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ABSTRACT: In this work, we develop and validate coarse-
grained (CG) models for simulating the intrinsic thermophysical
properties of polyvinyl chloride (PVC) and dehydrochlorinated
PVC (DHPVC). The CG models are generated by using fuzzy self-
tuning particle swarm optimization and iterative Boltzmann
inversion, and they provide results consistent with the all-atom
PVC model and with available experimental data. Several
properties are evaluated within different solvents−acetone, ethyl
acetate, water, and tetrahydrofuran�including bond lengths,
angles, dihedral distributions, radius of gyration (Rg), end-to-end
distance (R), radial distribution functions (RDFs), surface area, and potential of mean force. Additionally, CG models are validated
by benchmarking mechanical properties in melt (MELT) systems, such as the stress−strain relationship and glass transition
temperature. The CG model for DHPVC reliably predicts the physical changes observed after dehydrochlorination in ETA and
MELT, by accurately depicting changes in dihedral distributions, polymer chain planarity, Rg, R, RDF variations, and the
consequential reduction in melt viscosity. These validated CG models enable computationally efficient simulations of PVC and
DHPVC interactions in various solvents and melts.

1. INTRODUCTION
The rapid accumulation of plastic waste demands innovative
and sustainable recycling/upcycling strategies, and this
prompts more theoretical and modeling studies of these
materials. One of the more problematic plastic wastes is
polyvinyl chloride (PVC), a prevalent polymer used in
numerous sectors, including packaging, construction, health-
care, and electronics.1,2 The majority of PVC waste manage-
ment studies focus on dehydrochlorination (i.e., the removal of
HCl) to create safer disposal products.3−6 This reaction occurs
as the Cl atoms on the PVC backbone become susceptible to
acid, base, and/or heat, giving rise to polyene segments,
presenting activated sites that facilitate complete and selective
depolymerization into smaller molecules.7 Therefore, in an
effort to capitalize on the residual value of waste PVC, there is
motivation to further understand the molecular characteristics
of PVC before and after dehydrochlorination.
Each year, the global production of PVC is approximately 40

Mt, and this value has been increasing at a consistent 3%
annual growth rate.6 Furthermore, over 150 Mt of PVC that
have already been produced are nearing the end of their
lifespan, increasing the urgency of economical and environ-
mentally benign recycling/upcycling strategies.8 The upcycling
of PVC (i.e., transforming these wastes into value-added
products) is a more sustainable alternative to conventional
waste management,6,9 yet there are still many fundamental

advances needed to create viable processes. Chemical recycling
techniques (e.g., depolymerization), which convert plastic
waste to the original monomers or oligomers, hold promise for
recovering material resources.10,11 Accordingly, depolymeriza-
tion research has focused on cleaving vinyl polymers (e.g.,
PVC, PVA, PS) into their parent monomers, a process that is
challenging to implement and control, due to the strength of
the C−C bonds along the polymer backbone.12,13 Never-
theless, chemical recycling could potentially yield valuable
small organic molecules and recapture the hydrocarbon
resources embedded in plastic waste.
Molecular dynamics (MD) simulations can potentially help

guide the design of upcycling strategies for processing PVC
waste. The growth in computational power and the develop-
ment of improved simulation algorithms have greatly increased
the quantitative performance of polymer simulation stud-
ies.14,15 Despite these advances, the inherent complexity of
polymer systems often requires the application of multiscale
simulation methodologies, ranging from quantum chemistry to
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atomistic and mesoscopic methods up to continuum modeling,
in order to capture the broad range of length and time scales at
which relevant phenomena emerge.14,16 Coarse graining (CG)
is an especially valuable technique for modeling polymer
systems.17 A CG molecular description facilitates the extension
of molecular modeling to mesoscopic length and time scales,
although at the cost of a loss in atomistic detail. Over the years,
a wide array of CG methods have been proposed for various
polymer systems,18 and they are typically categorized as either
bottom-up or top-down approaches. Bottom-up approaches
[e.g., Iterative Boltzmann Inversion (IBI), force matching,
Inverse Monte Carlo, and relative entropy] use information
from the atomistic model to develop the CG model, while top-
down approaches use experimental data for the same purpose.
Notably, the Martini force field, which combines atomistic
information and experimental data, has demonstrated good
accuracy when compared to fully atomistic models.19−22

To the best of our knowledge, the CG of dehydrochlori-
nated PVC (DHPVC) has not been previously pursued, yet
such a model is critical for exploring PVC end-of-life disposal,
reuse, or upcycling. Prior research, such as studies by Ghasemi
et al.23 and Wu,24 primarily focused on pure PVC−melt
systems; the model predictions were limited to the mechanical
properties of PVC and its blends. There is a pressing need for a
comprehensive CG model that addresses a broader range of
PVC properties, especially in solvent environments that aid the
dissolution and subsequent separation of PVC. Moreover, a
better understanding of the thermophysical changes in
DHPVC postreaction is crucial, which is particularly relevant
to the upcycling of end-of-life PVC materials. In order to
explore the thermophysical properties of these polymers, we
focus on the physical changes after the dehydrochlorination
process rather than the chemical reactions involved.
Supplemented by findings from Xu and colleagues,25 we

acknowledge that upcycling processes typically encompass a
series of chemical reactions under a range of temperatures and
solvent conditions. Previous studies,26−32 including exper-
imental analyses of how different compounds, additives, and
blends influence DHPVC, highlight the importance of its
thermal and mechanical properties, notably in pyrolysis and
the study of interfacial systems involving DHPVC.33 The
insights obtained from this study are intended to help simulate
and understand the thermophysical characteristics of PVC and
DHPVC, as well as future studies of polymer blends.
Here, we use the IBI method with a fuzzy self-tuning particle

swarm optimization (FST-PSO) technique34 and the Martini 3
force field35 to develop CG models for PVC and DHPVC,
based on the simulation results from the all-atom (AA) models
and validation against available experimental data. For
performance benchmarking, a Gaussian process (GP)
surrogate model is trained to predict σ and ε values based
on the volume and Tg data of the PVC−melt system.
Furthermore, we validate this model by studying its
interactions with various solvents as well as its mechanical
behavior. We use the DHPVC model to explore the effects of
dehydrochlorination on the structural properties of PVC. This
modeling approach is straightforward and computationally
efficient and is capable of accurately representing a wide range
of PVC properties. The subsequent sections describe the
details of our methodology, including our steps to validate the
model through the thermophysical properties of PVC, as well
as the influence of dehydrochlorination.

2. METHODS AND MODELS
MD simulations of both AA and CG models were conducted using
the Gromacs 2021.136,37 simulation package, and VMD38 was used for
visualization purposes.

2.1. AA Model. The simulation systems for the AA model are
comprised of a single PVC chain of 120 repeating units (denoted as
PVC120) in a cubic box containing 2,000 molecules of either water
(H2O), ethyl acetate (ETA), acetone (ACE), or tetrahydrofuran
(THF). Additionally, 50 PVC120 chains are simulated in the melt
(MELT) system (see Figure S1 for simulation snapshots). PVC120 was
chosen here, as it was previously identified as a reliable model for
evaluating the thermophysical properties of PVC.39 To describe the
bonded and nonbonded interactions, the optimized potentials for
liquid simulations (OPLS) OPLS-AA40 force field was used. This
force field has been shown to accurately reproduce the experimental
density of polymers39 among other properties.41,42 The atomic
charges and parameters for the polymer and solvents were obtained
using PolyParGen43 with the ab initio HF STO-3G method and
LigParGen44 with the 1.14*CM1A-LBCC method,45 respectively. We
refer the reader to our previous study for a detailed description of our
simulation protocol and analyses of the PVC−solvent and PVC−melt
systems for the AA model.39

The umbrella sampling method,46 combined with the weighted
histogram analysis method47 via gmx wham, is utilized for estimating
the potential of mean force (PMF) from biased simulations. Here, the
end-to-end distance of the PVC120 model is defined as the reaction
coordinate. A spacing of 0.1 nm between each simulation window and
a spring constant of 1,000 kJ/mol m2 ensures a sufficient probability
distribution overlap. The same parameters and models as described
earlier are maintained for the umbrella sampling simulations, with 20
ns of equilibration and 10 ns of production, providing reliable PMF
estimates.

2.2. Coarse-Grained Models. The CG model for pure PVC was
developed by representing one PVC repeat unit (Figure S3) with a
single bead. The nonbonded parameters for the CG model were
chosen from the Martini 3 force field19 by comparing the solvation
energies of one PVC repeat unit in H2O, ETA, ACE, and THF (see
Table 1), as they represent an essential part of the intermolecular

interactions that drives the behavior of PVC in these solvents. The
solvation energies were calculated using the multistate Bennett
acceptance ratio estimator (MBAR) method.48,49 The coupling
parameters for the van der Waals (vdW) and Coulombic interactions
were varied between 0.00 and 1.00 (λvdw/coul = 0.00, 0.05, 0.10,...,
1.00), where the columbic interactions were decoupled followed by
the vdW interactions, to obtain a reasonable overlap matrix50 using
the convergence test proposed by Klimovich et al.50 Following an
equilibration period of 1 ns, the production phase ran for 10 ns, which
is sufficient for obtaining accurate free energy estimates.51 The
Alchemical Analysis package50 was used to estimate the free energies
using the MBAR method.

Table 1. Solvation Energy Values (kJ/mol) for a Single PVC
Repeat Unit (Chloroethylene) in Various Solventsa

bead PVC-H2O PVC-ETA PVC-ACE PVC-THF

AA 1.7 (0.1) −10.5 (0.1) −11.2 (0.1) −10.8 (0.1)
X1 7.1 (0.1) −12.9 (0.1) −10.4 (0.1) −14.0 (0.1)
X3 3.9 (0.1) −16.9 (0.1) −13.7 (0.1) −16.8 (0.1)
X4 1.2 (0.2) −19.1 (0.1) −15.5 (0.1) −18.1 (0.1)

a"AA” and “X” annotations denote the all-atom model and the
halogenated segments of PVC, respectively, with the numeric suffix on
“X", indicating the interaction strength (e.g., “X4” signifies the
strongest halogenated bead). 95% confidence integrals are indicated
in parentheses. As a benchmark, the experimental solvation of
chloroethylene in water is −2.5 ± 2.5 kJ/mol and the ATB database
predicts 1.4 ± 1.4 kJ/mol.52
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In terms of bead choice, we focused primarily on the “X” beads in
the Martini 3 force field, which represent the halogenated part of the
molecule, due to the presence of a chlorine atom in the PVC repeat
unit. Based on the comparison of solvation energies summarized in
Table 1, we chose the X3 bead for our CG model, ensuring a
reasonable representation of its nonbonded interactions across
different solvent environments, including both aprotic and protic
types. We further confirmed our choice using a trained GP surrogate
model that predicts σ and ε based on the volume and Tg of the pure
PVC−melt system, as detailed in Section S1. The optimal parameters
from this model agree closely with the Martini force field.35

The bonded parameters of the model were initially calculated using
the Boltzmann inversion method after simulating the AA model of
PVC in ETA. The beads are classified into two groups: Group 1
represents the terminal beads of the PVC chain, and Group 2
represents the interior beads (see Figure 1d). This distinction
captures the end effects inherent in polymer systems, where terminal
units often exhibit different behaviors than interior ones due to
differences in local environment and connectivity.53 To reproduce the
bond length, angle, and dihedral distributions of the AA reference
system, these parameters were then optimized using a FST-PSO
technique within the Swarm CG package.34 This optimization process
involved 112 iterations, in which a scoring function based on the earth
mover’s distance54 evaluates the current bonded parameters by

comparing the resulting distributions to those of the AA-mapped
reference trajectory. Here, an iteration refers to a single step of
bonded parameter calculation by the swarm, while a cycle represents
50 iterations. Three optimization cycles were performed in total. The
first cycle focused solely on bonds and angles, with the best
parameters from this cycle being used to generate the subsequent
swarm. The second cycle optimized angles and dihedrals, while the
third cycle focused on optimizing the three combined geometries.
Each of the first two cycles ran for 10 ns, while the third cycle lasted
25 ns. While the dihedral force constants in our model are relatively
low, they remain in the same range as those in the AA model, making
it essential to retain the dihedral parameters. Table 2 summarizes the
bond and angle parameters of the CG model, which were obtained
from the statistical average of three independent optimization runs.
Additional details are provided in the topology file in the Supporting
Information (Scheme S1). To validate the CG model, the simulation
conditions for the AA model described earlier were also employed for
performing the CG model simulations for the PVC−H2O, PVC−
ETA, PVC−ACE, PVC−THF, and PVC−MELT systems to obtain
the structural and mechanical properties.

To extend our investigation, we also developed a CG model for
DHPVC, which is an important derivative of PVC that exhibits
distinct properties due to the presence of double bonds along the
PVC backbone. In this study, the locations of these double bonds and

Figure 1. Structural comparisons of AA and CG PVC models: (a) bonds, (b) angles, and (c) dihedrals; (d) Bead groups�Group 1 represent the
head and tail of the PVC chain, while Group 2 represents the interior beads (color code: cyan�Group 1, yellow�Group 2).

Table 2. Optimized Values for the CG Parametersa

equation parameters Group 1 Group 2

bond =V K r r( )b
1
2 r o

ro (nm) 0.29 (0.02) 0.28 (0.03)
Kr (kJ mol−1 nm−4) 8257.9 (1925.6) 9103.7 (1190.5)

angle =V K (cos cos )a
1
2 o

2 θo (°) 133.1 (1.6) 126.2 (4.1)
Kθ (kJ mol−1) 117.1 (11.3) 140.7 (25.3)

dihedral Vd = KΦ(1 + cos (nΦ − Φs)) Φs (°) 2.8 (3.2) 4.1 (1.1)
KΦ (kJ mol−1) 1.8 (0.7) 1.8 (0.5)

aValues in the parentheses represent a 95% confidence interval of CG parameters obtained from three separate optimization runs. Group 1 beads
represent the head and tail of the PVC chain, while Group 2 beads represent the interior beads (see Figure 1d).

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c02211
Macromolecules 2023, 56, 10006−10015

10008

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c02211/suppl_file/ma3c02211_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c02211/suppl_file/ma3c02211_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c02211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the accompanying chlorine atom removal were randomly selected to
mimic the typical results of the chemical reactions associated with the
dehydrochlorination process.55 We adopted the previously discussed
procedure to reparametrize the CG model for 10% DHPVC (i.e., 10%
of the original Cl sites have been removed on a mass basis) and then
applied the derived bond, angle, and dihedral parameters to other
dehydrochlorination levels investigated in this study (20 and 40%).
Additionally, we recalibrated these models to ensure their alignment
with the parameters derived, validating our methodology. This
information is also detailed in the topology file provided in Scheme
S2. This model is subsequently employed to analyze the structural,
mechanical, and rheological characteristics of DHPVC in ETA and
MELT with varying degrees of dehydrochlorination (10, 20, and
40%).

The Gromacs package utilities gmx rdf, gmx distance, gmx gyrate,
gmx sasa, gmx angle, and gmx polystat were used to determine the
radial distribution functions (RDFs), end-to-end distance (R), radius
of gyration (Rg), surface area per repeat unit (SASA/N), dihedral
distribution, and mean square internal distance (MSID) per repeat
unit respectively. The shape descriptors were obtained using the
PLUMED package56 and the mapped trajectory of the CG model was
generated from the AA model using the gmx traj command. The
RDFs were calculated on a center-of-geometry basis to evaluate the
PVC−solvent and PVC−PVC interactions. By default, all simulated
data correspond to T = 323 K for PVC−H2O, PVC−ETA, and PVC−
THF, and T = 600 K for PVC−MELT unless otherwise specified.

3. MODEL VALIDATION AND DISCUSSION
3.1. Structural and Thermodynamic Properties. To

start, we compare the bond length, angle, and dihedral
distributions of the CG model. As shown in Figure 1, the CG
model closely aligns with these distributions with minor
discrepancies. Its smoother distribution contrasts with the
bimodal distribution of the AA model, which could be
attributed to the unavoidable loss of some AA details intrinsic
to the CG process. For instance, the repeat units along the
PVC backbone of the AA model could have multiple stable
configurations due to rotation around bonds, resulting in peaks
at the corresponding bond lengths or angles for these states.
On the other hand, the grouping of atoms into a single bead
for the CG model leads to a simplification of the chain and a
reduction in its degrees of freedom. As shown in Table S2, the
density of the CG model is around 5% higher than that of the
AA model (which is within an acceptable range as compared to
other CG models developed in the literature57−59), except for
PVC−THF, where it is overestimated by 34%. This can be
attributed to the inherent overestimation of the density of the
Martini model for the pure THF system,60 possibly leading to
a slight overestimation of molecular packing in these systems.
The R and Rg values of the CG model shown in Figure 2

closely align with those of the AA model (refer to Figures S4
and S5 for the R and Rg distributions). When the R/Rg ratios of
PVC in these systems are compared, the deviation between the
AA and CG models is generally low, with an average deviation
of about 12.6% (refer to Table S2). The largest deviation is
observed in H2O (36.8%), and this could be attributed to the
specific behavior of PVC in this highly polar solvent. In H2O,
the nonpolar PVC tends to aggregate or form clusters due to
the hydrophobic effect, a behavior that might be more
prominent at the atomistic level and may not be adequately
captured by the CG model. In contrast, the lowest deviation is
seen in PVC−MELT (1.4%), a system consisting only of PVC
chains, indicating the CG model’s reliable performance when
describing PVC−PVC interactions. For PVC−ETA, PVC−

ACE, and PVC−THF, the deviations are much lower than in
H2O, at 6.6, 4.7, and 14.7%, respectively.
We further evaluate the intramolecular bead−bead coordi-

nation in the PVC−THF system with Figure 3a, showing a
strong correlation between the CG and AA models. Similar
results are found for PVC−ETA, PVC−ACE, and PVC−H2O,
as shown in Figure S6. The diminished first peak intensity in
the CG model arises from the representation of grouped
atoms, causing differences in short-range interactions, visible in
the PMF profiles of Figure S7. This grouping results in a
smoothed interaction profile compared to the AA model.
Hence, differences between the PMF profiles of CG and AA at
shorter distances are expected. The PVC−PVC RDF in the
melt system, as depicted in Figure 3b, shows similar trends
across both models. The shift of the first peak to a shorter
distance (0.60 nm in the CG model compared to 0.65 nm in
the AA model) could be attributed to the inherent nature of
the CG model, leading to smaller interbead distances
compared to interatomic distances in the AA model.
As shown in Figure 4, we investigate the RDFs between

PVC and the different solvents to enhance our understanding
of the respective solvent interactions. Observations from the
PVC−THF and PVC−ACE systems suggest a higher degree of
organization, indicating strong interactions between PVC and
the solvent molecules within these systems. Minor differences
in peak intensities between the CG and AA models are
observed across these systems with the exception of the PVC−
H2O system. The PVC−H2O RDF reveals a weaker
interaction, consistent with the expectation of water’s poor
solvency for PVC. However, the CG model exhibits strong
ordered peaks in water, while the AA model’s RDF is more
featureless. This can be attributed to the smoothing effect
inherent in the CG model, which aligns water positions and
intensifies the peak intensity. For comparison, additional
simulations were conducted for PVC−ETA and PVC−MELT
systems at T = 400 K, and similar trends were found (Figure
S8 and Table S3).
Evaluation of the shape descriptors and MSID for the PVC−

MELT system provided further validation of the structural
properties. Shape descriptors (e.g., asphericity, acylindricity,
and anisotropy) in Figure 5a present comparable values in
both models. As shown in Figure 5b, we observe a consistent
increase in internal distances within the polymer chain,
correlating with the position of monomers along the chain.

Figure 2. End-to-end distance (R), and radius of gyration (Rg) of
PVC in H2O, ETA, ACE, and THF, as well as PVC−MELT.
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This leads to an increase in the MSID, reaching a value of up
to 0.4 nm2, a behavior that is characteristically exhibited by
polymers.61 The CG model also effectively represents the trend
of internal distances as the chain length varies, as can be seen
in Figure 5b.
Table 3 provides additional evidence of the CG model

performance, demonstrating its excellent agreement with the
AA model in terms of the SASA/N of PVC in the PVC−
MELT system when various probe sizes are used. Values of

SASA/N for the other systems can be found in Table S4.
Collectively, these comparisons show the robustness of the CG
model in sufficiently representing the key structural and
thermodynamic aspects of the AA model.

3.2. Mechanical Properties. Following the analysis of the
structural and thermodynamic properties, we examined the
mechanical behavior of the models with Figure 6 showing
volume−temperature plots for the CG PVC−MELT model.
The identified Tg values are 366 K for AA (obtained from our

Figure 3. (a) Intramolecular RDFs of PVC in THF and (b) RDFs of PVC−PVC in the PVC−MELT system. RDFs involving the CG PVC model
include both CG group types (shown in Figure 1d).

Figure 4. RDFs of (a) PVC−THF, (b) PVC−ETA, (c) PVC−ACE, and (d) PVC−H2O. All CG RDFs include both CG bead groups.
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previous study39) and 362 K for CG, which is consistent with
experimental PVC data.62−65 The 4 K difference in Tg might
result from the coarser resolution of the CG model and its
simplified depiction of thermal motions. Such differences are
typical for CG models, and this deviation is smaller than some
reported in the literature.66,67 Although our simulated Tg
values match the experimental range (350−370 K), exact
values can vary due to the considerable difference between
experimental and simulation conditions (e.g., cooling rates68).
We further analyzed the stress−strain performance of the

MELT model, as shown in Figure 7. The results agree well
with experimental data at lower strain rates, with slight
deviations between 2 and 5% strain rates. The close similarity

of the CG model (versus AA) to experimental data affirms its
effectiveness. Similar Young’s modulus values between the CG
model and experiments in Table 4 further corroborate the
model’s ability to capture the mechanical properties of PVC.

3.3. Effects of Dehydrochlorination. In this section, we
evaluate the CG model’s ability to capture structural changes
due to varying dehydrochlorination levels. For the DHPVC−
ETA system, dehydrochlorination has relatively little effect on
the DHPVC’s overall structure, as most metrics are within the
error margins (Table S5). Yet, our RDF analysis (Figure 8)
shows a decrease in the first peak of the g(r) function,
indicating a proportional disruption to the DHPVC solvation
shell with increased dehydrochlorination. This results in fewer
solvent molecules near PVC, weakening PVC−ETA inter-
actions. Despite some quantitative differences between AA and

Figure 5. (a) Shape descriptors and (b) MSID of the PVC−MELT system, illustrating the ability of the CG model to represent the trend in
internal distances across different chain lengths, specifically for 120 and 40 repeat units.

Table 3. SASA/N (nm2) of PVC in the PVC−MELT
Systema

probe radius (nm) AA CG % AA-CG deviation

0.05 0.34 (0.01) 0.33 (0.01) 2.94
0.10 0.42 (0.02) 0.41 (0.01) 2.38
0.15 0.50 (0.01) 0.48 (0.01) 4.00

a95% confidence integrals are indicated in parentheses.

Figure 6. Simulated volume versus temperature data of the CG
PVC−MELT models, along with the interpolated Tg values (green
dashed line, with value indicated on the plot). The black squares are
the data points and red dashed lines are fits to the data via a
regularization function.39,69 The experimental Tg values are reported
to fall within the range of 350−370 K.70−72 For comparison, the data
for the AA model (Tg = 366 K) has been computed in our previous
study.39

Figure 7. Stress−strain response of AA and CG PVC−MELT models
at 298 K. The dashed lines represent linear fits to the elastic regions of
the curves (0−2% strain rate), from which Young’s modulus values
are derived and presented in Table 4. Experimental values are sourced
from Rostam et al.73

Table 4. Young’s Modulus of AA and CG Models in
Comparison to Experimental Values73

system Young’s modulus (GPa)

exp. 2.60
AA 2.25 (0.30)
CG 2.03 (0.15)
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CG models, the CG model effectively captures these local
deviations in these DHPVC interactions.
Figure S9 reveals dihedral distribution changes in the PVC

backbone (originating from more double bonds) with an
increase in 180° dihedral values and restricted dihedral
motions, reflecting the more rigid DHPVC structure. These
features mainly reflect local changes to the DHPVC’s internal
structure, and they are consistent in both AA and CG models.
For the DHPVC−MELT system, the dehydrochlorination

effects are more evident. Table S6 shows decreased density
with increasing dehydrochlorination, a result of reduced
polymer chain mass and an expanded structure. Concurrently,
there is a slight reduction in Rg, suggesting a shift to a more
planar polymer configuration due to increased double bonds
(refer to Figure 9 for visual analysis). This aligns with observed
180° dihedral value increases in the DHPVC−ETA system
(Figure S9). Additionally, the persistence length increases from
0.20 to 0.26 nm at 40% dehydrochlorination. While one might
expect pronounced structural changes due to the shift toward a
more planar structure, the effects are tempered. The random
distribution of double bonds along the polymer chain dilutes
the structural impact. This is also evident in the slight changes
in the asphericity and acylindricity values.
In Figure 10, we separately analyze the RDFs of the two

different types of CG beads, where the X3 beads represent the
chlorinated polymer segments and the C1 beads correspond to
the dehydrochlorinated segments (i.e., where double bonds
have formed due to the loss of chlorine atoms). With
increasing dehydrochlorination, the peak intensities in both
X3−X3 and C1−C1 RDFs reduce. At 40% dehydrochlorina-
tion, similar RDF peak intensities for C1 and X3 may indicate a

balance between diminishing X3−X3 interactions and the
newly formed C1−C1 interactions. As the dehydrochlorination
progresses, the RDF peak gradually shifts from being
dominated by X3−X3 interactions to C1−C1 interactions.
Figure 11 illustrates the relationship between the level of

dehydrochlorination in DHPVC−MELT and the viscosity
(obtained from 1/η versus amplitude plot in Figure S10).
While experimental PVC viscosity values are typically taken
below the Tg, corresponding to ∼60 to 80 cP at room
temperature,74 we cannot directly compare our data generated
at 600 K. However, our values are within the same order of
magnitude.
As the degree of dehydrochlorination increases, there is a

notable decrease in melt viscosity, a trend that is consistent in
both AA and CG models, although the decrease appears to be
slightly more pronounced in the AA model. However, it is
worth highlighting that despite its simplified approach, the CG
model effectively captures the trend in melt viscosity (with an
average deviation of 6.9%). The observed reduction in melt
viscosity can be attributed to the conformational changes
induced by dehydrochlorination discussed earlier; the polymer
chains become more rigid, subsequently decreasing their
flexibility and restricting their relative movement. Taken
together, these observations highlight the influence of the
dehydrochlorination level on the flow properties of DHPVC
melts, which can be particularly important for industrial
extrusion or injection molding processes, where the flow
properties of the melt are highly impactful.75

4. CONCLUSIONS
In this study, we comprehensively demonstrate the effective-
ness of a new CG model, applicable to both PVC and DHPVC
for predicting the thermophysical properties in different
solvent environments and melt systems, as well as its
consistency with available experimental data. First, we have
shown that the CG model for pure PVC is capable of
replicating key parameters, such as bond lengths, angle and
dihedral distributions, RDF variations, shape descriptors,
MSID, Tg, and stress−strain profiles, within different solvents
and in the melt state. Second, the CG model for DHPVC
reliably predicts the physical changes observed after dehydro-
chlorination in the ETA solvent and in the MELT environ-
ments by accurately depicting changes in dihedral distribu-
tions, polymer chain planarity, RDF variations, and the
consequential reduction in melt viscosity. However, it is
important to recognize that the dynamics of the CG models
significantly deviate from the AA representation, which is an
expected weakness of the CG process (see Figure S11). For a
more accurate representation of the PVC dynamic properties

Figure 8. RDFs of DHPVC−ETA for AA and CG models
corresponding to varying degrees of dehydrochlorination.

Figure 9. Comparison of molecular configurations between (a) PVC and (b) DHPVC, highlighting the more planar structure in areas near double
bonds in DHPVC. See Figure S9 for the dihedral distribution, which indicates a higher occurrence of 180° dihedrals.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c02211
Macromolecules 2023, 56, 10006−10015

10012

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c02211/suppl_file/ma3c02211_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c02211/suppl_file/ma3c02211_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c02211/suppl_file/ma3c02211_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c02211/suppl_file/ma3c02211_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c02211/suppl_file/ma3c02211_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig9&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c02211/suppl_file/ma3c02211_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c02211?fig=fig9&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c02211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


when using the CG model, we suggest considering a scaling
factor or correction function, as has been described in other
studies.58,76,77
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