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Molecular modeling of polycarbonate materials: Glass transition and mechanical properties
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Linking the experimentally accessible macroscopic properties of thermoplastic polymers to their microscopic
static and dynamic properties is a key requirement for targeted material design. Classical molecular dynamics
simulations enable us to study the structural and dynamic behavior of molecules on microscopic scales, and
statistical physics provides a framework for relating these properties to the macroscopic properties. We take
a first step toward creating an automated workflow for the theoretical prediction of thermoplastic material
properties by developing an expeditious method for parameterizing a simple yet surprisingly powerful coarse-
grained bisphenol-A polycarbonate model which goes beyond previous coarse-grained models and successfully
reproduces the thermal expansion behavior, the glass transition temperature as a function of the molecular weight,
and several elastic properties.
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I. INTRODUCTION

Bisphenol-A polycarbonate (PC) is a thermoplastic of high
thermal stability and toughness, very suitable for engineering
and durable goods applications [1]. One key aspect in terms
of manufacturing (processing temperature) and applications
(thermal stability) is the glass transition temperature. The
mechanism of the glass transition and all its contributing
factors, such as the molecular weight, polydispersity, entan-
glement behavior, effects of additives, or functionalization,
are not fully understood on a molecular level to this day. The
earliest microscopic models of the glass transition are still used
today [2–6].

Experimentally, on a macroscopic level, the glass transition
temperature and other thermal properties of PC such as the
heat capacity, volume expansion, and viscoelastic properties
have been investigated already [7–11]. These studies have been
followed by x-ray diffraction measurements of the molecular
ordering and intrinsic chain dynamics in the amorphous and
crystalline states of PC, providing details about the angles
between chain segments and chain segment mobility [12–14].
Consequently, the first all-atom simulation studies aimed at
recreating single PC chain structures and aspects of intrachain
mobility on very short time scales such as the rotation
frequencies of individual chain segments [15]. However, for
a long time, rigorous theoretical investigations of structural
and dynamic PC properties have been beyond the capacity
of available computers. Even to this day, because of the
complexity of PC, molecular dynamics (MD) models have
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to rely on major simplifications in order to study the dynamic
behavior of PC. First efforts to create a force field with all
degrees of freedom (DOF) on the atomistic level have been
published by Sun et al. [16], based on ab initio calculations
and some scaling to fit intrachain structures from experimental
data. Subsequently, several other all-atom force fields of
PC have been developed, quantitatively exploring rotational
diffusion [14] or even attempting to reproduce stress-strain
behavior [17].

It became increasingly clear, that in order to link the
macroscopic properties of PC to its microscopic properties
using molecular simulations, many atomistic DOF had to be
sacrificed by means of coarse graining in favor of larger length
and time scales [18,19]. To varying degree of detail, depending
on the specific material properties of interest, entire segments
of an atomistic model can be substituted by single geometrical
structures, typically beads. Effective interactions between the
beads replace the detailed chemistry of the atomistic segments
in a way that retains the statistical collective behavior of
the chain segments. This requires defining two types of
interactions, intramolecular (or bonded) interactions which
reproduce the statistical behavior of the bond lengths and
angles inside a polymeric chain, and intermolecular interac-
tions which describe the energies between beads that are not
directly correlated with each other through the intramolecular
(or nonbonded) interactions, such as beads that belong to
separate chains. While suitable intramolecular interactions
are straightforward to determine, the systematic way of
parameterizing the intermolecular interactions, called iterative
Boltzmann inversion, is computationally very expensive for
a molecule as complex as PC [20]. It is so difficult, in fact,
that up until recently the typical way of treating nonbonded
interactions of PC was by making them purely repulsive.
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The first attempts of this kind already attained reasonable
agreement with experimental diffusion coefficients of short
chains (∼10–20 monomers) in PC melts at temperatures
T > 500 K [21,22]. At these temperatures, the thermal energy
kBT is typically higher than the attraction ε between the
PC chains, so the entropy-driven conformational freedom
dominates over the energy-driven local properties [23], which
means that attractive interactions do not play an important role
for PC dynamics [24].

With more time, more attention was given to the dynamic
properties of coarse-grained PC, exploring the center-of-mass
diffusion, diffusion of PC segments, the mapping to realistic
times, and the entanglement length [25,26]. This was made
possible by important contributions of Hahn et al. [27] and
Meyer et al. [28], who thoroughly designed an atomistic PC
model, and Abrams et al. [29], who, based on the improved
atomistic model, developed a coarse-grained model which em-
ploys four beads per monomer although it still includes a purely
repulsive nonbonded potential. The details of the nonbonded
interactions, however, in particular attractions become quite
relevant the closer the system is to the glass transition.

As for the glass transition temperature Tg of PC, it has
already been, to reasonable agreement, reproduced for short
chains (21 monomers) in all-atom MD simulations by Fan
et al. [30]. To the best of our knowledge, though, there
have been no coarse-grained PC models published yet that
reproduced Tg or the density as a function of temperature,
respectively, from which Tg can be determined. This is again
due to the difficulty of parameterizing all possible interactions
among three different functional groups (the phenyl group
occurs twice per monomer). Recently, this has been accom-
plished through the iterative Boltzmann inversion method,
but due to the difficulty of sampling a statistically relevant
amount of atomistic conformations at lower temperatures,
the temperature at which the potentials have been calculated
(T = 480 K) is too far beyond the glass transition [31]. At these
temperatures, the shapes of the potential functions include
complicated, nonlinearly temperature-dependent entropic con-
tributions (from entanglement, e.g.) and thus are not generally
transferable to different state points [32].

In the case of simpler polymers, consisting of only one type
of bead (bead-spring model), experimental glass transition
temperatures have indeed been reproduced with the help of
a T -dependent potential scaling factor applied to potentials
derived by the iterative Boltzmann inversion method [33,34].
The glass transition has also been quite accurately simulated
in the case of polystyrene, using an attractive Lennard-Jones
potential [35], and polyethylene, employing a similar potential
but with the exponents 9 and 6 instead of 12 and 6 [36].

In the present study, we propose a coarse-grained potential
for PC which respects the Hamaker far-field behavior [37]
and is different from all previously published potentials that
have been applied to coarse-grained polymers. The potential
is fitted to the temperature-dependent density (or specific
volume) from experiments using only two fit parameters
which share the same value across all bead-bead interactions.
Due to the low number of free parameters, the correct fits
are quickly obtained, and despite the low number of free
parameters, our model is the first coarse-grained model that
reproduces molecular-weight-dependent experimental glass

(a () b)

(c)

FIG. 1. Illustration of the coarse-grained polycarbonate (PC)
model. The PC monomer (a) is divided in two phenylene groups,
one isopropylidene group, and one carbonate group. Each group
is substituted by a bead (b). The coarse-grained monomers are
connected to form a linear polymer chain (c). The bonds and angles
in the chain are governed by an intramolecular force field developed
by Choudhury et al. [31].

transition temperatures, the thermal expansion behavior, and
several elastic properties of PC with surprising accuracy. The
insights gained through our model will help us to better link
experimentally accessible macroscopic properties of PC to
the molecular-scale behavior of the PC chains, which would
ultimately allow us to predict physical properties for entirely
new materials using an automated simulation workflow.

II. METHODS

A. Simulation model

A PC monomer consists of two phenylene groups, one
isopropylidene group, and one carbonate group, all linearly
connected with each other [Fig. 1(a)]. The choice of our model
is directed by our desire to reproduce key physical properties of
PC in the most pragmatic way possible. Therefore, we employ
a coarse-graining procedure as illustrated in Fig. 1. In order
to create a coarse-grained model, each group is mapped onto
a bead [P, I, or C; see Fig. 1(b)]. Monomers (P-I-P-C) can
be connected to form chains of any desired length [Fig. 1(c)].
Each chain is terminated by a P bead on one end and a C bead
on the other.

043804-2



MOLECULAR MODELING OF POLYCARBONATE . . . PHYSICAL REVIEW MATERIALS 1, 043804 (2017)

The coarse-grained simulations are performed using the
GROMACS package (version 5.0.7) for MD simulations [38].
The beads are interacting with each other through a classical
force field. The underlying equation solved in our simulations
is Newton’s equation of motion with an added stochastic
thermostat (required to simulate an NVT , i.e. canonical,
ensemble) and a barostat (required for an NPT , i.e. isothermal-
isobaric, ensemble). The equation of motion is solved using
a leapfrog algorithm with a time step �ts which corresponds
to 10 times the smallest oscillation period in our system, i.e.,
the oscillation of the bond between the I and the P beads. That
means for our simulations that �ts = 3 × 10−3 ps.

The potential energy in the system consists of intramolec-
ular interactions between bonded coarse-grained beads and
intermolecular interactions between nonbonded beads. The
bonded interactions are describing (i) the distances between
neighboring beads, (ii) the angles between consecutive bonds,
and (iii) the torsional angles between the next but one bonds.
All intramolecular interactions were kindly provided to us by
Choudhury et al., who determined them using the iterative
Boltzmann inversion method [31]. Because of their nonana-
lytical nature, we implement them into our simulations in the
form of tabulated values. With permission from Choudhury
et al. [31], we also include the tables in the Supplemental
Material [39].

As for the intermolecular interactions, we derived a pair
potential from a far-field Taylor expansion of the Hamaker
interaction [37] between two spheres i,j of equal and non-
negligible diameters σij in a distance rij . This potential has
the functional form [19]

V (rij ) = A

(
Fσij

rij

)10

− B

(
Fσij

rij

)8

− C

(
Fσij

rij

)6

, (1)

where i,j denote the types of the beads involved (i.e.,
phenylene, isopropylidene, or carbonate). By means of ap-
proximation, if σii �= σjj , then the Lorentz-Berthelot mixing
rules yield σij = (σii + σjj )/2. In our work, we refer to
this potential as 10-8-6 potential. The coefficient C, which
is scaling the r6 long-range interaction, originates from the
expansion of the Hamaker interaction in the limit rij → ∞. It
is related to the Hamaker constant H of PC via C = H/36.
The value of H = 4π2τ 2εavσ

6
av = 66 kJ/mol is calculated

from the atomic-weight-weighted Lennard-Jones parameters
σav = 0.35 nm and εav = 0.3 kJ/mol of the atomistic PC in
accordance with the GAFF force field [40] in addition to the
atomic-weight-weighted number density τ = 57 nm−3 at room
temperature. The coefficient A guarantees that V satisfies the
condition V (σij ) = 0, from which follows that A = B + C.
Finally, the coefficient B is used as a free parameter for
scaling the depth of the potential in order to fit our model
to experimental values.

The effective bead diameters σii were first obtained from
fitting Eq. (1) to the effective intermolecular pair potentials
provided to us by Choudhury et al. [31]. However, due to
the height of the temperature at which those coarse-grained
potentials were developed, the extracted σii values are too
high for use in the temperature range that is relevant for
this work. Especially the effective phenylene bead diameter
is overestimated. Therefore, we exchange the phenylene bead

diameter with one obtained from a steered molecular dynamics
calculation of the potential of mean force (PMF) between two
benzene rings in vacuum at T = 420 K (using a stochastic ther-
mostat) [41]. Thus, our bead diameters are σPP = 0.464 nm,
σII = 0.5455 nm, and σCC = 0.414 nm. Finally, all σij are
multiplied by a uniform scaling factor F which is used as the
second free parameter of the 10-8-6 potential.

We note that the atomistic Hamaker constant defines us an
effective ε̃av, which has, according to the far-field expansion
of the Hamaker interaction, the value ε̃av = H/144. With this,
as well as with τ̃ = 11.5 nm−3 and the average of our final
(see Sec. II C) bead sizes F σ̃av = 0.455 nm, we can determine
the Hamaker constant of our model to be HCG = 21 kJ/mol.
Our result compares well with chemically similar polymer
materials at similar operating conditions [42,43].

To summarize, the free parameter B scales the depth of
the 10-8-6 potential, and the free parameter F scales the bead
diameters. We will show that these two factors, which do not
depend on the bead type, are all we need to reproduce many
physical properties of PC.

B. Calculation of the glass transition temperature

Our system consists of linear coarse-grained PC chains,
each composed of 100 monomers (i.e., P-I-P-C subunits).
This is a typical length for PC in industrial applications, as it
ensures a high degree of entanglement [25], which is required
for elastic materials and durable products. The size of the
system, i.e., the total number of chains in our simulation, is
limited by finite-size effects on the one hand, introduced by
periodic boundary conditions, and the necessary computation
time on the other hand. By testing the thermal expansion
behavior in systems of different sizes, we have found the
minimum size at which finite-size effects become negligible:
The optimal system size is 6000 beads or 15 chains with
100 monomers each [see snapshot in Fig. 2(a)]. We also
perform a few simulations with 100 chains, in order to increase
the statistical accuracy of our final results. The tabulated
bead-bead interactions are cut off at a distance of 1.75 nm. The
temperature and pressure are controlled by a velocity-rescaling
thermostat and a Berendsen barostat, respectively.

In the initial configurations, the PC chains are supposed
to be entangled with each other. The initial configurations
are prepared at 1 bar external pressure according to the
following recipe (the corresponding scripts are included in
the Supplemental Material [39]):

(1) A single PC chain is equilibrated at an artificially high
temperature (3000 K) in an NVT ensemble without periodic
boundary conditions. Due to the decrease of the persistence
length lp of the chain to less than the order of one monomer, the
chain equilibrates to a swollen but extremely wiggly structure,
similar to Fig. 1(c).

(2) Fifteen copies of the equilibrated chain are put at ran-
dom positions and with random orientations into a simulation
box for an NPT ensemble simulation.

(3) With the barostat set to 1 bar, the temperature of the
system is gradually decreased from 3000 to 900 K. Due to the
vigorous thermal motion and the random initial orientations,
the swollen, wiggly PC chains easily entangle with their
partners.
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FIG. 2. Simulation snapshots of the glassy state at T = 200 K.
Each PC chain has a unique color. (a) A small system consisting of
15 chains with length N = 100 each. (b) Two exemplary entangled
chains taken from the small system. (c) A large system of 100 chains
with length N = 100 each. (d) Two exemplary entangled chains taken
from the large system. The small system (a) is used during the force
field parametrization in Sec. II C and for the calculation of the elastic
properties in Sec. III D. The large system (b) is used to determine the
glass transition temperature Tg and the volume expansion behavior
Vs in Sec. III A. The total size (in terms of total number of beads) of
the systems used to simulate the molecular weight dependence of Vs

and Tg in Sec. III B and III C is the same as in panel (a).

With the new initial configuration, the glass transition
temperature is obtained in analogy to a dilatometry experiment.
We apply the simulated annealing algorithm starting with
900 K and gradually cooling down to 200 K. The cooling
rate is provided and discussed in the Supplemental Material
[39]. The thermodynamic states sampled between T = 600 K
and T = 900 K are not relevant for our analysis per se, but the
high thermal energies in the beginning of the simulations help
to equilibrate the structures before the chain dynamics become
too slow. The dependence of Tg on the cooling rate � has been
discussed for polymers in several studies [44,45].

After the simulation, the change of the specific volume
Vs(T ) = 1/ρ(T ) of the system is calculated as a function
of temperature. Typically, Vs(T ) should have two regimes
characterized by different volume expansion coefficients. Each
regime can be fitted by a linear function. The transition
between the regimes corresponds to the glass transition. The
glass transition temperature Tg is defined as the temperature at
the intersection of the linear fits [2,33,35,36].

C. Fitting of the potential

We fit the free parameters of Eq. (1) to reproduce exper-
imental Vs(T ) results published by Zoller et al. [9]. We use

FIG. 3. The intermolecular potentials [Eq. (1)] of phenylene
(P), isopropylidene (I), and carbonate (C) after fitting. The final
fit parameters are B = 25 kJ/mol and F = 0.965. The mixed-bead
potentials obey the Lorentz-Berthelot mixing rules.

only two fit parameters: The free parameter B scales the depth
of the 10-8-6 potential and the free parameter F scales the
bead diameters σij . Our only goal is to find a set (B,F ) for
which our model reproduces the experimental glass transition
temperature Tg and the specific volume at T = 300 K, Vs

(300 K). As we will see, though, the model will reproduce
much more than that.

As a first orientation, we qualitatively analyze the sensitivity
of Tg and Vs (300 K) to changes of B and F within their
individual reasonable value range. It turns out that Tg is much
more sensitive to changes of B than of F . On the other side,
Vs (300 K) is more sensitive to changes of F than of B. Based
on this information, we iterate B and F as follows:

(1) The σij values are set to default and F is set to 1.
Parameter B is altered until the target Tg = 422 K is reached.

(2) After that, F is changed until Vs (300 K) =
0.837 g/cm3.

(3) Next, since Tg has slightly changed with F , B is fine-
tuned to get the right Tg again.

(4) The latest step has slightly changed Vs (300 K), so F is
fine-tuned to obtain the correct Vs (300 K) value.

After iterating steps 3 and 4 a few times, we converge
to B = 25 kJ/mol and F = 0.965, for which we obtain
Tg = 426 K and Vs (300 K) = 0.838 g/cm3. These results lie
well within the spread of experimentally measured PC glass
transitions. The corresponding 10-8-6 potentials are plotted
in Fig. 3 for the PP, II, and CC interactions. Since A, B,
and C are bead independent, all potentials have the same
depth of Vmin = −2.39 kJ/mol. The mixed-bead potentials
have all the same depth, while the effective bead sizes obey
the Lorentz-Berthelot mixing rule.

III. RESULTS AND DISCUSSION

A. Glass transition and thermal expansion behavior

Now that the fit parameters B and F are fixed, we simulate
the glass transition one more time, but with 100 chains instead
of 15, to increase the statistical accuracy [see snapshot in
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FIG. 4. The thermal expansion characteristic of PC from a
simulation of 100 chains of 100 monomers each at 1 bar pressure.
The glass transition temperature Tg is defined as the intersection of
the linear fits of the thermal expansion curve. Inset: the temperature-
dependent density ρ(T ) = (Vs(T ))−1. The experimental values are
from Zoller et al. [9].

Fig. 2(c)]. The simulation can be recreated with the files
included in the Supplemental Material [39]. The resulting
Vs(T ) relationship is presented in Fig. 4 and compared to
measurements from Zoller et al. [9]. For future reference, note
that the specific volume reported by Zoller et al. is very similar
(within less than ±0.25% deviation) to data provided by
Mitsubishi Engineering Plastics [5] or data from Mercier et al.
[7] Both temperature regimes in Fig. 4, T < Tg and T > Tg ,
are again fitted each by a linear function. Since both sides of
the simulated Vs(T ) curve slightly deviate from linearity, the
results of the fitting are sensitive to the choice of the specific
temperature range of each fit. This behavior translates into
an error for the glass transition temperature of �Tg ± 5 K
and for the volume expansion of �dVs/dT = ±2 × 10−5

(cm3/gK). As it turns out (see Table I), not only do the glass
transition temperature Tg and the specific volume Vs(300 K)
agree considerably well with experiments, but also the volume
expansion dVs/dT in both the glassy (T < Tg) and fluid
(T > Tg) state is recreated by our model with a deviation
from the experimental values of less than 20%. Consequently,
the correct specific volume (or the corresponding density
ρ(T ) = [Vs(T )]−1 as shown in the inset of Fig. 4) is well
reproduced over the entire considered temperature range.

B. Molecular weight dependence of the specific volume

Of enormous interest for industrial applications is the
relationship between the molecular weight of a polymer (i.e.,

FIG. 5. The thermal expansion characteristic of PC at 1 bar
pressure for different chain lengths N .

degree of polymerization N or chain length) and the glass
transition temperature. The simulations are prepared according
to the algorithm presented in Sec. II B. Note that the systems
are all monodisperse. We have included all input files necessary
to recreate these simulations in the Supplemental Material
[39]. In Fig. 5, we demonstrate the thermal expansion curves
for chains of different length, starting with N = 5 monomers,
which is in the order of the polymer’s persistence length. This
marks the lowest value interesting for industrial applications,
since shorter chains do no longer entangle, resulting in very
brittle materials. We do not go beyond N = 100, since the
corresponding entanglement is sufficient for most applications
(if not even saturated) and there is no gain from even longer
polymers but rather an unnecessary increase in computational
cost.

Several interesting trends can be observed in Fig. 5 and
the corresponding Table II: First, at T > Tg(N ) the specific
volume decreases with increasing N , (dVs/dN |T >Tg

< 0).
Second, Tg(N ) increases with N . Third, at T < Tg(N ) the spe-
cific volume increases with N , (dVs/dN |T <Tg

> 0). Fourth,
far from Tg(N ) the thermal volume expansion dVs/dT seems
not to depend on N .

The ambidextrous behavior of dVs(N )/dN can be ex-
plained by different effects that dominate at different tem-
peratures. At high T , the specific volume is determined by the
ranges of the attractive bead-bead interactions. A decrease of N

increases the fraction (i.e., concentration)Nter/Ntot of terminal
beads (Nter) relative to the total number of beads (Ntot = 4N ).
When that happens, bonded interactions are replaced by LJ
interactions. Since the minima of the LJ interactions are located
at higher bead-bead distances than the minima of the bonded

TABLE I. Results obtained from the thermal expansion characteristic of PC corresponding to Fig. 4. We compare the glass transition
temperature Tg , the specific volume at room temperature Vs(300 K), and the volume expansion dVs/dT below and above Tg to
experiments [9].

Tg (K) Vs (300 K) (cm3/g) dVs

dT
|
T <Tg

dVs

dT
|
T <Tg

(cm3/gK)

Simulation 426 ± 5 0.838 1.8 ± 0.2 × 10−4 5.9 ± 0.2 × 10−4

Experiment [9] 422 0.837 2.2 × 10−4 6.1 × 10−4
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TABLE II. Results obtained from the thermal expansion char-
acteristics of PC corresponding to Fig. 5. We compare the glass
transition temperature Tg , the volume expansion dVs/dT below and
above Tg , and the density ρ at room temperature for (monodisperse)
systems consisting of chains of different length N .

N Tg (K) dVs

dT
|
T <Tg

dVs

dT
|
T >Tg

(10−4 cm3/(gK)) ρ (g/cm3)

5 351 2.0 5.8 1.211
6 364 2.0 5.8 1.210
10 384 1.8 5.5 1.202
25 414 1.8 5.7 1.196
50 423 1.9 5.7 1.194
100 426 1.8 5.9 1.193

interactions, a decrease of N increases the specific volume and
vice versa.

While T decreases, the shorter chains not only have more
space for moving, but due to the lower number of constraints
per molecule they are also more mobile than longer chains.
Both effects contribute to the lowering of the corresponding Tg .

When T passes Tg , the polymers turn into a sterically
arrested, nonequilibrium state. A major N -dependent contribu-
tion to the specific volume of the system is then the remaining
unoccupied space between the entangled chains, the so-called
void volume. In simple terms, as longer chains need more
time to equilibrate than shorter chains, for sterical reasons, the
former leave more void volume during the glassification than
the latter [4].

In addition, we plot in Fig. 6 the specific volume as a
function of the chain length at fixed temperatures [Fig. 6(a),
T = 300 K; Fig. 6(b), T = 500 K]. In accordance with Fox
and Loshaek [3], the specific volume can be fitted by

Vs(N ) = Vs(∞) − Vs(∞) − Vs(1)

N
, (2)

where Vs(∞) and Vs(1) are the limiting values for systems
consisting of infinitely long polymers or just monomers,
respectively. The concentration of terminal beads in the system

is related to the degree of polymerization via 2Nter/Ntot =
1/N . Thus, Eq. (2) can be rewritten as

Vs(N ) = Vs(∞) − 2[Vs(∞) − Vs(1)]
Nter

Ntot
. (3)

This means that the specific volume linearly depends on the
fraction (or concentration) of terminal beads in the system.

The standard deviation of Vs is three to five times as high
at 500 K as it is at 300 K. This is qualitatively consistent
with the increase in compressibility with temperature [46],
since volume fluctuations and compressibility are related to
each other via the fluctuation-dissipation theorem. For both
temperatures, the fit lies well within the fluctuations of the
volume. However, the standard error of the calculations is
smaller than the points in the plot. So, the fact that our
calculated values stray from the fit at 500 K indicates that our
10-8-6 potential becomes less reliable with rising temperature.

At T = 500 K, the specific volume Vs grows proportionally
with the concentration of terminal beads [see insets of
Fig. 6(b)] due to the higher emphasis on LJ interactions asso-
ciated with them. By contrast, at T = 300 K an increase in ter-
minal bead concentration contributes negatively to the specific
volume. The volume decreases proportionally with increase
of the terminal bead concentration, which is contradicting
measurements of various other thermoplastics, which show
an increase of Vs with increasing terminal bead concentration
(i.e., with decreasing N ) at all temperatures [3,36]. Even more
so, we contradict measurements of PCs which also show an
increase of Vs with the terminal bead concentration of one mag-
nitude higher than our simulations over the whole temperature
range [7]. It seems that our model strongly underestimates the
contribution of the chain ends to the specific volume.

A possible explanation comes from experiments on
polyethylene glycol (PEG) and polydimethyl siloxanes
(PDMS) [47]. In the case of PEG, the specific volume only
weakly depends on the chain length. As the terminal groups of
PEG are allowed to form strong hydrogen bonds, the formation
of these bonds reduces the number of DOF of the terminal
groups to the extent that they exhibit properties similar to
the main chain segments. On the other hand, the terminal

FIG. 6. The specific volume at T = 300 (a) and 500 K (b) as function of the degree of polymerization N . Insets: the corresponding specific
volume as function of the ratio between the number of terminal beads in the simulation and the total number of beads, Nter/Ntot.
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FIG. 7. The glass transition temperature as function of the
degree of polymerization N . The simulated values are fitted using
Eq. (4). The experimental values are from Mitsubishi Engineering
Plastics [5].

groups of PDMS cannot form hydrogen bonds. Hence, they
have more DOF which can contribute additional volume to the
extent that the terminal beads dominate the dependence of Vs .
Accordingly, a strong dependence of Vs on the chain length
has been observed in experiments.

As for our case, the PCs from the corresponding reference
studies (Lexan in the case of Mercier et al. [7]) are terminated
by phenyl rings, which do not form hydrogen bonds. Our model
is different from that in two respects. First, only half of our
terminal beads represent phenyl rings. The other half is made
up by carbonate beads, which differ but moderately from the
phenyl beads in size. Second, we assume the same attractive
nonbonded potential for the terminal beads as for the beads in
the main chain. The second reason will be the crucial one, in
case our terminal beads are too attractive. A solution for this
conundrum is proposed in the following section.

C. Molecular weight dependence of the glass transition
temperature

Interestingly, the molecular weight dependence of the glass
transition temperature is not affected by the missing volume
contribution, which is demonstrated in Fig. 7. For linear
polymers, Fox et al. [2,3] discovered a relation between the
glass transition temperature Tg(N ) and the inverse of the chain
length N which has been repeatedly validated [48–50] and

reads

Tg(N ) = Tg(∞) − Kg

N
. (4)

The quantity Tg(∞) is the glass transition temperature in the
limit of infinitely long chains and Kg is an empirical constant.
Our simulation results compare very well to measurements
published by Mitsubishi Engineering Plastics [5]. The reported
values for the coefficients of Eq. (4) are (in units used in this
paper) T

exp
g (∞) = 427 K and K

exp
g = 412.9 K. With a small

overestimation of less than 5 K on average, a fit of Eq. (4)
to our simulation results yields T sim

g (∞) = 429.4 ± 2.0 K
and Ksim

g = 399.2 ± 16.9 K. Unfortunately, the dependence
of the specific volume on the chain length is not published
by Mitsubishi Engineering Plastics. Alternative experimental
values for the coefficients of Eq. (4) reported in literature are
given in Table III. Yet other studies used theories different
from Eq. (4) to express Tg(N ) [11,51]. All of these studies
have in common that they report significantly stronger N

dependencies of the glass transition temperature (such as
higher Kg values) than Mitsubishi Engineering Plastics.

So, to retrace our steps taken in Secs. III B and III C
before coming to a conclusion, we found out that the specific
volume in our model changes linearly with the concentration of
terminal beads, which agrees with experiments, but in contrast
to experiments the dependency in our model is much weaker.
However, experiments have shown that polymers such as PEG,
which terminal groups can form hydrogen bonds, also have a
weak chain length dependence of the specific volume. Next,
our model very well reproduces the experimental chain length
dependence of the glass transition temperature published by
Mitsubishi Engineering Plastics [5]. However, there are other
experimental studies on PC that report significantly stronger
dependencies [7,8,11,51].

We do not know which chemical groups are terminating
the PCs from Mitsubishi Engineering Plastics, but they may as
well be phenols, which would al least qualitatively explain the
relatively weak chain length dependence of the glass transition
temperature due to hydrogen bonding. After all, the infrared
absorption spectrum of the PC resins published by Mitsubishi
Engineering Plastics [5] in their data sheets indeed hints, by
means of a small corrugation at ≈3500 cm−1, at the presence
of at least some amount of −OH groups (but it could also be
just some residual water in the analyzed samples). Also the
rate of water absorption at room temperature, at a value of
0.23% after 24 h and 0.35% at saturation, is relatively high for
PC resins. Unfortunately, we do not have sufficient decisive
experimental data to come to a clear conclusion.

As for our model, the terminal beads interact attractively
with all other beads. Even though the pair potentials in our

TABLE III. The coefficients for Eqs. (3) and (4), describe the dependence of the specific volume and of the glass transition temperature on
the chain length.

Tg(∞) (K) Kg (K) Vs(∞) − Vs(1)|300K (cm3/g) Vs(∞) − Vs(1)|500K (cm3/g)

present study 429.4 ± 2.0 399.2 ± 16.9 0.069 −0.099
Mitsubishi E. P. [5] 427 412.9 − −
Adam et al. [8] 432 570 − −
Mercier et al. [7] 427 700 −0.4 −0.7
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FIG. 8. The response of our PC model to external stresses at room
temperature. The bulk modulus is calculated from the average slope
of Vs(P ) (red line) via K = −(d ln Vs/dP )−1. The applied pressure
P is isotropic. The inset shows the strain �Lx/L

0
x as the response to

a uniaxially applied stress σxx . The Young’s modulus E is the inverse
of the average slope of the strain (purple line).

model are weak compared to hydrogen bonds, each bead can
interact with multiple beads at a time. Ultimately, our model
reproduces quantitatively the thermal expansion characteristic
of long PCs (N = 100) and the N -dependent glass transition
temperature of one particular PC. Qualitatively, our model
reproduces the linear dependence of the specific volume on N

in a way that is consistent with attractive chain ends.

D. Elastic properties

We finally analyze the response of our model to external
stresses at room temperature T = 300 K in order to compare
our model’s bulk modulus K , Young’s modulus E, and Poisson
ratio ν to the real case. To calculate the bulk modulus K =
−( d ln Vs

dP
)
−1

(at constant T ), we couple a previously at T =
300 K and P = 1 bar equilibrated configuration of the 15-chain
system to different isotropic pressures P in the range of 1 to 80
bar. As for the Young’s modulus, we assume that it is isotropic
for randomly coiled and oriented polymers, and so the system
is coupled to different uniaxial stresses σxx , while σyy and σzz

are kept at 1 bar. Measuring the resulting deformation �Lx of
the box length in x direction from the original 1-bar length L0

x

enables us to use Hooke’s law σxx = E�Lx/L
0
x to calculate

the Young’s modulus E. Finally, the Poisson ratio is obtained
from the relation ν = 1

2 (1 − E
3K

). The results are plotted in
Fig. 8. The red lines are linear fits representing the averages
of the results. The slope of the Vs(P ) fit reveals a value for
the bulk modulus of K = 1.6 × 109 Pa. The slope of the linear
regime [52,53] of the stress-strain relation yields values for
the Young’s modulus which average to E = 1.06 × 109 Pa.
The corresponding Poisson ratio is ν = 0.39. The standard
deviations of the specific volume at constant pressures have
the same magnitude as the standard deviations at constant
T = 300 K from Sec. III B. The high scatter around the linear
fit is attributed to a lack of sampling, particularly in regard
to the long equilibration time scales required to minimize the
void volume at T < Tg .

Comparing our results to experimental values is difficult, as
PC samples are produced industrially with partly undisclosed
chemical additives and modifications. Measurements of en-
tirely pure, monodisperse PC resins are, to our knowledge, not
available. Material supplier Mitsubishi Engineering Plastics
[5], for instance, provides resins with elastic properties in
the range of E = 1.7 . . . 1.9 × 109 Pa, K = 2.36 . . . 2.64 ×
109 Pa, and ν = 0.38. Professional Plastics Inc. [54] lists val-
ues of E = 2.3 . . . 2.4 × 109 Pa, K = 2.95 . . . 3.08 × 109 Pa,
and ν = 0.37 for their products. More values can be found in
Gilmour et al. [55] and Siviour et al. [53]. Our simulations
underestimate both E and K by at least 50%, but we succeed
in reproducing the correct Poisson ratio since E and K are
underestimated in equal measure. The deviation from the real
systems may be at least partly due to the lack of additives in
our model or the lack of polydispersity.

IV. CONCLUSIONS

In summary, the goal of this work was to develop and
test a very simple, yet efficient (in terms of computational
cost and physical detail), coarse-grained MD model for the
thermoplastic bisphenol-A polycarbonate. We use a bead-
spring model, which we fit a very simple attractive potential
function to, that is derived from the fundamental Hamaker
theory. Although we are able present many of the strengths of
our coarse-grained model, our procedure has limitations, too.
Typically, an atomistic model is used to parametrize the coarse-
grained model via the time-consuming iterative Boltzmann
sampling, which ensures that the local intermolecular structure
is conserved. A weak point of our particular procedure is the
lack of an atomistic model counterpart to our coarse-grained
model. As a consequence, we are not necessarily able to
reproduce the local intermolecular structure (e.g., in terms
of the radial distribution function). Coarse graining also
drastically reduces the number of degrees of freedom of the
system, which could make it difficult to calculate realistic heat
capacities. Furthermore, our 10-8-6 potential is independent
of temperature. This means that we implicitly integrate into
our potential the entropic contributions that play a role in the
glass transition only.

Yet, our model is the first that reproduces many physical PC
properties that are critical from a manufacturing standpoint:
This is mainly the glass transition temperature and the
associated volume expansion behavior, as well as—to a lesser
extent—elastic properties. Considering how heavily coarse
grained our model is, our results for the bulk modulus, the
Young’s modulus, and especially for the Poisson ratio are
remarkably close to the experimental values. Most importantly,
we find that despite its simplicity, our model reproduces not
only the glass transition temperature correctly but also the
specific volume (or density) over a high temperature range
(200 < T < 600 K). To further validate our model, we analyze
the volume expansion behavior for (perfectly monodisperse)
systems of different molecular weight. In particular, at constant
T , we find a linear dependence of the specific volume with the
concentration of terminal beads. With the chain length comes
also a change in the temperature at which the glass transition
occurs. Here, our simulations are in very good agreement with
experiments on one particular type of PC. However, regarding
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FIG. 9. Preliminary simulation (snapshot) of the tensile response
(tensile strength, rupture energy, entanglement, etc.) to stretching two
sides of a PC sample until it ruptures, similar to Ref. [56]. The PC
beads marked with green and red colors are being pulled at with a
constant force in opposite directions. The yellow chains are those
which are connected to the green beads, and the blue chains belong
to the red beads.

experiments, the polydispersity of the material, the chemistry
of the chain ends, or the presence of chemical additives usually
are unknown variables not provided by the PC manufacturers.
For that reason it is very difficult to correlate the volume
expansion behavior, the glass transition temperature, and the
molecular chain length with each other. Based on additional
experimental data of non-PC materials, we can say that the
dependence of Tg and Vs on N is qualitatively consistent with
polymers that contain attractive terminal groups (by means
of hydrogen bonds, e.g.). A decisive evidence (either for or
against) would be a measurement of the OH concentration
within the material that compares best to our model. This could
be done by spectral analysis or water solubility measurements,
for instance, which is beyond the scope of this work.

As it stands, we have presented a workflow for the theoret-
ical prediction of polymer properties. We have demonstrated
an expeditious approach to parameterizing a surprisingly
powerful and speedy coarse-grained polymer model. The

transition from an atomistic model to a coarse-grained one
entails the reduction of (a) the fastest vibration frequencies,
(b) the number of numeric calculations, and (c) the number
of degrees of freedom. In combination, these three factors
increase the simulation speed by one to three orders of mag-
nitude compared to atomistic simulations, depending strongly
on the chain length [31]. The model’s capabilities have been
ascertained by means of important static physical properties
of monodisperse systems and they will be further advanced by
studying polydispersity and mechanical properties.

An already realizable material application is lamination and
delamination, as illustrated in Fig. 9. We can calculate the work
required to rupture a PC bulk sample and the energy released
by the creation of an interface. This is especially relevant in
the context of the chain length to Tg relation, since many
industrial applications require a good compromise between
the processing temperature (i.e., energy cost) and material
strength. Future work will also focus on dynamic properties
such as self-diffusion, viscosity, or heat conductivity by way
of which the model will be continuously improved until we
will be able to correctly reproduce properties of structurally
modified or functionalized PC molecules.
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