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ABSTRACT: Simulations of coarse-grained models of poly(vinyl chloride) (PVC) on a high coordination
lattice have been performed for seven pure melts and 12 binary mixtures composed of chains with seven
different stereochemical compositions and stereochemical sequences, at a temperature of 450 K and a
density of 1.24-1.26 g/cm3. The same Lennard-Jones parameters are used for all pairs of monomer units
in all of the simulations. The chains differ only in their short-range intramolecular interactions, which
are controlled by a rotational isomeric state model for PVC. The melt of syndiotactic PVC is unique in
that its intermolecular pair correlation functions (pcf) show a greater tendency for the formation of local
“structure” than is evident in the simulations of the other polymers, all of which contain meso diads. The
effect of stereochemistry on demixing properties is investigated by simulation of 12 equimolar binary
mixtures. The seven binary mixtures that do not contain syndiotactic PVC remain miscible throughout
the simulations. However, all but one of the five binary mixtures containing syndiotactic PVC experience
demixing during the simulations. The single exception is the binary mixture of syndiotactic PVC with
chains in which the sequence of diads has the repeating pattern meso-racemo-racemo-racemo. In this
system, the intermolecular pcfs suggest the formation of a weak complex between the chains.

Introduction

The common atactic poly(vinyl chloride) (aPVC) of
commerce is a glassy material at ordinary temperatures.
For several decades,1-3 it has been known that this
amorphous glass contains a small amount (on the order
of 10%) of a more ordered structure. This structure,
which causes aPVC to sometimes be described as
semicrystalline, has been the subject of investigation
using numerous techniques, such as DSC,4 NMR,4
SANS,5,6 SAXS,2,5 and TMA.5 Runs of racemo diads have
been implicated in the formation of this structure.4 The
crystalline regions in plasticized material have been
reported to be subject to thermoreversible melting at
temperatures of about 80-90 °C.6 When the PVC has a
very high content of racemo diads, the thermal transi-
tion can be displaced to temperatures above 200 °C, i.e.,
to temperatures above the limit of thermal stability.7,8

In the stereochemical limit provided by the syndiotactic
PVC (sPVC) prepared in a urea inclusion complex,
where the narrow channel presumably precludes the
formation of meso diads, the polymer becomes intrac-
table.1,4,9

Our interest here is in the behavior of PVC at the
upper end of the range of temperatures at which the
material retains resistance to thermal degradation, i.e.,
at temperatures slightly below 200 °C. On one hand,
we seek information about whether the miscibility of
the melts at such temperatures depends on the stereo-
chemical composition and stereochemical sequence of
the chains from which they are constructed. Further-
more, in view of the intractable nature of the material
prepared in the urea inclusion complex, we inquire
whether there is a possibility to design a chain that will
promote miscibility of aPVC and sPVC in the melt.

Prior simulations of atomistically detailed models of
amorphous aPVC at bulk density have focused on either
models for the material at ambient temperature, where
the density is 1.39 g/cm3,10,11 or models for the melt, with

a density of 1.24 g/cm3.12 These simulations employed
either a single parent chain of 7610,11 or 20010 monomer
units or 30 shorter parent chains of 12 monomer units
each.12 The restriction to systems of 76-360 monomer
units in these previous studies was imposed by the
difficulty in thoroughly equilibrating the dense models
when they are expressed at fully atomistic detail.

The present simulations employ either 550 monomer
units (for one-component systems) or 1000 monomer
units (for multicomponent sytems). These larger sys-
tems become tractable for simulation when the models
are expressed with coarse-grained chains. The coarse-
grained chains retain contact with reality, because the
coarse graining is accomplished with restrictions that
allow reverse mapping back to atomistically detailed
models.13 This objective is accomplished with a bridging
technique.14 The simulation has recently been applied
successfully to polypropylene (PP) melts,15 where it
correctly identifies their observed dependence of misci-
bility on stereochemical composition: aPP and iPP are
miscible in the melt, but sPP demixes from either iPP
or aPP in the melt.16-19 Furthermore, the simulation
identifies the molecular mechanism responsible for the
demixing of sPP from the other two PPs in their melts.15

It seems likely that this mechanism may apply also to
PVC melts, and the present simulations will assess
whether this suggestion is correct.

Method

Only a single type of monomer unit, CH2CHCl, is present
in the simulations reported here. Some of the differences in
the stereochemical sequences of the chains lead to a tendency
for demixing, but other systems composed of two different
types of chains are completely miscible. Equilibration of these
dense systems would appear to require use of a coarse-grained
model, because demixing (when it occurs) is in response to a
subtle interaction. However, it is the influence of the stereo-
chemical composition and stereochemical sequence of the
chains that is at issue, and those properties are defined in
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terms of atomistically detailed models. Therefore, it is essential
that the coarse-grained models faithfully represent the ster-
eochemical compositions and sequences of the atomistically
detailed chains that they represent.

This objective can be achieved with coarse graining at the
level of one bead per monomer unit, with that bead sited at
the coordinates of the carbon atom that bears the chlorine
atom. With standard bond lengths and tetrahedral bond
angles, the chain of beads requires a step length of 2.50 Å.
The coarse-grained chains are placed on a high-coordination
(10i2 + 2 sites in shell i) lattice obtained by deletion of every
second site from a diamond lattice.20 The simulations are
performed at low occupancies of 13.16-13.43%, corresponding
to densities of 1.24-1.26 g/cm3. These densities are within a
few percent of the expectation of 1.29 g/cm3, based on linear
extrapolation of data tabulated by Orwoll21 to the temperature
of the simulation, 450 K, and comparable with the density of
1.26 g/cm3 used previously by Smith et al.12 in their simula-
tions of aPVC at the same temperature.

The distribution function for the end-to-end distance of a
chain, and all of its subchains, is controlled by mapping the
classic rotational isomeric state (RIS) model for chains with
bonds subject to asymmetric torsion potential energy functions
onto this lattice.22 The specific RIS model used in the present
simulation is the same one employed in our recent study of
single unperturbed PVC chains.23 This use of the RIS model
maintains the initially assigned stereochemical sequence of
each chain throughout the simulation.

The intermolecular and long-range intramolecular interac-
tions are treated with a procedure that uses Meyer f functions,
with input in the form of a Lennard-Jones (LJ) potential
energy function.24 The LJ parameters tabulated for PVC are
ε/kB ) 300 K and σ ) 4.898 Å.25 This procedure yields discrete
energies (kJ/mol) of 21.968, 1.575, -1.369, -0.468, and -0.124
for shells 1-5, respectively, at the temperature of the simula-
tion, 450 K. Only shells 1-3 are used in the simulation to
calculate the change in energy, ∆E, of a proposed MC move
for Metropolis biasing. The first shell is highly repulsive
because the lattice spacing, 2.50 Å, is smaller than the σ in
the LJ potential energy function. The second shell is slightly
repulsive, and an anisotropic perturbation is included in this
shell. The third shell is attractive and will allow for a cohesive
simulated structure. The fourth shell still shows an ap-
preciable attractive interaction, but the computation slows
dramatically when it is included in the simulation. To apply
the model to PVC, an asymmetric perturbation based on the
electrostatic influence of the partial charge on the chlorine
atom was added to the second shell interaction, as described
previously.26 This perturbation has the effect of changing the
energy of the second shell from ∼-3 to ∼+6 kJ/mol, depending
on the orientation of the monomer.

The original single bead MC algorithm for simulations on
this lattice consisted of the attempted move of every bead of
every chain in sequential fashion, subject to the constraints
of connectivity, excluded volume, and Metropolis energetic
biasing.20 In the simulations presented here, multiple bead
moves are included as well, as described in a previous
publication.25 All multiple bead moves are constrained to
excluded volume, connectivity, and Metropolis energetic bias-
ing. Each chain goes through a cycle of attempted single bead
moves and multiple bead moves. After each chain in the
system has gone through this cycle, we count one MC “time”
step.

Results and Discussion

One-Component Melts. Seven one-component melts
were simulated, using 11 independent parent chains,
each with a degree of polymerization of 50 and a
composition of C100H152Cl50 upon reverse mapping. The
temperature is 450 K and the density is 1.26 g/cm3. Six
of the chains have a regular repeating sequence of diads,
(MR)x, (MMR)x, (MRR)x, (MRRR)x, where M and R
denote meso and racemo diads, respectively, along with

sPVC and isotactic PVC (iPVC). Each sequence is
truncated as necessary to produce a chain with 50
monomer units. The remaining melt is composed of
chains that have a Bernoullian sequence of diads and a
50:50 ratio of M and R. This chain represents aPVC.
The atactic chain and (MR)x have the same stereochem-
ical composition but different stereochemical sequences.

The stereochemical composition has a strong influence
on the dynamic and energetic behavior of the melts, as
shown in Table 1. The average time, τ, for a mean-
square displacement of the center of mass that is equal
to the mean-square radius of gyration is shown in the
third column. This time increases as the syndiotactic
character of the chain increases. It is 2 orders of
magnitude larger for sPVC than for iPVC. This change
in mobility is accompanied by changes in the average
energy and in the two components of this energy, as
shown in the last three columns of Table 1. The
molecular origin of these effects in the present simula-
tion of PVC is similar to the origin of the miscibility
effects in the PP melts, which were studied earlier.15

In both polymers, sequences of bonds in trans states can
easily form in subchains composed of racemo diads. This
tendency is stronger in PVC than in PP. At 450 K, the
RIS models yield probabilities for two consecutive bonds
in trans states of 0.91 for sPVC and 0.45 for sPP. For
comparison, this probability is 0.31 for polyethylene at
the same temperature. If sequences of bonds in trans
states form in two subchains that are collinear, and in
a third shell occupancy with respect to one another,
these all-trans sequences are longer lived than they
would be if they were uncorrelated with one another.
The intermolecular interaction of these two extended
and aligned segments, separated from one another by
a distance near the minimum in the Lennard-Jones
potential describing the interaction of two monomer
units, provides a slightly “sticky” interaction. This
interaction reduces the mobility of the chain in the
simulation and lowers the LJ contribution to the total
energy of the system. There is also a change in the RIS
contribution to the total energy, due to the shift in the
population of rotational isomeric states toward the value
characteristic of the trans state. All of these effects,
which were observed previously in simulations of PP,15

are apparent in the last four columns of Table 1.
The special character of the sPVC melt is also

apparent in the intermolecular pair correlation func-
tions (pcf). On the high coordination lattice, a discrete
pcf, gAA(i), can be defined as in eq 1.

The concentration of species A in the system is denoted
by VA, nAA(i) is the number occupancy of A in the ith

Table 1. Probability for a Racemo Diad, Time (MCS/105)
for Mean-Square Displacement of the Center of Mass
Equal to the Mean-Square Radius of Gyration, and

Average Energy per Bead (kJ/mol) in the
One-Component Melts

chain pR τ Etotal ERIS ELJ

iPVC 0.00 5 -0.22 ( 0.06 6.48 ( 0.03 -6.70 ( 0.04
(MMR)x 0.33 17 -0.56 ( 0.08 6.05 ( 0.06 -6.61 ( 0.03
aPVC 0.50 18 -0.48 ( 0.08 6.10 ( 0.06 -6.69 ( 0.05
(MR)x 0.50 19 -0.36 ( 0.13 6.03 ( 0.09 -6.40 ( 0.08
(MRR)x 0.67 49 -0.91 ( 0.20 5.76 ( 0.18 -6.68 ( 0.08
(MRRR)x 0.75 90 -1.21 ( 0.26 5.65 ( 0.16 -6.86 ( 0.14
sPVC 1.00 433 -4.07 ( 0.44 4.61 ( 0.22 -8.69 ( 0.29

gAA(i) ) 1
(10i2 + 2)VA

∑nAA(i) (1)
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shell around another bead of A, and i indexes the shell
number. Thus, the distance between two points in the
simulation is quantified by the discrete shell number.
For the special case of the intermolecular pcf, which is
used here, the two monomers are members of different
chains.

Intermolecular pcf for four of the one-component melts
are depicted in Figure 1. The intermolecular pcfs for
(MR)x, (MRR)x, and (MRRR)x are similar to one another,
with each pcf showing very weak local maxima in the
third and sixth shells and a weak local minimum in the
fourth shell. These three pcfs are barely distinguishable
from one another on the scale used in Figure 1. The
remaining pcf, for sPVC, is easily distinguishable from
the other three pcfs because of its stronger local maxima
in the third and sixth shells and lower values of gAA(i)
at the two intervening shells. In other words, the sPVC
melt shows more evidence of a tendency for the forma-
tion of local “structure”, as reflected by maxima in the
intermolecular pcfs in the third and sixth shells, than
is the case in the other three melts. Intermolecular pcfs
for the remaining three melts studied, namely iPVC,
aPVC, and (MMR)x, are not depicted here, but they can
be found in the Supporting Information. They are nearly
identical with the intermolecular pcfs depicted in Figure
1 for (MR)x, (MRR)x, and (MRRR)x. Thus, the syndio-
tactic stereochemical composition is unique for PVC
with regard to a tendency for the formation of local
structure in its melt, as detected by the intermolecular
pcfs.

Two-Component Melts. Simulations were per-
formed for 12 two-component melts, with each mixture
containing pairs of chains from Table 1. Each simulation
uses 10 chains of each type and is performed at a density
of 1.24 g/cm3 and a temperature of 450 K.

The time dependence of the tendency for demixing in
the two-component melts can be monitored by following
the intermolecular pcfs in the third shell, which is the
location of the first maximum in the intermolecular pcfs
for the one-component melts, as is shown in Figure 1.
Four intermolecular pcfs are monitored. Two of these
intermolecular pcfs, gAA(i) and gBB(i), are evaluated for
monomer units of chains with the same stereochemical
composition. A third intermolecular pcf, gtotal(i), is
evaluated using all of the chains, without regard to their
stereochemical composition. Finally, the intermolecular

cross-correlation function, gAB(i), is evaluated using
pairs of monomer from chains of different stereochem-
ical composition. The two types of time dependencies
observed are illustrated in Figures 2 and 3.

Figure 2 depicts the value of the four intermolecular
pcfs in the third shell for the simulation of the equimolar
mixture of iPVC and aPVC. Each of the four intermo-
lecular g(3) experiences oscillations about a value close
to 1. There is no evidence of a systematic change in any
of the g(3) over 2 × 107 MCS, nor is there any evidence
that any one of the g(3) is distinguishable from the other
three g(3). This result is the one expected for a com-
pletely miscibile system, in which the two types of
chains mix without regard for their differences in
stereochemical composition.

A different type of behavior is depicted for the mixture
of iPVC and sPVC in Figure 3. Here the values of g(3)
diverge from one another as the simulation progresses.
The intermolecular cross-correlation decreases to values
much smaller than 1, and the intermolecular pcf be-
tween chains of the same stereochemical composition
increases to values significantly larger than 1, as time
progresses. There is much less evidence for change in
the remaining intermolecular g(3), which is evaluated
for all chains in the system, without regard to their
stereochemical composition, and remains in the vicinity
of 1.0-1.1. This behavior is the result expected for a
two-component melt that is on the verge of demixing.

Figure 1. Intermolecular pcfs for one-component melts of
sPVC, (MR)x, (MRR)x, and (MRRR)x at 450 K and a density of
1.26 g/cm3.

Figure 2. Values of the four intermolecular pcfs in the third
shell for the equimolar melt of aPVC and iPVC at 450 K and
1.24 g/cm3.

Figure 3. Values of the four intermolecular pcfs in the third
shell for the equimolar melt of iPVC and sPVC at 450 K and
1.24 g/cm3.
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Beads in each chain prefer to surround themselves with
beads from other chains with the same stereochemical
composition. The drive toward demixing has become
obvious 1 × 107 MCS into the simulation, where the
intermolecular cross-correlation g(3) becomes obviously
lower than the other three g(3).

The behavior of the remaining 10 equimolar mixtures
studied can be quickly summarized by citing their
relationships to Figures 2 and 3. Six of the equimolar
mixtures do not contain sPVC. All six of these mixtures
exhibit intermolecular g(3) with behavior similar to that
depicted in Figure 2. These mixtures, (MMR)x-iPVC,
(MMR)x-(MR)x, (MMR)x-aPVC, (MRR)x-(MRRR)x,
(MR)x-(MRRR)x, and (MMR)x-(MRR)x, show no evi-
dence of demixing. The data are not presented here but
can be found in the Supporting Information.

The remaining four mixtures contain sPVC as one of
the two components. Three of these four mixtures show
the same type of evidence for demixing as can be seen
in Figure 3. Demixing of sPVC from (MR)x becomes
evident at nearly the same stage of the simulation as
for sPVC-iPVC in Figure 3. Evidence of demixing is
also generated, but at a slightly later state of the
simulation, for sPVC and either aPVC or (MMR)x. The
data for these three systems can be found in the
Supporting Information.

The data for the remaining two-component system
shows behavior that is qualitatively different from that
of the other 11 two-component melts studied. The time
dependence of the intermolecular g(3) for this system,
the equimolar melt of sPVC and (MRRR)x, is depicted
in Figure 4. In this system, the intermolecular cross-
correlation function grows to a size larger than the other
three g(3), and the two intermolecular g(3) evaluated
for chains with a particular stereochemical composition
are tending to become smaller than the other two
intermolecular g(3). This behavior is the reverse of the
result obtained in Figure 3 for the melt of sPVC and
iPVC. It suggests the opposite of demixing, namely, the
tendency for the formation of a weak intermolecular
complex between syndiotactic PVC and (MRRR)x, such
that beads from each chain have a weak preference to
surround themselves with beads from the other type of
chain. Since (MRRR)x appears to be miscible with chains
containing a higher content of meso diads, based on its
behavior with (MRR)x and (MR)x, it might serve as a
compatabilizer for sPVC and PVC having stereochem-
ical compositions more typical of this material, as it is
usually prepared.

In principle, an energy of mixing could be calculated
for each of the blends from the data in Table 1 and the
average energy per bead in the two-component mix-
tures.

However, this process involves taking a small difference
between two large numbers, and the uncertainties due
to the fluctuations in each individual energy during the
simulation accumulate to a larger value than ∆Emix
itself. For example, in the blend of iPVC and sPVC, the
values of EA and EB, from Table 1, are -0.22 ( 0.06
and -4.07 ( 0.44 kJ/mol. The value of EAB, averaged
over the last half of the simulation for the two-
component melt, is -2.02 ( 0.16 kJ/mol. Application of
eq 2 gives an energy of mixing of 0.12 ( 0.41 kJ/mol,
where the uncertainty dominates the average. For this
reason, the energetic analysis of the blends is not
pursued further here.

Summary
Intermolecular pcfs and average energies evaluated

from simulations of one-component melts of PVC es-
tablish sPVC as being different from chains in which
the fraction of racemo diads is 0.75 or smaller. This
difference appears as a greater tendency for the forma-
tion of a local “structure”, arising from intermolecular
interaction of two or more subchains of racemo diads in
which the C-C bonds adopt trans states. This behavior
is qualitatively similar to the result obtained previously
for sPP in the melt.

Equimolar two-component melts composed of PVC
chains with different stereochemical composition are
miscible, provided one of the components is not sPVC.
All but one of the melt blends containing sPVC experi-
ence spontaneous demixing. The exception is provided
by the melt blends of sPVC with (MRRR)x. In this
system, the intermolecular pcfs reveal a weak tendency
for the formation of an intermolecular complex between
the sPVC and (MRRR)x. Since (MRRR)x is miscible with
PVCs of typical stereochemical composition, the (MR-
RR)x may serve as a compatabilizer for sPVC and other
PVCs in the melt.
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