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ABSTRACT: We present a new coarse-graining scheme for efficient molecular dynamics simulations of
polycarbonate liquids and compare its effectiveness to that of a previously presented model which uses
a different coarse-grained representation. The effect of more realistically accounting for the excluded
volume of the phenylene comonomeric units in the coarse-grained simulation is examined. The new
treatment avoids artifacts arising from sphere-packing, which dominate the liquid structure and dynamics
in the older scheme, leading to a significant improvement in the equilibration time, for systems run at
the typical processing temperature of 570 K. However, we observe only a slight improvement (10-4 eV/
atom) in the equilibration of atomistically detailed samples that are inverse-mapped from the equilibrated
coarse-grained configurations. Distributions in the atomistically resolved backbone bond and torsion angles
are identical using the two schemes, as are computed liquid coherent scattering functions. This indicates
that artifacts present at the coarsened level are effectively erased by equilibration at full-blown atomistic
resolution, at least for systems with relatively short chains well above the glass transition temperature.

1. Introduction

Molecular coarse-graining has begun to play a larger
role in simulation studies of polymers.1-4 The chief aim
in coarse-graining is to guarantee that the chain con-
formations in a simulation sample represent true equi-
librium conformations. This requirement is effectively
impossible to fulfill in direct atomistic simulations of
polymer molecules, owing to limitations in computer
power and characteristically long relaxation times for
macromolecules. It is also fundamentally unfulfilled by
“amorphous cell”-type atomistic simulations5 designed
to model glassy structure. A central feature of coarse-
graining is that the models retain only as much unique
and relevant information as needed about the specific
polymer(s) under investigation, using significantly fewer
degrees of freedom (i.e., particles) than required for full
atomistic detail. The coarsened degrees of freedom must
be constrained within ensembles of configurations which
represent an appropriate average over the microscopic
atomic-scale potential energy surface for the fully
resolved system. Once an equilibrated sample at the
coarse-grained level is generated using an appropriate
simulation technique which samples these ensembles,
atomic details can be inverse mapped to study atomic-
scale properties and processes on appropriately short
length and time scales.6

The choice of how one “maps” the atomic coordinates
of a polymer onto a set of coarsened coordinates is of
particular interest. The mapping points must be chosen
such that intramolecular correlations at the coarsened
level follow in a straightforward manner from averaging
out atomic degrees of freedom over a postulated atomic-
scale potential energy surface. Furthermore, for simula-
tions of dense liquids, each mapping point must also
play the role of a space-filling particle. They must
therefore be chosen such that they as faithfully as

possible mimic the true excluded volume “shape” of the
molecule. The former requirement in general encourages
larger degrees of coarsening, in which larger numbers
of atomic degrees of freedom contribute to any one
coarsened mapping point. The latter, on the other hand,
supposes that any representation other than atomistic
is nonoptimal. Hence, designing a mapping scheme is
an optimization problem.

Recent work from our group presented a method for
coarse graining melts of bisphenol A-polycarbonate
(BPA-PC).6-8 BPA-PC is by far the most utilized and
intensively studied variety of polycarbonate, thanks to
its many valuable material properties, such as high im-
pact strength, ductility, and glass transition and melting
temperatures.9 For example, interesting questions re-
garding the mechanisms of glassy BPA-PC ductility
have inspired many experimental,10-15 simulation,16-20

and combined experimental/simulation21,22 studies,
though remain essentially unresolved. Another interest-
ing question is the origin of BPA-PC’s surprisingly
small entanglement molecular weight, Me, of between
six and seven chemical repeat units.23 Understanding
the origins of such unique properties would improve our
ability to control these properties at the level of molec-
ular design and synthesis. Simulations play a key role
in gaining such understanding, providing means to
systematically test hypotheses regarding the link be-
tween atomic scale structure and materials properties
in well-characterized model systems. Coarse-grained
simulations additionally give us, in principle, the ability
construct model systems that behave properly on both
the largest and smallest length scales relevant for such
investigations.

In this article, we present an analysis of two different
but otherwise valid choices for coarse-graining schemes
of BPA-PC. Our intention is to show whether one or
the other is better at producing an equilibrated atomic-
scale liquid sample, and why. First, we briefly reintro-
duce the mapping scheme presented in ref 7, followed
by a presentation of the newer scheme, in section 2. Our
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simulation and analysis techniques are then described
in section 3, followed by results and discussion in section
4.

2. The Coarse-Grained Bead-Spring Models of
BPA-PC

2.1. The 2.1 and 4:1 Mapping Schemes and
Intermolecular Potentials. The general idea of coarse-
graining is to represent a specific polymer molecule as
a bead-spring chain. The role of the beads is 2-fold:
first, they must, as a group, reflect the proper confor-
mational statistics of the given polymer, and second,
they must exclude volume such that the molecule fills
space and has a “shape” as close as possible to the given
polymer molecule. In the work presented here, all beads
are spherical, and sphere-sphere (ij) excluded volume
is ensured by a simple truncated and repulsive 12-6
Lennard-Jones pair potential with length parameter σij
) 1/2(σi + σj):

The choice of the σi’s is explained in the following
subsections. ε is chosen as the unit of energy, which we
set at kBT for our NVT molecular dynamics simulations,
discussed in section 3.

2.1.1. The 2:1 Mapping. A coarse-graining scheme
for BPA-PC in which each repeat unit is replaced by
two spherical beads connected by a harmonic spring was
presented in ref 7. This “2:1” mapping scheme is shown
schematically in Figure 1a. In this scheme, one bead
corresponds to the position of the center of mass of an
isopropylidene (-C(CH3)2-) subunit and the other to
the center of mass of a carbonate (-O-CO-O-) sub-
unit. The mapping points therefore do not exactly lie
on the chain backbone. The positions of the linking
phenylene groups are only implied by the relative

positions of carbonates and isopropylidene, and the
excluded volume of the phenylenes is represented
partially by the excluded volume of neighboring the
carbonate and isopropylidene, such that the total ex-
cluded volume of the repeat unit (measured as the sum
of the volumes of the carbonate and isopropylidene
beads) yields a bare total volume fraction in the liquid
of 0.45 at a temperature of 570 K. In addition, smaller
beads which represent the phenoxy chain ends are also
included; this constitutes a slight modification over the
previously presented 2:1 model,7 where the specific
structure of the chain ends was not taken into account.
Note that the structure of a complete BPA-PC molecule
has the formula C6H5-O-CO-O-(-C6H4-C(CH3)2-
C6H4-O-CO-O-)n-C6H5. As can be seen in ref 7, the
ratio of bead diameter to average bond length is 1.24.
This ratio has been shown to have a strong effect on
the structure24 and dynamics25 of simple bead-spring
liquids. To assess the effect of this commensurability
artifact on the quality of the coarse-grained model, we
developed a “4:1” mapping scheme, as discussed below.

2.1.2. The 4:1 Mapping. In the newer 4:1 scheme,
each repeat unit is still represented by two mapping
points, corresponding respectively to the carbonate and
isopropylidene subunits. In contrast to the 2:1 scheme,
the mapping points are taken as the backbone carbons
for each group rather than the group center of mass.
Moreover, beads corresponding to the linking phenylene
groups are included. The centers of these spheres do not
correspond directly to the position of phenylene sub-
units, but are meant to only represent the groups’
excluded volume in a more realistic way than in the 2:1
scheme. Each phenylene bead (except for the chain ends)
is connected by stiff harmonic bonds to its neighboring
isopropylidene and carbonate. The lengths of these
bonds ensure the proper isopropylidene-carbonate in-
tramolecular distance. Bond parameters, lij and δlij, and
bead sizes, σi, for both schemes are given in Tables 1
and 2.

Bead sizes, σi, in the 4:1 model are computed by first
calculating the gyration radii among atomic positions
in each group, and then scaling these radii such that
the volume of the repeat unit, accounting for the
overlaps of adjacent beads, is equal to the van der Waals
volume per repeat unit of BPA-PC computed using an
equation-of-state analysis.26 This yields a total volume
fraction in the liquid of about 0.5. This is greater by
about 10% compared to that in the 2:1 liquid; however,
the effective excluded volume in the 2:1 system is at least
5-10% greater than the bare excluded volume due to
the inaccessibility of the space immediately between

Figure 1. Schematic representations of the (a) 2:1 (ref 7) and
(b) 4:1 mapping schemes for coarse-graining one repeat unit
of BPA-PC. The large circles represent the approximate
coarse-grained bead size relative to the atomic structure. The
mapping points in the 2:1 scheme correspond to the centers
of mass of the respective groups. Those in the 4:1 scheme
correspond to the location of the respective backbone carbons.
The additional beads in the 4:1 scheme correspond to the
phenylenes only in that they represent the phenylene excluded
volume more realistically than is done in the 2:1 scheme. “/”’s
denote the Co-O torsions.
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Table 1. Lennard-Jones Scaling Parameter S and
Coarse-Grained Bead Diameters (in Å) for the Two

Coarse-Grained BPA-PC Mapping Schemes

scheme S,Å/σ σCarb, Å σIsop, Å σPhen, Å

2:1 5.56 5.29 5.84 2.74a

4:1 4.41 4.49 5.19 4.67
a Used for chain ends only.

Table 2. Harmonic Bond Potential Parameters for the
Two Coarse-Graining Schemes: Mean Bond Length l0

and Standard Deviation δl

scheme Carb-Isop, Å Carb-Phen, Å Isop-Phen, Å

2:1 6.89 ( 0.07 3.61 ( 0.07a -
4:1 - 3.56 ( 0.04 2.93 ( 0.04

a Used for chain ends only.
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(nonoverlapping) adjacent beads along the chains. We
therefore believe the volume fractions of the two coarse-
grained models are close enough to allow comparison.

A subtle but important consideration requires this
“loose” mapping to the phenylene group. Note that,
given the atomic structure of the BPA-PC repeat unit,
the angle formed by an isopropylidene backbone carbon,
the phenylene center, and the carbonate carbon has a
single value of about 167°. Tying a mapping point
directly to the phenylene center also introduces a
phenylene-isopropylidene-phenylene angle of about
109° and a phenylene-carbonate-phenylene angle
defined by an appropriate distribution. However, be-
cause the angle around each phenylene is less than 180°,
a torsional degree of freedom exists at each phenylene-
carbonate bond. This torsional degree of freedom is
correlated to the angle at the carbonate group. Without
a complicated multibody potential, which must be a
function of both a torsion and a bond angle, one cannot
properly enforce this correlation. Rather than add to the
complexity of the coarse-grained model in this way, we
have opted to decouple the center of the phenylene bead
with the center of the phenylene group in the atomic
structure. Enforcing an angle of 180° at each phenylene
bead excludes such torsional degrees of freedom, at the
expense of not having exact knowledge of the location
of any given phenylene group.

2.2. Intramolecular Potentials. Thus far we have
discussed aspects of the bead excluded volume and
bead-bead bond lengths for the two coarse-graining
schemes. Further intramolecular constraints are used
to ensure that the conformations which the chains
sample reflect the proper statistics given the atomic-
scale potential energy surface. As the details behind our
technique were presented previously,7 we present only
a brief discussion here. These constraints take the form
of bond angle and torsional potentials. For each carbon-
ate-isopropylidene-carbonate (“c-i-c”) and isopropy-
lidene-carbonate-isopropylidene (“i-c-i”) triple along
a chain backbone, a potential, U(θ), is used which is a
Boltzmann inversion of the corresponding probability
density distribution for this type of angle, defined by
the respective coarse-grained mapping points on the
chain’s atomic structure:

The probability density distributions are computed via
Monte Carlo sampling of the atomic structure of an
isolated test chain. This sampling involved (1) random
“moves” of backbone torsion angles {φ}, (2) evaluation
of the resulting total energy, and (3) acceptance based
on a standard Metropolis criterion. The torsional ener-
gies, ε(φ) were computed using Hartree-Fock calcula-
tions in the 6-31G* basis; details on these ab initio
calculations appear in ref 7. Because the probability
distribution P is tabulated as a histogram, but is a
function of polar angle, we normalize by the appropriate
volume element when extracting the force:

Tabulated forces were computed via second order finite
differences.

Density distributions P for the i-c-i and c-i-c
angles are shown in Figure 2 for both coarse-graining
schemes. The differences arise only due to the different
choices for the mapping points: in the 4:1 scheme,
mapping points lie exactly on their respective backbone
atoms, while in the 2:1 scheme, these points correspond
to comonomer centers of mass. Because these centers
of mass do not lie on the backbone, they can sweep a
larger volume of space than points that lie directly on
the backbone. Hence, the 2:1 distributions are generally
broader. The peak in the c-i-c distribution is located
at a lower angle because the center of mass of the
isopropylidene comonomer lies within the triangle formed
by the backbone carbon and the two dangling methyl
carbons, which is always further from the neighboring
carbonates than the backbone carbon. This 2:1 isopro-
pylidene mapping point thus forms a more acute aver-
age bond angle than that in the 4:1 model, which lies
directly on the backbone carbon.

Furthermore, i-c-i-c torsional potentials are also
applied in the case of the 2:1 model, although the
torsional barrier introduced by this potential at 570 K
is only about 0.1 kBT.7 In the case of the 4:1 model, these

P(θ) ∝ exp(-
U(θ)
kBT ) (2)

f (θ) ) - ∂

∂θ[ln(P(θ)
sinθ)] (3)

Figure 2. Probability distribution functions for coarse-grained
bond angle at (a) the carbonate group, and (b) the isopropy-
lidene group for the 2:1 (solid) and 4:1 (dashed) mapping
schemes. The functions are presented in histogram form; δθ
is the bin size.

262 Abrams and Kremer Macromolecules, Vol. 36, No. 1, 2003



are ignored completely because the torsional barrier
introduced by this potential is much less than 0.1 kBT
at 570 K. Short test calculations in which these torsional
potentials were explicitly included yielded statistically
identical results. For studies at lower temperatures the
inclusion of a torsional barrier might however become
relevant again.

The structure of P(θi-c-i) in both the 2:1 and 4:1
models is of particular interest, because it reveals the
“two-state” nature of the carbonate bond angle in coarse-
grained BPA-PC. The lower peak corresponds to cis-
trans conformations of the two Co-O torsions in the
carbonate group, (denoted with “/” in Figure 1b) and
the larger peak to trans-trans conformations, which are
energetically more favorable. The distributions shown
in Figure 2 demonstrate that both states are populated
at T ) 570 K, with roughly 2/3 of carbonates in the
trans-trans conformation.

In the 4:1 model, backbone bond angles at the
phenylene beads are enforced at 180° by a simple
harmonic potential with a spring constant of 0.1 kBT/
deg2. Because phenylenes that are immediate neighbors
on either side of the same isopropylidene bead can
weakly overlap, the excluded volume interaction for
these intramolecular phenylene-phenylene pairs is
turned off. This choice has a measurable effect on the
resulting bond angle distributions around the isopro-
pylidenes, and it was observed that leaving this interac-
tion in place strongly compromises the ability of the “c-
i-c” Boltzmann-inverted potential to enforce the expected
bond angle “c-i-c” distribution. However, as we shall
see in section 4.1, leaving this interaction out of the
model does not fully correct this problem.

3. Molecular Dynamics Simulation Description
3.1. Coarse-Grained Samples. Molecular dynamics simu-

lation was used to equilibrate samples of coarse-grained bead-
spring chains prior to the introduction of atomic scale details.
The simulations performed for this study are formally identical
to those of ref 7. Here we provide a brief discussion. The
potentials used in the simulation were discussed in the
previous section. The velocity-Verlet algorithm was used to
integrate the particle equations of motion using a constant
time step of 0.01 τ. A Langevin-type thermostat with friction
Γ ) 0.5 τ-1 was used to keep the temperature constant at 1.0.
Reduced Lennard-Jones units were used throughout, where
the length conversion factor S was 5.56 Å/σ in the 2:1 system
and 4.41 Å/σ in the 4:1 system. These values of S were
originally chosen such that the desired volume fraction of the
liquid system, about 0.45, is given7 at a number density of 0.85/
σ3; however, due to the addition of chain ends in the modified
2:1 scheme, this is strictly only true for the 4:1 system. Energy
is measured in units of kBT for T ) 570 K, the temperature at
which the Boltzmann averaging of the atomic structure to give
the coarse-grained distribution functions is performed.

The liquid samples were generated by first specifying a
number of chains and number of repeat units per chain and
the system density. Chains were then randomly placed in a
box and grown according to the bond length and bond angle
probability constraints; for details, see ref 7. To remove bead-
bead overlaps, the raw systems are run using the following
bead-bead Lennard-Jones potential:

where the factor b(t) decays linearly from unity to zero over

the duration of the warmup stage:

Here, ti and tf are the initial and final time values of the
warmup stage, respectively.

All samples consisted of 80 chains of 10 repeat units each.
This corresponds to chains of 23 beads in the 2:1 scheme and
43 beads in the 4:1 scheme. The system density was fixed at
1.05 g/cm3, the experimental system density at 570 K. Since
we fix the mass density, this results (for N ) 10) in a particle
number density of 0.91/σ3 in the 2:1 system and 0.85/σ3 in the
4:1 system. The resulting cubic box was 70.28 Å on a side.

One can see that it requires roughly twice as many particles
to represent a particular system in the 4:1 mapping scheme
as in the 2:1 mapping scheme. In general, the computational
effort in calculation of pairwise forces in a particle simulation
scales with the square of the number of particles. This
seemingly implies that four times as many CPU cycles are
required to simulate a 4:1 system for a given amount of
integration time, compared to a 2:1 system. This is not the
case in our simulation program, which uses the “link-cell”
algorithm27 in the computation of pairwise forces. This algo-
rithm scales linearly with the number of particles, so only
twice as many CPU cycles are required to simulate the 4:1
system. If the time to equilibrate 4:1 chains is less than half
the time required to equilibrate 2:1 chains, then the 4:1 scheme
is more efficient than the 2:1 scheme. This will be addressed
in section 4.1.

After the warmup phase, each system was integrated for
an adequate amount of time to equilibrate the chains in the
melt. As a working definition, equilibration was achieved when
the mean squared displacement of chain centers of mass
exceeds the chain mean squared radius of gyration. This
equilibration time, τeq, for each run is reported in Table 3.

3.2. Inverse Mapping. Only after equilibration of the
coarse-grained systems can we safely introduce atomic details,
confident that the system is equilibrated on the scale of entire
chains. The inverse mapping procedure used in this work is
identical to that discussed in detail in ref 6. Briefly, for each
coarse-grained chain, an atomistic chain was created. While
keeping the coordinates of the beads in the coarse-grained
chain fixed, the torsion angles {φ} and Euler angles (R,â,γ) of
the atomic chain were varied according to a conjugate gradient
minimization of least squares, where the error was the sum
of distances from the coarse-grained beads to the appropriate
mapping points on the atomic chains. Errors were minimized
to better than 10-2 Å. This procedure was done for each chain
independently, with no energy evaluation.

3.3. Atomistically Resolved Samples. Once the inverse
mapping has been performed, atomistic MD is performed using
the Yasp simulation package.28 The first step is the generation
of a molecular topology description. The molecular mechanics
force-field parameters used for BPA-PC were reported previ-
ously;29 these are used in this work without modification, and
for the sake of brevity we do not report them here. These
parameters define bond constraints and intramolecular po-
tentials which include harmonic bond angles and dihedrals,
torsions, and intermolecular potentials that include standard
Lennard-Jones and reaction-field-modified electrostatics. Each
atomistic sample of 80 chains of 10 repeat units each consists
of total of 28 480 atoms. The first phase of the atomic scale
equilibration is another warmup to remove atomic-scale
overlaps. This requires three sequential 10 ps integrations
using a “soft core” intermolecular potential instead of the
Lennard-Jones plus electrostatics. The soft core potential
linearly decreases from some specified value A at a distance

Uwarmup(rij) )

{4ε [( σij

rij+21/6σijb(t))12
- ( σij

rij+21/6σijb(t))6
+ 1

4] [rij + 21/6σijb(t)] < 21/6σij

0 [rij + 21/6σijb(t)] g 21/6σij

(4)

Table 3. Summary of Results from the N ) 10
Coarse-Grained Simulations

scheme P, MPa ú, τ-1 teq, τ 〈Rg
2/N〉, Å2

2:1 2000. 1400. 50000. 36.4
4:1 640. 70. 6000. 37.3

b(t) )
tf - t
tf - ti
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of 0 to zero at a specified distance rsc for all pairs of atoms in
the system. The values of A in these three runs were 50, 100,
and 150 kJ/mol, and rsc is 3.98 Å. As with the coarse-grained
simulations, the standard velocity-Verlet integrator was used,
here with a time step of 0.001 ps. The temperature was set at
570 K and controlled using a Berendsen-type thermostat with
a coupling constant of 0.2 ps. After the final warmup, the full
Lennard-Jones and electrostatic potentials were used, and a
5 ps integration with a time step of 0.0005 ps was performed.
The final step was a production run of 300 ps with a time step
of 0.001 ps.

4. Results and Discussion

4.1. Liquid Structure and Dynamics at the
Coarse-Grained Scale. To begin understanding the
differences in the two mapping schemes, we present
radial distribution functions of the coarse-grained liq-
uids in Figure 3. These g(r)s reveal a strong distinction
between the two schemes, namely, that beads in the 2:1
scheme can pack more efficiently than beads in the 4:1
scheme, as evidenced by the stronger nearest-neighbor
and second-nearest-neighbor peaks. This is because the
backbone bonds are long enough such that they do not
disrupt the natural packing length for a liquid of dense
spheres with sizes given by the 2:1 scheme. This
commensurability is expressed as a ratio of mean bond
length to bead diameter, l/d, and for dense systems
(volume fractions greater than about 0.4) the strongest
effects of commensurability are observed for l/d > 1.24

As discussed previously, l/d in the 2:1 scheme is 1.24,
whereas in the 4:1 scheme, l/d ranges between 0.7 and
0.8. This allows the spherical beads in the 2:1 system
to pack in much the same manner as do spheres in a
simple monomeric liquid at the same volume fraction.
One result of this packing is a higher pressure in the
2:1 system, as shown in Table 3. (Note that because we
have included no long-range attractions in the coarse-
grained system, this pressure simply reflects bead-bead
excluded volume within the cutoff radius of the poten-
tial, which is 21/6σij for beads i and j.)

Another important consequence of this more efficient
sphere-packing has to do with the ability of the in-
tramolecular potentials to enforce the proper bond angle
statistics. If we consider, for illustrative purposes, a
freely jointed chain melt with an l/d of 1.24, we find that

the packing in the liquid induces structure in the bond
angle distributions P(θ) for the chains. This is depicted
in Figure 4a. Note that structure in P(θ) appears to arise
naturally due solely to preferred relative orientations
of triples of spheres packed in a dense liquid. The major
peak at 60° occurs when the next-nearest-neighbors in
the triple sense each other via the excluded volume
interaction, and the second peak at ≈120° corresponds
to a single external bead between these two.

This naturally arising structure in P influences the
measured P for carbonate groups (Pcarb) in the case of
the coarse-grained 2:1 BPA-PC. The strong peak in
Pcarb at θ ≈ 115° enhances the first peak of Pcarb for 2:1

Figure 3. Radial distribution functions, g(r), from the coarse-
grained simulations.

Figure 4. Bond angle distributions, P(θ), in bead-spring
liquids: (a) for freely jointed chains; (b) around carbonate
groups (Pcarb) in 2:1 coarse-grained BPA-PC, showing the
input (dashed) distribution and the distribution measured from
MD simulation (solid); (c) for the same as part b but for 4:1
BPA-PC.
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BPA-PC, overpopulating this state in Pcarb relative to
the input distribution by about 5%. This corruption of
the chain statistics at the carbonate angles is observed
to be much weaker in the 4:1 scheme (Figure 4c),
because the bond lengths are too short to be com-
mensurate with sphere-packing, as evidenced by the
weaker peaks in g(r) relative to the 2:1 scheme. The
major effect realized in the measured bond angle
distributions in the 4:1 scheme is a slight broadening
of the cis-trans peak toward lower bond angles. This
is most likely a weaker manifestation of the same
mechanism.

Similar effects can be seen in comparing the input
and measured distributions around the isopropylidenes
(Piso) in both mapping schemes. In Figure 5a, we show
the input and measured Piso for the 2:1 mapping scheme.
This shows a slight preference for more open bond c-i-c
bond angles in the dense liquid relative to the input
distribution. This cannot be due to next-nearest-
neighbor carbonate-carbonate excluded volume, be-
cause this would only prevent angles of less than about
45° around the isopropylidenes. Instead, this is likely
due again to the preference for angles which are allowed
due to dense sphere packing, which in this case would
select for angles greater than the average of about 100°,
because c-i-c angles of less than about 80° are ex-
cluded. In the 4:1 model, we observe an opposite effect.
The measured Piso shows a slight preference for more
acute bond angles. This is indeed due to (1) the lack of
next-nearest-neighbor phenylene-phenylene excluded
volume and (2) the smaller size of the carbonate beads,

relative to the 4:1 model. It should be emphasized that
all of these effects are indeed quite small relative to the
overall measures of chain statistics. Indeed, the mea-
sured root-mean-squared radii of gyration per repeat
unit are essentially the same for the two models, as
shown in Table 3. Large distinctions in artifacts in the
measured bond angle distributions would be expected
to show up as large differences in measured 〈Rg

2〉1/2,
which we do not observe.

A preliminary comparison of the dynamic behavior
of the two models was presented previously.30 There it
was shown that the 2:1 model suffered from much larger
bead frictions ú in the liquid compared to the 4:1 model,
and that this arose clearly from the commensurability
of bond length and bead diameter.25 The conclusion was
that the 4:1 model, though it requires tracking double
the number of particles as the 2:1 model for chains of
the same number of repeat units, results in significantly
shorter run times to produce equilibrated chains. These
results are included as ú and equilibration times τeq in
Table 3. We see from Table 3 that 4:1 chains equilibrate
almost nine times faster than 2:1 chains, yielding an
effective speed up factor of 4.5 compared to the 2:1
scheme.

4.2. Intramolecular Statistics and Energetics at
the Atomic Scale. The 300 ps MD integration of the
atomic coordinates after remapping and warming serves
to equilibrate the atomic system on short length scales.
This means that at the length scale of entire chains,
very little rearrangement occurs. A possible consequence
is that any artifacts introduced due to the nature of the
coarse-grained model are likely to survive at the ato-
mistic level. In this section, we discuss why this is not
the case.

In Figure 6, we show the trace of total energy vs time
for the two atomistic trajectories. We see that this
energy decays to a steady value after about 100 ps and
that the total energy in the 4:1 inverse mapped system
is slightly lower. However, this difference amounts to
about 10-4 eV/atom, about 1.1 K, which is practically
insignificant.

This close agreement in total energy is mirrored by
the close agreement in chain statistics. As examples,
we show the measured distributions of torsion angles
at the bonds between bridging oxygens and carbonate
carbon atoms (denoted “/” in Figure 1b) in Figure 7.
These torsional degrees of freedom are responsible for

Figure 5. Bond angle distributions around isopropylidene
groups, Piso, in (a) the 2:1 and (b) the 4:1 model simulations,
showing the input (dashed) distribution and the distribution
measured from MD simulation (solid).

Figure 6. Total energy per atom vs integration time for the
atomic-scale MD simulations. The atomistic system inverse
mapped from the 2:1 coarse-grained system (squares) is
compared to that of the 4:1 coarse-grained system (circles).
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most of the configurational freedom of BPA-PC mol-
ecules. As shown in the figure, distributions arising from
2:1 coarsened systems are essentially identical to those
arising from 4:1 systems. This is similarly reflected in
the distributions of backbone bond angles at the iso-
propylidene carbon atoms, shown in Figure 8. It is
therefore clear that the intramolecular atomic struc-
tures predicted by both schemes are, for statistical
purposes, identical at the present temperature.

Intermolecular liquid structure in the atomically
resolved systems are easily assessed by means of the
coherent scattering function,

The scattering lengths used here are those reported in
ref 31: bH ) -3.741 × 10-4 cm, bO ) 0.6674 × 10-4 cm,
and bC ) 0.6648 × 10-4 cm. S(q) is computed for wave
vectors q whose components are integer multiples of
2π/L, where L is the box size. We computed S(q) over
100 sequential configurations, each separated by 1 ps
in MD integration time. S(q) for the 2:1 and 4:1 systems
are shown in Figure 9. Included in Figure 9 is also S(q)
for a solid sample of BPA-PC determined by spin-

polarized neutron scattering, which is taken from a
previous paper.31

The scattering functions demonstrate that the atomic
structure of the liquids generated using the two coarse-
graining schemes are essentially identical. Moreover,
both do a surprisingly good job reproducing the experi-
mentally determined S(q), considering that the latter
is measured on a solid sample of BPA-PC at 4 K, which
has a density roughly 15% higher than the liquid. For
wavevectors greater than 1.5 Å-1, corresponding to
length scales less than 2π/1.5 ) 4.2 Å, the two simulated
S(q)’s are numerically identical, which is not surprising
given that this probes atomic structure on length scales
less than about one repeat unit. For the smaller
wavevectors (q < 1.5 Å), the differences in the two
computed S(q)’s do not appear to be systematic, and
most likely arise from density fluctuations which are
longer-lived than the sampling time. In light of the
comparison to experiment, however, the conclusion that
both mapping schemes produce accurate atomically
resolved liquids is further confirmed.

5. Conclusions

We have discussed two coarse-graining simulation
schemes for producing equilibrated liquid samples of 10
repeat unit bisphenol A-polycarbonate with full atom-
istic resolution. The two-step procedure for producing
the atomically resolved samples involved MD simulation
of the coarsened chains and then reintroduction of the
atomistic details followed by a full-blown atomistic
simulation. The chief difference between these two
schemes is in how the excluded volume of the phenylene
comonomers is treated: in the newer, 4:1 scheme, this
excluded volume is assigned to a distinct spherical
particle, rather than partitioned into the excluded
volume of the carbonate and isopropylidene comonomer
particles, as was done in the 2:1 scheme.7 We show that
the newer 4:1 coarse-grained model does a slightly
better job producing an equilibrated atomic scale sample,

Figure 7. Distributions in the Co-O torsion angles averaged
over the final 100 ps of the atomistic simulation trajectories.
The atomistic system inverse mapped from the 2:1 coarse-
grained system (dashed) is compared to that of the 4:1 coarse-
grained system (solid).

Figure 8. Distributions in the backbone C4-Ciso-C4 angles
averaged over the final 100 ps of the atomistic simulation
trajectories. The atomistic system inverse mapped from the
2:1 coarse-grained system (dashed) is compared to that of the
4:1 coarse-grained system (solid).

S(q) ) ∑
ij

〈bi〉〈bj〉 exp(iq·(ri - rj)) (5)

Figure 9. Coherent scattering functions, S(q), averaged over
100 snapshots at 1 ps intervals over the final 100 ps of the
atomistic simulation trajectories. The atomistic system inverse
mapped from the 2:1 coarse-grained system (squares) is
compared to that of the 4:1 coarse-grained system (circles);
also included are experimental results for solid BPA-PC
(triangles) (Modified from ref 31).
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as measured by the total energy per atom after 300 ps
MD integrations. Statistical measures of chain atomic
structures were essentially identical for both cases, as
were bulk structure factors, indicating that both schemes
yield the same atomic structure in the liquid. The most
important result of this work is in demonstrating that
potentially harmful artifacts introduced by simplifica-
tions in the coarse-grained model can be effectively
nullified via straightforward MD integration at full
atomistic resolution. We suspect that this fortunate
circumstance is related to the physical conditions chosen
for the simulations, i.e., a temperature well above the
glass transition and a corresponding density somewhat
lower than in the glassy state, though at the actual
experimental melt density at T ) 570 K. It is therefore
of extreme interest to examine how sensitively coarse-
grained artifacts are communicated to systems of ato-
mistic resolution for glassy systems. Nevertheless, the
current work provides powerful testimony to the useful-
ness and potential success in further development of
such coarse-graining techniques.
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