the Hansen solubility parameters. The elec-
trostatic term (eqn (4)), computed using the Ewald summation
method, represents permanent dipole-dipole interactions and
captures the physical origins of the polar (6,) and hydrogen-
bonding (6,) components. Given the negligible contribution
of hydrogen bonding in the present system, 0, can thus be
reasonably omitted, such that Ey., der waals and Eelectrostatic
primarily correspond to 4 and dp, respectively.

Fig. 5 illustrates the dependence of the Hansen solubility
parameters on chlorine contents (Cl wt%). Notably, the van der
Waals solubility parameters 6,q for both b-CPE and r-CPE
exhibit minimal dependent on Cl wt%. Specifically, the d,q4, of
CPEs remains approximately 18.5 MPa’®, slightly lower than
that of pure PVC, indicating comparable van der Waals contri-
butions to intermolecular interactions. In contrast, the elec-
trostatic solubility parameter 4 of CPEs increases markedly and
almost linearly with increasing Cl wt%. The ¢4 of CPEs is seen to
significantly lower than that of PVC (8.10 MPa®®), which
accounts for the immiscibility behavior between CPE and PVC.

Furthermore, the solubility parameter for r-CPE demon-
strates a greater sensitivity to Cl wt% compared to b-CPE, as
evidenced by the relationships for d, in r-CPE (64 « 0.161
Clwt%) and b-CPE (dq o 0.131 Cl wt%). As shown in Fig. 5d, the
difference in ¢4 between CPE and PVC decreases substantially
with increasing Cl wt%, contributing to the enhanced CPE/PVC
miscibility discussed in Section 3.1. It can thus be inferred that
the solubility parameters of chlorine-containing vinyl polymers
are crucially dependent on their chlorine content and the
chlorine distribution, owing to the significant contributions
from polar electrostatic interactions.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.2 Effects of CPE/PVC blend composition

3.2.1 Solubility parameter. We now investigate the effects
of blend composition on CPE/PVC blend miscibility by keeping
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chlorine content of r-CPE fixed at 35.6 Cl wt%. Seven blend
ratios were systematically prepared to isolate the effects of
composition, as detailed in Table 2. The obtained results of
Hildebrand solubility parameters (6), and its van der Waals
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Table 5 Hansen solubility parameters for CPE and PVC

dvaw (MP2*?) dq (MPa*?)
Cl wt% PVC b-CPE 1-CPE PVC b-CPE 1-CPE
26.9% 18.93 18.58 18.41 8.10 3.68 4.08
30.0% 18.55 18.42 3.74 4.74
32.9% 18.45 18.59 4.43 4.84
35.6% 18.56 18.63 4.33 5.16
38.0% 18.51 18.64 4.85 5.52
40.3% 18.65 18.78 5.25 6.24
42.4% 18.55 18.68 5.65 6.12

interaction (d,qw) and electrostatic interaction (d4) components
are tabulated in Table 6.

Fig. 6 presents the composition dependence of solubility
parameters for CPE/PVC blends. It can be found that the Hil-
debrand solubility parameter ¢ is decreased with increasing
CPE wt% in a modest behavior. This trend primarily reflects the
behavior of the electrostatic component (d4), which decreases
significantly with increasing CPE content, consistent with our
earlier findings highlighting the chlorine-mediated intermo-
lecular interactions in chlorine-containing vinyl polymers. In
contrast, the van der Waals component (6,qy) sShows negligible
compositional dependence.

Notably, the electrostatic solubility parameter ¢, demon-
strates a distinct upturn at CPE concentrations above ~80 wt%,
suggesting enhanced blend compatibility in this regime. We
attribute this behavior to intensified polar Cl-Cl interactions
between dispersed PVC chains within the CPE matrix. This
interpretation is further supported by the free energy analysis
and phase behavior presented in Section 3.3, which confirms
improved miscibility at high CPE loadings.

3.2.2 Flory-Huggins interaction parameter. To quantita-
tively assess the miscibility of the CPE/PVC blend, we evaluate
the Flory-Huggins interaction parameter (xi,), a key thermo-
dynamic indicator of polymer-polymer compatibility.*®* The x,,
parameter measures the excess free energy of mixing and thus
describes the phase behavior in polymer mixtures.** The Flory-
Huggins parameter (x;,) is obtained via:

ZAEmix
9
= ©)

X12 =

where the coordination number z is equal to 6 for a cubic lattice
model, and AE,,i is the mixing energy of polymer blend. For

Table 6 Solubility parameters for CPE/PVC blends

CPE wt% 6 (MPa’?) Oyaw (MPa%?) 6q (MPa*?)
0% 21.20 18.93 8.10
12.2% 20.92 18.88 7.54
25.9% 20.47 18.64 6.90
41.1% 20.31 18.65 6.42
58.2% 20.12 18.65 5.83
69.6% 19.96 18.62 5.41
77.7% 19.72 18.52 4.88
86.3% 19.64 18.42 4.97
100% 19.88 18.68 6.12
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Fig. 6 Solubility parameters of CPE/PVC blends as a function of CPE
content (CPE wt%).

a binary system (CPE/PVC), the mixing energy AE,; is given by
E, h Ecoh ECOh

st =0n(57) + (), - ().

" 4 A 4 B 4 mix

Here, the subscripts 4, B, and mix denote CPE, PVC, and
their blend, respectively; ¢, and ¢y are the volume fractions of
the two polymers. The calculated Flory-Huggins interaction
parameters for CPE/PVC blends are given in Table 7.

In theory, lower (negative) x,, values indicate favorable
miscibility, whereas higher values denote thermodynamic
incompatibility and a propensity for phase separation. To
predict the miscibility of polymer blends more accurately, the
critical Flory-Huggins parameter, X.r, is calculated as follows,

(10)

1 ( . )2 (1)
Xer = AW )
where n, and np represent the degree of polymerization for
polymers A and B, respectively. Assuming segmental-level mix-
ing, corresponding to monomer size in this study. A polymer
blend is predicted to be miscible if its x;, parameter is lower
than x.,; conversely, immiscibility is expected if x5 > x.r. Partial
miscibility exists when x,, is marginally greater than x.,. In this
work, both CPE and PVC are assigned a degree of polymeriza-
tion of 20, yielding a y.r value of 0.15.

Fig. 7 illustrates the calculated x,, parameters of CPE/PVC
blends as a function of CPE content. It is evident that the x4,

Table 7 Flory—Huggins interaction parameters for CPE/PVC blends

CPE wt% X12 Xer

12.2% 0.07 0.15
25.9% 0.27 0.15
41.1% 0.22 0.15
58.2% 0.18 0.15
69.6% 0.17 0.15
77.7% 0.26 0.15
86.3% 0.13 0.15

© 2026 The Author(s). Published by the Royal Society of Chemistry
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values of polymer blends with approximately 20-80 wt% CPE lie
above the critical x., line, indicating immiscible behavior.
Specifically, when CPE content ranges from approximately 60—
80 wt%, the x4, values are seen to be slightly larger than x.,,
potentially suggesting partial miscibility of the CPE/PVC blends.
Furthermore, as anticipated, CPE/PVC blends with a predomi-
nant proportion of either CPE or PVC (i.e., close to the pure
polymer) exhibit miscibility, as evidenced by their relatively
small x4, values, which fall below x., in Fig. 7.

3.3 Effects of temperature

3.3.1 Solubility parameter. We now examine the tempera-
ture dependence of miscibility in CPE/PVC blends by analyzing
systems with a fixed chlorine content of 35.6% in CPE. The
solubility parameters are calculated across temperatures
ranging from 250 K to 450 K, spanning both glassy and rubbery
regimes of PVC (T, = 370 K). The solubility parameters () of
CPE and PVC, along with their difference (Ad) are summarized
in Table 8.

As illustrated in Fig. 8, which plots solubility parameters
against blending temperature, both PVC and CPE exhibit
a marked decrease in ¢ with increasing temperature. Specifi-
cally, the solubility parameter for both b-CPE and r-CPE shows
an almost linear decrease with temperature. This observation
aligns well with earlier work on the temperature dependence of
solubility parameters for amorphous polymers.***

Within the framework of free volume theory, the tempera-
ture dependence of solubility parameters can be described by
two distinct regimes.*>*> Below the glass transition temperature
(Tg), the solubility parameter 6 can be described by:

&(T) = a(T — Ty) + by (12)

where 0, represents the solubility parameter at T, and « is the
thermal coefficient of ¢ in the glassy state. Above T, in the
rubbery regime, the temperature dependence of ¢ is governed
by

0.3
— = AcpEPVC
/ ‘\‘ ) L
/ % I\
/ X .\ / \‘
0.2 F I‘ ‘\N [ \
2 / ) \
T \
/
0.1 /
1
20 40 60 80
CPE wt%

Fig. 7 Flory—Huggins interaction parameters (x;) versus CPE content
(CPE wt%).
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O(T) = a(T — Ty) + b, (13)

where «, denotes the thermal coefficient in the rubbery state.
Given that CPEs typically exhibit T, values near or below 250 K,
it is likely that the glass transition region for these materials
falls outside our measurement window in Fig. 8a. Conse-
quently, we apply linear regression using eqn (13) to determine
the temperature dependence of 6 and the corresponding
thermal coefficients in the rubbery state. For b-CPE, the
resulting relationship is given by

8(T) = —0.0023 x T + 20.85, (14)
yielding a thermal coefficient of —0.0023 (MPa®> T~ ). For r-
CPE, the relationship follows

o(T) = —0.0032 x T + 21.32, (15)
corresponding to a thermal coefficient of —0.0032 (MPa%> T~ ).
This observation suggests that r-CPE exhibits a stronger
temperature dependence in terms of its solubility parameter in
the rubbery state. Such a finding aligns well with our earlier
interpretation regarding weaker interchain dipole-dipole
interactions mediated by chlorine atoms in b-CPE, leading to
less sensitivity of its solubility characteristics to temperature
variations. Within the temperature range investigated in this
study, the solubility parameter of PVC exhibits an abrupt
change at approximately 370 K, which is indicative of its glass
transition temperature (T, = 370 K). This allows us to analyze
the temperature dependence in two distinct regimes. It should
be mentioned that the simulated T, of PVC is slightly higher
than experimental values reported in the literature (=338-352
K),”*** with a deviation of approximately 20 K. The observed
discrepancy can be primarily ascribed to the simplified force-
fields and much shorter simulation time scales relative to real
experimental systems, and the indirect determination of T,
based on solubility parameter analysis in the simulation model.
By applying eqn (12) and (13) to the respective temperature
ranges, we then obtain the following relations:

55-57

for T = Ty,

o(T) = —0.00069 x (T — 370.03) + 21.19 (16)
for T = Ty,

o(T) = —0.0027 x (T — 370.03) + 22.19 (17)

These expressions predict thermal expansion coefficients of
solubility parameter equal to —0.00069 (MPa®> T~ ) in the
glassy state and —0.0027 (MPa’® T~ ') in the rubbery state,
indicating a significantly enhanced temperature sensitivity
above T,. Although the thermal expansion coefficients («) re-
ported here are derived from the temperature dependence of
solubility parameter §(7), with no direct experimental validation
of a performed, the predicted values and their qualitative
behavior should be physically reasonable and indeed consistent
with established literature®®* on PVC.
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Table 8 Solubility parameters and Flory—Huggins interactions parameters of PVC and CPE
X12 X12
T (K) dpyc (MPa”?) Op-cpe (MPa%?) Or-cpr (MPa%?) |Ad,|* (MPa®?) |a6,|” (MPa®?) of b-CPE/PVC of r-CPE/PVC
250 21.18 20.31 20.48 0.87 0.70 0.21 0.13
300 21.26 20.13 20.31 1.13 0.95 0.34 0.24
350 21.24 20.18 20.27 1.06 0.97 0.31 0.25
400 21.18 19.92 20.17 1.26 1.01 0.43 0.28
450 20.96 19.81 19.80 1.15 1.14 0.36 0.35
“ |A61| = |‘3b—CPE - 5PVC|- b |A‘52‘ = ‘5r—CPE - 5PVC|-

Furthermore, as shown in Fig. 8b, the difference in solubility
parameters (Ad) between CPE and PVC increase substantially
with rising temperature, suggesting a remarkable reduction in
the miscibility of the CPE/PVC blend. Notably, under identical
thermal conditions, r-CPE demonstrates superior compatibility
with PVC compared to b-CPE across the entire temperature
ranged studied, as evidenced by consistently lower Ad values.

3.3.2 Flory-Huggins interaction parameter. We now turn to
investigate the influence of blending temperature on the Flory-
Huggins interaction parameters (x;,). For unfavorably/partially
miscible blending systems where x;, > 0, the interaction
parameter x;, can be estimated from the solubility parameters
of the constituent polymers by combining eqn (7) and (9),
leading to the expression:

Vi
70(61 - 62)27

kT (18)

X12 =
where V, is the average volume of repeating units, assuming
comparable segment sizes for both polymers, and kg is the
Boltzmann constant. In our modeled CPE/PVC composites, the
average Kuhn length of repeating units is approximately 7.3 A,
corresponding to an average segment volume of V, = 203.7 A%,
The calculated x;, are presented in Table 8 and illustrated in
Fig. 9.

Fig. 9a presents the Flory-Huggins interaction parameters
(x12) for CPE/PVC blends as a function of temperature. Both b-
CPE/PVC and r-CPE/PVC blends exhibit increasing x;, values
with rising temperature, indicting a progressive decline in

miscibility. This behavior can be attributed to the enhanced
molecular motion at higher temperatures, which intensifies
chain mobility and softens the polymer chains, thereby weak-
ening intermolecular electrostatic interactions and diminishing
the compatibility between the CPE and PVC components.

Notably, at the lowest examined temperature of 250 K, the
value for the r-CPE/PVC blend falls below the critical threshold
of the Flory-Huggins parameter line (x. = 0.15), suggesting the
onset of miscibility under such conditions.

The temperature dependence of x, can be reliably described
by the following equation:*>**

B
Xp=4+ -,

; (19)

where the constants A and B denote the entropic and enthalpic

contributions to i, respectively.*” By applying eqn (19) to our

simulation data (Table 8), we obtain the best-fit temperature

dependence of x;,, as indicted by the straight lines in Fig. 9b:
For b-CPE/PVC blend,

4.2
X12 = _u+06112 (20)
T
For r-CPE/PVC blend,
108.88

According to the results, a homogenous phase is expected to
emerge upon cooling for both CPE/PVC blends, given that A >

a — . ——
)15 @) Spyc Oy,.cpE Or.cpE 15k (b) _
S 210
S
< L i
a9
= 205}t i
e q
20.0 -
r ——b-CPE/PVC ]
—O—r-CPE/PVC
195 C 1 1 1 1 1 1 1 1 1 1
250 300 350 400 450 250 300 350 400 450
T (K) T (K)
Fig. 8 (a) Solubility parameter (3) and (b) solubility parameter difference (|Ad|) as a function of blending temperature.
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Fig. 9 Temperature dependence of Flory—Huggins interaction parameters (x1,) for CPE/PVC blends with CPEs containing 35.6 wt% chlorine:
(@) x12 as a function of temperature (T), and (b) x1» versus reciprocal temperature (1/T) for the application of eqn (19).

0 and B < 0. However, the phase behavior of r-CPE/PVC blends is
found to be more sensitive to blending temperature compared
to that of b-CPE/PVC blends.

3.4 Phase diagram analysis

3.4.1 Free energy of mixing. With the established temper-
ature dependence of xy,, it is now possible to evaluate the free
energy and thereby predict the miscibility behavior of CPE/PVC
blends by applying the classical Flory-Huggins theory of mix-
ing.*> The molar free energy of mixing (AFx) is given by

AF‘mix ¢

_ % 98
RT ~ In ¢ + P In ¢pg + XPrdp,

(22)

where the first two terms represent the entropic contribution,
and the third term arises from the energetic (enthalpic) inter-
actions. Negative values of AF,;x indicate thermodynamically
favorable miscibility, whereas positive values signify phase
separation. By incorporating the temperature dependence of
x12 (as described by eqn (20) and (21)) into eqn (22), we compute
the molar free energy of mixing for CPE/PVC blends across
a range of temperatures as a function of the volume fraction of
CPE. The results are depicted in Fig. 10.

For our simulated CPE/PVC models with equal chain lengths
(na = ng = 20), the free energy curves exhibit symmetric profiles.
As the temperature decreases, the free energy of mixing tran-
sitions from positive into negative values, indicating enhanced
compatibility. Since the entropic contribution always increases
with temperature, the observed improvement in CPE/PVC
miscibility at lower temperatures must be attributed to the
enthalpic component, reflecting the growing significance of
attractive chlorine-mediated intermolecular interactions.

Moreover, the free energy curves evolve from convex to
concave shapes at sufficiently low temperatures (e.g., 150 K for
b-CPE/PVC blend or 200 K for r-CPE/PVC blend), implying that
all blend compositions are thermodynamically stable, as indi-
cated by a negative second derivative of the free energy of

© 2026 The Author(s). Published by the Royal Society of Chemistry

mixing. Actually, this scenario corresponds to values of Flory-
Huggins interaction parameters than fall below the critical
threshold (x12 < Xer)- By the way, the Gibbs free energy may
overestimate the miscibility (x;,) for non-polar polymers.**

3.4.2 Phase diagram of blends. As discussed above, the free
energy of mixing for binary CPE/PVC systems exhibits a convex
shape at high temperatures, indicative of thermodynamic
instability, while adopting a concave form at low temperatures,
corresponding to stable mixing. At certain intermediate
temperatures, e.g., 200 K for the b-CPE/PVC blend and 250 K for
the r-CPE/PVC blend, the free energy curves display more
complex behavior: two concave segments in regions rich in
either CPE or PVC, separate by a convex segment in the inter-
mediate composition range, as shown in Fig. 11. To provide
a more detailed characterization of these features, phase
diagrams delineating stable and unstable regimes have been
computed. The local stability of the mixture can be accessed by
examining the second derivative of free energy of mixing with
respect to composition:

P AF i 1 1
=R +— 2% |,
0pa° (”A¢A npgy Xlz)

where a negative value implies a tendency towards spontaneous
phase separation (spinodal decomposition), while a positive
value indicates a locally stable equilibrium. Accordingly, the
spinodal decomposition curve, defined by the condition
azAFmix
I

curve in Fig. 11. Within this region, slight fluctuations in
composition will grow spontaneously, leading to phase sepa-
ration without an energy barrier.

However, phase separations via binodal mechanisms
(nucleation and growth) may also occur within the locally stable
regime where the second derivative of free energy of mixing is

(23)

=0, is determined and depicted as the dashed red

*AFmix

——— >0 if composition fluctuations is
N

positive (
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Fig. 10 Free energy of mixing for CPE/PVC blends as a function of mole fraction of CPE.

sufficiently large to nucleate a new phase (a domain of critical
size). The binodal curve, which marks the boundary between
coexisting phases, is determined by the condition that the first
derivative of free energy of mixing is equal to zero:

A Frnix _RT l+Ing, 1+1n¢y
LN na ng

+xn(l=204)|.  (24)

The binodal curve is plotted as the solid black line in the
phase diagram (Fig. 12). Consequently, the region bounded by
the binodal and spinodal curves corresponds to the metastable
regime, where phase separation may proceed via nucleation-
driven processes.

As shown in Fig. 11, both CPE/PVC binary systems exhibit
a lower critical solution temperature (LCST) behavior, consis-
tent with the earlier observations derived from the solubility
parameters and Flory-Huggins interaction parameters. Specif-
ically, CPE/PVC blends of certain compositions may undergo
phase separation into two phases at elevated temperatures,

(a) 400 | T T T T 1
| b-CPE/PVC |
3504 ! '
| |
\ two phases !
3004 1 -
) \ y
B <
250 - I &
200
single phase
150 . . . :
0.0 02 04 0.6 08 1.0
HACPE)

Fig. 11 Phase diagram of (a) b-CPE/PVC and (b) r-CPE/PVC blends.
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while upon cooling, they form a single, thermodynamically
stable phase.

Below the LCST temperature (7¢,), the CPE/PVC systems can
be prepared as stable homogenous mixtures across all compo-
sitions. For our simulated CPE/PVC systems, the b-CPE/PVC
blends exhibit a T., of approximately 184.43 K, while r-CPE/
PVC blends show a higher T, of approximately 229.36 K.
These results indicate that the r-CPE demonstrates superior
miscibility with PVC compared to b-CPE under identical
conditions of temperature and blend composition.

To provide a direct validation of the calculated phase
diagram, the simulation snapshots corresponding to 7'= 300 K
and T = 160 K for the r-CPE/PVC system (at 35.6 wt% Cl and
58.2 wt% CPE) are further compared in Fig. 12. It can be seen
that at the higher temperature of 300 K within the two-phase
region of the phase diagram (Fig. 11b), the r-CPE and PVC
chains are clearly segregated into aggregated domains,
demonstrating the phase separation. In contrast, at the
temperature of 160 K below the LCST temperature T, the

(b) 400 A T T T . ;
| r-CPE/PVC |
3504 ! b
\ /
\ two phases I ol
300 - 6‘%; \ / §
= %\ T,=22936K /&
- 250 - O “ . ’ .
200 ) .
single phase
150 T T T T
0.0 02 0.4 0.6 08 1.0
#CPE)

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09560c

Open Access Article. Published on 02 January 2026. Downloaded on 2/2/2026 1:13:37 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

(a) T=300 K

() T=160 K

Fig. 12 Representative equilibrium snapshots of the r-CPE/PVC blend with 58.2 wt% r-CPE (35.6 wt% Cl) at (a) 300 K and (b) 160 K. The PVC

chains are rendered in blue, and the r-CPE chains in red.

polymer chains are observed to be more dispersed across the
whole simulation box, indicating the well-mixed state. Such
phenomenon is consistent with the LCST behavior previously
identified for the CPE/PVC blend system, and thus directly
corroborates the validity of our predicted phase diagrams
shown in Fig. 11.

4 Conclusion

In this study, all-atom molecular dynamics simulations are
employed to systematically investigate the effects of CPE chlo-
rine content, molecular architecture, blend composition, and
temperature on the miscibility of CPE/PVC binary systems. CPE
chains with varying chlorine contents (Cl wt%) and distinct
structural configurations—characterized by random versus
block distributions of Cl atoms—are considered. The blend
miscibility behavior is characterized using Hildebrand and
Hansen solubility parameters (6), Flory-Huggins interaction
parameters (x1,) and phase diagrams. The simulation results
reveal that the overall § for both CPEs are increased with Cl wt%
within the investigated range. Such a trend is primary driven by
electrostatic interactions (d4) arising from polar CI-Cl interac-
tions, while the van der Waals contributions (6,qw) remains
largely independent of Cl wt%. Compared to b-CPE, r-CPE
exhibits higher values of d,4,, and consequently larger Hilde-
brand ¢, which is mainly attributed to the fact that in b-CPE,
polar -CH,-CHCI- segments tend to segregate from nonpolar
-CH,-CH,- units, thereby reducing interchain dipole-dipole
interactions mediated by Cl atoms. Moreover, the dependence
of x1, on Cl wt% suggests that polymer blends containing
approximately 20-80 wt% CPE are thermodynamically immis-
cible at 300 K, as demonstrated by the x,, values falling below
the critical miscibility threshold (x., = 0.15 in the present
simulations), whereas CPE/PVC blends with a predominant
proportion of either CPE or PVC exhibit miscibility. The ¢ for
both CPEs and PVC are found to decrease with increasing
temperature.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Our simulation results also demonstrate that the x,, of CPE/
PVC blends increase with temperature (7), indicating reduced
miscibility at elevated temperatures. A quantitative x,,-7 rela-
tionship is established, revealing that the phase behavior of r-
CPE/PVC blends is more sensitive to temperature changes
than that of b-CPE/PVC blends. The free energy of mixing is also
computed, showing that both CPE/PVC systems undergo
a transition from convex to concave profile upon cooling,
further supporting the enhanced CPE/PVC miscibility at lower
temperatures. Phase diagrams confirm that CPE/PVC binary
systems exhibit a low critical solution temperature (LCST)
behavior, delineating the binodal and spinodal decomposition
curves along with the associated metastable region. Notably, the
r-CPE/PVC system displays a higher critical temperature of T,
= 229.36 K, compared to b-CPE/PVC blend with T, = 184.43 K.
Our simulation results show good agreement with experimental
data regarding polymer density and solubility parameters,
validating the accuracy of our simulation model, forcefield and
computational methodology. In conclusion, we believe that our
simulation work provides a comprehensive understanding of
these factors governing CPE/PVC miscibility and offers valuable
guidance for the design and fabrication of CPE/PVC composite
materials.
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