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ABSTRACT: Molecular simulations of Bisphenol A polycarbonate were performed using a modified version
of the Dreiding force field. In general, the simplicity of this generic force field was maintained. However,
afew parameters were optimized by using ab initio calculations in order to generate better backbone torsional
potentials. The validity of this modified force field was tested on a model compound similar to polycarbonate,
4,4’-isopropylidenediphenylbis(phenyl carbonate). The crystallographic data obtained from simulations of
the model compound agreed well with the experimental data. The modified force field was then used in
simulations of the glassy polymer. Model amorphous structures of Bisphenol A polycarbonate were built and
optimized using periodic boundary conditions. Thestructure factor, S(k), was calculated from pair distribution
functions of the model structures. The peak positions in calculated S(k) compare well with those obtained
experimentally. The effects of the initial density on chain packing were also studied. Its impacts on the final
density and energy are described. A general approach for calculating the stiffness matrix of any shape unit
cell (triclinic system) is presented. A yield phenomenon for the model system was observed at about 10%
strain. This value is comparable with experimental results (6-8%). The yield stress (0.25 GPa), however,
was higher than experimental values, as was the Young’s modulus at small strain. These results could be
partially explained by the fact that the calculated mechanical properties represent an ideal structure and
thus provide the upper limit values for the polymer.
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Introduction

Molecular modeling of Bisphenol A polycarbonate has
stimulated much interest recently, partly because of its
commercial importance as an engineering plastic and partly
because of the characteristics of its chain structure. Much
of the previous experimental and molecular modeling effort
on polycarbonate is summarized in a series of recent
papers.! Polycarbonate serves particularly well as a
candidate for the modeling of amorphous polymers since
it contains almost no crystalline domains in the glassy
state. Thishomogeneity eliminates the complexity caused
by the crystallinity normally occurring in other polymers
such as polyethylene. The properties derived from
simulated amorphous polycarbonate are therefore more
likely to correspond to the macroscopic properties mea-
sured by experiment (even though the simulated structures
are necessarily composed of a limited number of atoms).
Polycarbonate is also a good model since it exhibits certain
dynamic features of segmental motion such as flips of the
phenylene ring which may be characteristic of polymers
with similar moieties along their backbone. Molecular
modeling (molecular mechanics and dynamics) may be
expected to at least partially explain the atomistic basis
of these interesting dynamic features. It is also possible
that molecular simulations will reveal new phenomena.

A correct description of the interactions between atoms,
i.e., a good force field, is essential in ensuring that
simulation results are meaningful and reliable. Ingeneral,
the process of obtaining accurate force field parameters
can be very compiex. In addition to experimental
structural and spectral data, many high-level quantum
chemistry calculations are required. However, the pro-
cedure can be simplified for polymers. The mostimportant
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characteristics of polymer chain structure and chain
mobility are governed by the backbone torsional motions.
Therefore, one may expect that a force field which
accurately describes the overall torsional potential of the
backbone will correctly simulate the basic features of the
polymer’s structure and dynamics. Accuracy in the
description of more detailed structural information and
shorter time-scale motions such as vibrational frequencies
may be sacrificed. However, these make negligible
contributions to the overall chain structure and dynamics.
In fact,, many classical calculations were based on models
with fixed bond lengths and bond angles. A simple
procedure for developing a force field which provides
correct backbone torsional potentials is described below.

The mechanical properties of polymers, particularly the
stiffness matrix, have proved to be interesting topics for
simulation studies.2 This type of simulation has been
encouraged by the fact that the calculated results often
agree rather well with available experimental data. The
calculation of mechanical properties requires one to
evaluate the second derivatives of the potential energy
with respect to the atomic coordinates (or displacement).
This can be done analytically since the relationship
between the potential energy and the coordinates is well-
defined by the functional forms of the force field. However,
when the system is very large, the analytical solution is
not feasible because the second derivative matrix (the
Hessian) becomes too large (it is proportional to the
number of atoms squared). Many model amorphous
polymers fall into this category. For these large systems
one must use the finite difference method to evaluate the
second derivatives. A detailed description of this approach
was provided by Theodorou and Suter.? It was initially
applied to systems with fixed density? and optimized
density,? both systems using a cubic unit cell. Extending
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(a)
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Figure 1. Structures of (a) Bisphenol A polycarbonate, (b)
diphenyl carbonate (DPC), and (c) 2,2-diphenylpropane (DPP)
and definitions of the geometric parameters used in the simula-
tion.

the method to an orthorhombic unit cell is straightforward.
However, the second derivative can only be evaluated
correctly at a true local minimum where no constraint is
applied. A full cell optimization is necessary where both
the structure and the unit cell parameters are free to
change. For amorphous polymers without any specific
symmetry, this usually leads to a triclinic unit cell. A
general approach for calculating the stiffness or compliance
matrix of a triclinic unit cell is presented in the work
reported here.

Optimizing the Force Field

As atomistic simulations of molecules and polymers
attract more attention, the number of available force fields
continues to increase. A carefully chosen force field may
generate reasonable results. Insomesituations, one might
be forced to develop a new force field. As mentioned
previously, the effort involved must be weighed against
the properties and phenomena one desires to simulate. In
the case described here, a more realistic and utilitarian
approach was taken, namely, to modify an existing force
field, making it suitable for our purposes. This tactic was
applied to polycarbonate using the repeat unit and the
definition of dihedral angles as shown in Figure 1a. Four
types of dihedrals are present: ¢ is the same type as ¢s;
the same relationship holds for ¢; and ¢5, ¢3 and ¢4, and
¢7 and ¢s. The geometric parameters to be optimized in
the modified force field are also defined in the Figure 1.
The procedure includes (1) using a generic force field to
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calculate the torsional potential and local minima, (2)
modifying a few parameters to fit the calculated results
with quantum chemistry calculations, and (3) verifying
the modified force field with available crystallographic
and other structural data.

Molecular simulations were performed using POLY-
GRAF, a polymer simulation package from Molecular
Simulations, Inc. The generic force field used was the
Dreiding force field.® For an arbitrary geometry of
molecules its potential energy, E, consists of the following
terms:

The first four terms are bonded energies: bond stretching
(EB), angle bending (Ey), torsion (Et), and inversion (Ey).
The last two terms are nonbonded energies: van der Waals
interactions (E,4) and electrostatic interactions (Eq). The
Dreiding force field provides several functional forms for
each of the energy terms. For example, for bond stretching,
the harmonic function or the Morse function may be used.
Similarly, for van der Waals interactions, either the
Lennard Jones 12-6 or the exponential-6 functions may
be employed. The definitions of each term used in this
study are given in eqs 2-6.

Ey =k (R~ R)} )
E, =K@~ b))’
Er = 2Vi1 - coslnle - ¢y} @
1 2

E,g, = Do{[(}‘f_i‘g) expm—(R/Ro))] _ [(g__f_é)(%g)(i]} ©)

The van der Waals interaction is exponential-6, i.e., Evgw
= Ae-CR - BR-S, It is expressed in the form of eq 6 (with
parameters Do, R, Ro) so that it can be easily compared
with the Lennard-Jones 126 form, where Eyqw = Dol (R/
Ro)-12-2(R/R¢)-%). (isascalingfactor. Alltheparameters
in eqs 2-6 can be found in the Dreiding paper.6 Partial
atomic charges are neglected in this calculation (Eq = 0).

Diphenyl carbonate (DPC) and 2,2-diphenylpropane
(DPP) are used as model molecules for the polymer in the
force field optimization. Their structures are shown in
parts b and ¢ of Figure 1, respectively, along with the
definition of the parameters to be modified. The basic
procedure used to optimize the force field can be illustrated
by using backbone rotations ¢; and ¢, as an example.
Details of this method will be described elsewhere.” We
used the 2D energy contour plot (STO-3G level calcula-
tion)8 of these two dihedral rotations of DPP as areference.
The goal is to fit the calculation of the modified force field
to the plot in the reference. Only a single curve is needed
for the fitting process: E vs ¢ with ¢ = ¢3 = ¢4 =0, 5, 10,
15, ..., 90. The 2D contour plot generated from the force
field by fitting this single curve always agrees with the
targeted 2D plot. This procedure not only makes the
process simpler and more efficient but also greatly reduces
the amount of data required from quantum chemistry
calculations. In order to maintain the simplicity of the
Dreiding force field, only three parameters related to the
pair of rotations were changed: the equilibrium bond
length (R, in eq 2), the equilibrium bond angle (f; in eq
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Figure 2. Potential energy (for ¢s = ¢4) curve generated from
the modified force field.

Table 1. Comparison between Modified Dreiding and

ab Initio Calculations
modified
Dreiding ab initio
Pmin (°) (¢3 and @) 53 ~b1
barrier at 0° (kcal/mol) 18.3 ~17.5
barrier at 90° (kcal/mol) 3.13 ~3.256
Table 2. Modified Dreiding Force Field Parameters for
Polycarbonate
modified original
RiA) 1.3239 1.3200
R, 1.4085 1.3500
Rs 1.4950 1.4600
R(Carom—H) 1.0860 1.0200
0 (deg) 104.00 120.00
62 (deg) 114,00 104.51
03 (deg) 109.00 109.47
V1 (kcal/mol) 12.0 2.00
Vs, (kcal/mol) 3.60 2.00
Vs (kcal/mol) 0.18 1.00

3), and the intrinsic torsional barrier (V in eq 4). The
parameters which required fitting were the position of the
minimum and the energy barriers at the two maxima (0°
and 90°). This further reduced the requirements from
quantum chemistry calculations. The final curve (E vs ¢)
from the modified force field is shown in Figure 2. Table
1 compares the three quantities with the ab initio
calculations. Another criterion of the fitting process is
that the final optimum geometry of the model structure
be close to the experimental data or quantum chemistry
data. Theforce field parametersrelated to rotation around
¢1 and ¢, (and ¢ and ¢s) were optimized with the same
method using DPC as the model compound. The modified
parameter values are listed in Table 2 along with the
original Dreiding ones.

Since the ab initio calculations reveal the bond char-
acteristics between atoms, the force field modification
made according to the calculations can be partially
explained by the chemical nature of the atoms involved,
although the parameters themselves are merely the results
of the optimization process. The most drastic change of
the force field parameter is V1. Inthe Dreiding force field
the oxygen (in C-O-Ph), connecting the carbonate carbon
and phenylene, can be either O_—3 (sp?) or O—R (resonant
sp2). In the former case Vi = V; = 2 (kcal/mol), as listed
in Table 2, and in the latter case V; = V; = 25 (kcal/mol).
The modified force field distinguishes the two rotations
(¢1and ¢3). The V; contains more contributions from the
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resonant double bond than V,. The change in 6; also
reflects hybridization changes. The angle is more open,
showing the sp? characteristics.

The full 2D energy contour maps of all the torsions from
the force field are plotted in Figure 3. The DPC is used
in the calculation of parts a and b of Figure 3, and the
DPP is used to obtain parts ¢ and d of Figure 3. In each
calculation the specified pair of dihedrals is constrained
at certain desired values and the rest of the structure is
allowed to move freely to minimize energy. These results
generally agree with earlier works cited inref 1. Asshown
in Figure 3a the carbonate group can only have a trans—
trans or trans—cis conformation. The cis~cis conformation
is prohibited. The energy of the trans—trans conformer
is about 1.7 kcal/mol lower than that of the trans—cis
conformer. The barrier between these two minima is about
8.8 kcal/mol. Thisgroup cantherefore be considered fairly
rigid. The interdependence of ¢; and ¢ is shown in Figure
3b. Thelocal minima are located near ¢ = £70° or £110°,
while ¢; = £180°. When ¢, is confined to these values,
the rotation of ¢, becomes very easy. With a barrier of
less than 1.5 keal/mol, it varies over all values. The energy
of local minima near ¢3 = £90° and ¢; = 0° is higher than
those with ¢; = £180°. These differences reflect the energy
difference between trans-trans and trans-cis conforma-
tions of the carbonate group. Therefore, the local minima
near ¢; = 0° will be less populated than the ones where
¢1 is near £180°. The two types of synchronous motion
of ¢3 and ¢, are clearly demonstrated in Figure 3c. Inthe
one case, ¢3 and ¢4 increase or decrease simultaneously
with a barrier of about 2.9 kcal/mol. Inthe other case, one
dihedral increases while another decreases with a barrier
of about 2.3 kcal/mol. (Both types of motion will be seen
in the molecular dynamics study.) The interdependence
of two side group rotations (¢7 and ¢g) is shown in Figure
3d. Their rotations are also dependent on the two
backbone dihedrals (¢3and ¢;). Inthe calculation of Figure
3d ¢3 and ¢4 are optimized. Therefore, the pattern of
methyl rotation shown in the figure occurs only when the
backbone dihedrals (¢3 and ¢4) near their favorable
conformations (see Figure 3¢). The barrier (5.5 kcal/mol)
is relatively high compared to the rotatable dihedrals on
the backbone. The methyl rotation is severely hindered
at lower temperatures as we will see later in the molecular
dynamics study. The plots shown in Figure 3 are useful
in analyzing the conformations, mobilities, and transition
paths of different moieties of the polymer. They can also
be used to develop statistical weight matrices for calcu-
lating rotational isometric states (RIS) and generating
model polymer chains.

The agreement between the optimal geometries obtained
from simulations of the model structure and the exper-
imental or ab initio geometries of the same isolated
molecular may not be sufficient to demonstrate the
reliability of the modified force field although it is an
important criterion. Animportant step is to compare the
crystal structure predicted by the force field with the
experimental data; thus the correctness of chain packing
and long-range interactions can be verified. Since poly-
carbonate is almost completely amorphous (some incom-
plete earlier crystal data are available®10), the crystal
structure of a model compound, 4,4’-isopropylidenediphe-
nylbis(phenyl carbonate),l! was compared instead (see
Figure 4). This model compound is a complete structural
analogue of polycarbonate, demonstrating all its basic
structural features. The model structure was built from
experimental data, and a full optimization of atomic
coordinates and cell parameters was performed afterward.
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Figure 3. Conformational energy contours from the modified force field. Local minima are shown at +, and the unit for isoenergy
lines is kcal/mol. (a) ¢1 vs ¢g; (b) @2 Vs 15 (€) d3 V8 ¢ (d) ¢7 Vs ¢s.
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Figure 4, Schematic drawing of a model compound for poly-v
carbonate, 4,4’-isopropylidenediphenylbis(phenyl carbonate).

Table 3. Experimental and Simulated Crystal Data for
4,4’-Isopropylidenediphenylbis(phenyl carbonate)

exptli! simulated

a(d) 18.863 18.791

b (&) 6.385 6.328
c(A) 10.556 10.641

a (deg) 90.00 90.04

8 (deg) 110.63 109.52

v (deg) 90.00 89.93
V(&3 1189.8 1192.7

d (g/cm?) 1.31 1.305
space group P2, P2,

The Ewald summation technique was used for calculating
nonbonded interactions. Table 3 lists the experimental
and simulated crystal data. The root-mean-square (rms)
difference between the atomic positions (without hydro-
gen) of two structures is 0.35 A. The agreement is

reasonably good. The simulated crystal structures pro-
jected on the ac and bc planes are shown in Figure 5. The
optimized force field correctly describes the most impor-
tant characteristics and interactions of the polycarbonate.

Model Structure of Amorphous Polycarbonate

The all-atom model of amorphous polycarbonate used
in this study contained 691 atoms and had a degree of
polymerization of 21. Periodic boundary conditions were
adopted to simulate the condensed state. Six structures
were built and optimized using multiple cycles of energy
minimization and molecular dynamics as described pre-
viously.!? Since the building of bulk polymers could be
very time consuming, the building scheme used was chosen
so that the final structures would be built as correctly as
possible within a reasonable time frame. Two factors
affecting the building process were considered: the
distribution of the backbone dihedral angles and the initial
density.

Backbone Dihedral Distributions. Normally the
rotational isomericstates (RIS) model and the Monte Carlo
method are combined to build an amorphous polymer
chain. The states described by the RIS model can be
defined using 2D energy contour maps as shown in Figure
3. Although one can build an isolated chain of polycar-
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Figure 5. Simulated crystal structure of 4,4’-isopropylidene-
diphenylbis(phenyl carbonate): (a) in the ac plane; (b) in the bc
plane.

bonate exhibiting these states relatively quickly, building
bulk polycarbonate can be very slow if only the RIS states
are allowed. The effectiveness of the process can be
enhanced if more states are allowed or tolerance angles
for each state are increased. The RIS model is most useful
in generating energetically favorable polymer chains if no
further optimization of coordinates follows. However, we
used a minimization algorithm which resulted in a proper
distribution of backbone dihedrals (the dihedrals distrib-
uted near the local minima on the potential energy surface
as defined by the force field) even though the initial values
were assigned randomly. The random assignment of
backbone dihedrals can be interpreted for having the RIS
continuous or extending the tolerance angle to 2.

Figure 6 shows the distributions for dihedrals ¢ and ¢,
for six model structures of polycarbonate as initially
generated and following structural optimization. The
initial distribution covers the entire conformational space
uniformly (-180° to +180°) with many dihedrals in high-
energy states. However, the distribution following opti-
mization locates near the local minima noted previously
on the contour map (Figure 3c). This final distribution
is very similar to what would be expected from a proper
RIS model. Most of the values for dihedrals ¢; and ¢, are
within the 3 kcal/mol isoenergy line on the 2D contour
plot, indicating that the optimization process is very
effective. However, two pairs of dihedrals are trapped in
relatively higher energy states (>4 kcal/mol). This may
be attributed to the fact that it is more difficult for
dihedrals to reach a local minimum in a densely packed
structure since their ability to move is strongly dependent
on the surrounding environment. More extensive an-
nealing may therefore be necessary to eliminate these
relatively bad conformations. Structural and conforma-
tional optimizations are much easier when building isolated
chains.

Chain Packing and Relaxation. The effect of the
initial density on chain packing was examined by building
a total of six structures: two with initial densities of 1.0
g/cm3, two with 1.2 g/cm8, and two with 1.4 g/cm3. Ideally,
the densities of the final structures should match exper-
imental values and be independent of their initial densities.
The overall chain conformation of each structure may be
quite different because of the random procedure used to
assign backbone dihedrals. However, an effective struc-
tural optimization should produce final structures with
similar energies and densities. The initial and final
densities and energies for six model polycarbonate struc-
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Figure 6. Dihedral angle distribution for pair ¢; and ¢, of six
model polycarbonate structures: (a) as generated; (b) after
structural optimizations.

Table 4. Initial Densities, Final Densities, and Energies of
Six Model Polycarbonate Structures

structure Dint (g/cm?) Dgn (g/cm?) E (kcal/mol)
1 14 1.169 443.51
2 14 1.194 443.25
3 1.2 1.176 426.73
4 1.2 1.181 416.59
5 1.0 1.074 436.07
6 1.0 1.075 436.98
ave 1.145 433.86
[ 0.065 10.44

tures are listed in Table 4. The initial density specifies
how densely the chain should be packed. It is evident
that it will affect the final structure. The results shown
in Table 4 suggest that the optimal initial density is a
value (1.20 g/cm3) slightly higher than the average final
density (~1.15g/cm?®). A higher value (1.40 g/cm8) makes
the packing process more difficult but shows no obvious
improvement in the final structures. The energies are
also higher. Forcing the chain to pack so densely may
cause certain local conformations to be trapped in high-
energy states which cannot be completely eliminated
during structural optimization. When a lower initial
density was used (1.00 g/cm3), the building process was
easier, but the resultant energies were somewhat higher
and the final density never reached the values of those
structures which started with higher initial densities.
Perhaps certain favorable interactions which occur with
denser packing are excluded. Apparently, the cell opti-
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Table 5. Average Internal Stress Components (MPa) of Six
Model Polycarbonate Structures
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Table 6. Average Cell Parameters of Six Model
Polycarbonate Structures

xx 0.33 @ 0.32 ¥z 0.07 £ 0.48
yy 0.77 £ 0.75 2x -0.13 £ 0.55
2z 0.47 £0.28 xy -0.37 £ 0.50

mization process is capable of diffusing repulsive forces
if the initial density is too high, even though all the bad
contacts may not be eliminated. However, it does not
appear to be able to overcome certain barriers required to
form denser packing. Once thestructures were built, there
was little improvement in the density even though large
external forces (stress or strain) were applied. The
structures responded to the external force elastically; i.e.,
the density returned to the value of the stress-free state
when the external force was removed.

If the two structures with the lowest initial density (1.00
g/cm?) are excluded, the average final density is 1.180 +
0.011 g/cm3, very close to the density of polycarbonate
near room temperature, 1.20 g/cm3.!% However, energy
minimization assumes the elimination of thermal motion.
The densities of the simulated structures are therefore
more properly compared to the experimental density at
0 K. Estimations from the density at room temperature
and the volume thermal expansion coefficient of poly-
carbonate (~2.02 X 104) give a value of 1.27 g/cm3 at 0
K.13 Our simulation value is about 7% lower. A similar
error (5~6% lower) is observed for the model crystal
structure of 4,4’-isopropylidenediphenylbis(phenyl car-
bonate) when its simulated density is compared to the
estimated experimental value near 0 K.

In principle, this error could be traced from two sources,
the force field and the packing scheme. Since no packing
scheme (chain growth) is involved for the model crystal
structure, one can conclude that the discrepancy is
primarily due to the force field. Itisreasonable to assume
that the systematic error observed is due to the fact that
the force field parameters were optimized against the
crystal structures near room temperature rather than at
0 K. The packing scheme presumably accounts for the
remaining 1-2% error found for the model amorphous
structures. There may be some inherent difficulties in
the procedure used to model chain growth in the condensed
state or in the methods used to relax the structures after
building them. Since the magic of polymer chain packing
which occurs in nature is not fully understood, it is difficult
to design a builder which simulates it completely.

The internal stress values obtained for our model
structures indicate that the polymer chains are relaxed in
the bulk glassy state. The internal stress components are
defined as the first derivative of the potential energy with
respect to displacement or strain. These values should be
close to zero if the structure is located at a local minimum
of the potential energy surface. Ifthese components have
large nonzero values, either positive or negative, the
polymer chain is under either tension or compression. As
shown in Table 5, the values for all the components of the
internal stress tensor are small in magnitude, clearly
indicating that the polymer chains are mechanically
relaxed. This criteria usually cannot be satisfied if the
density of the simulated structure is fixed. The average
cell parameters for the six simulated structures are listed
in Table 6. The deviations in cell lengths and angles are
small even though full cell optimizations were performed
(in addition to the coordinates, the shape of the cells were
free to change).

Pair Distribution Functions and Structure Factor.
The amorphous nature of the simulated structures can be
demonstrated by calculating their pair distribution func-

a(d) 19.75 % 0.39 o (deg) 91.43£1.92
b (A) 19.73 £ 0.28 B (deg) 90.63 + 0.89
c(d) 19.71 £ 0.51 v (deg) 90.36 £ 1.62
14 i 1 L i L 1 L L
10 -
gr) 6 L
2 4 L
-2 T T 7 7 T T T
0 2 4 6 8 10
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Figure 7. Total pair distribution function of model polycar-
bonate.

tions. One needs a complete set of pair distribution
functions in order to fully characterize all the correlations
between the different types of atoms. However, the
dominating features of amorphous materials can be
determined by just examining the total pair distribution
function, g(r). The g(r) averaged from the six model
structures is plotted vs distance (r) in Figure 7. No long-
range order is seen. The peaks observed at distances less
than 5 A can be assigned to the specific distances of
connected atoms (1-2, 1-3, and 1-4). This type of
structural order due to intramolecular connections dis-
appears at distances greater than 5 A. Beyond this
distance, the structures are completely randomized as far
as the neighboring atomic positions are concerned. This
is illustrated by the fact that our plot shows no visible
peak at the well-defined distance (~5.76 A) between the
carbon and oxygen atoms in the segment C-Ph~0. Similar
results have been observed in the aromatic polysulfone
system.!2

The averaged pair distribution function excluding H
atoms of the same structures, g(r)’, is shown in Figure 8,
where g(r)’ = g(r)cc + g(")o_o + g(r)c-o0. Obviously the
information contained in g(r)’ is included in g(r). The
structure factor is calculated from the pair distribution
function through the following equation:4

Stk) =1+ (4mp/k) [ dr sin(kr) rlg() =11 (7)

where k is the wave vector and p is the atom density. The
S(k) obtained from g(r)’ agrees better with experimentals!®
thang(r), asshownin Figure9. The observed experimental
maxima appear at k ~ 1.3, 3.1, and 5.3 A-! with two
shoulders near 0.7 and 1.8 A-l. Using g(r)’ means that
scattering factors of C and O are weighted equally, while
H’s is neglected completely. This is a reasonable assump-
tion since the scattering power of hydrogen is negligible
compared to oxygen and carbon. The calculated S(k) from
eq 7 will not match the experimental intensity since the
k dependence of the scattering factor is not considered.
The agreement in peak positions between simulation and
experiments demonstrates that the protocol used here for
building an amorphous polymer by random generation of
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Figure 8. Pair distribution function excluding H atoms for the
model structure of polycarbonate.
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Figure 9. Structure factors of model polycarbonate calculated

from the pair distribution functions g(») (dotted and dashed line),
£(r)’ (solid line), and experimental peak position (vertical lines).

dihedrals, followed by extensive annealing and structural
optimization, reliably produces model structures which
are good representations of the real polymer.

Mechanical Properties

Molecular mechanics can be used to calculate either the
compliance matrix by applying external stress or the
stiffness matrix by applying external strain. The com-
ponents of the stiffness matrix can be defined by

Cij = 60;/66,— (8)

where o; and ¢; are stress and strain components, respec-
tively (i,j =1, 2, ..., 6). Inthe simulation each component
of C;; is calculated by measuring the response of stress o;
when a very small strain ¢;is applied. Thestiffness matrix
calculation usually is very efficient. This is because the
internal stresses are very sensitive to the dimension change
and nofull cell optimization isrequired. The fundamentals
of the method have been discussed in an earlier work on
polypropylene.2 The main limitation of the original version
isthat it only applies to cubic and orthorhombic unit cells.
For these systems the cell vectors a, b, and ¢ coincide with
Cartesian axes x, ¥, and z (@ = § = v = 90°). There is a
one-to-one relationship between the strain components
and the cell parameters. Applying a desired externalstrain
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is straightforward: changing only one of six cell param-
eters.

The need for generalization of the method is obvious
since full optimization of a structure may lead to a cell
shape other than cubic and orthorhombic. For a system
like this one may not be able to apply a desired external
strain by simply changing one of the cell parameters. For
example, in a triclinic system applying a strain in the x
direction (¢;) requires changing not only a but also b, c,
a, 3, and v. A more general method therefore should
consist of the following steps. For each external strain
component (¢;) a new set of cell parameters should be
calculated. Then oneshould apply the new cell parameters
to the structure and optimize it while keeping the shape
fixed. The component C;; of the stiffness matrix is
obtained from the change of stress component ¢; and
applied strain ¢, Here we present a scheme for such a
calculation.

A unit cell with an arbitrary shape can be completely
described by three cell vectors: a,b,and ¢. A 3 X 3 matrix
h!8 js defined such that its columns are the components

of a, b, and ¢:
X
2

where hT is the transposition of h and x, y, and z are the
three unit vectors of the Cartesian coordinate frame. If
the cell axis is chosen so that ¢ is parallel to the z axis and
b is in the y-z plane, then the elements of h (or the
components of a, b, and ¢) are given by

O o

asinpsiny’ 9 0
h=! asnBeosy” bsna 0 (10)
acos B becosa ¢

where a, b, ¢, a, 8, and v are the lengths and angles of the
cell and cos ¥* = (cos ¥ — cos & cos §)/(sin & sin ). A
mqgtrix Gis defined asthe product of h and its transposition
hT:

G=h"h (11)

The relationships between the strain tensor ¢, the
reference cell shape hy prior to deformation, and the new
cell shape after deformation h (or G) are given by the
following equation!’

¢ = (hy"'Ghy " - 1)/2 (12)

where hyT-1 is the inverse of hyT and hy! is the inverse of
hy. 1isthe identity matrix. Here the components of the
strain tensor ¢ are double indexed. The relationship
between double-indexed components (¢;;, i,/ = 1, 2, 3) and
single-indexed components (¢, j = 1, ..., 6) is well-defined.18

In the stiffness matrix calculation the input information
is strain and initial cell shape, i.e., ¢ and hg. The output
is new cell shape (six cell parameters). By rearranging eq
12, the components of the G matrix can be obtained
through

G = h,"(2¢ + 1)h, (13)
Using eqs 10 and 11, one obtains a set of six independent

equations, G;; = Gij(a,b,c,a,8,y). Solving this set of
equations leads to the following relationships between the
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cell parameters and the components of the G matrix:

a=G,"*
b=Gy,'?
¢ = Gy,'/?

€08 & = Gy (G4yGy)*'?

cos B = Gy,/(Gy;Gy)"/*
cos v = Gy /(G Gyp)'? (14)

By assigning these new cell parameters to the structure,
the desired external strain is employed.

The calculation of stiffness matrix C therefore can be
summarized in the following steps:

1. Optimize the cell parameters of the undeformed
structure to obtain hy,.

2. Calculate G using eq 13 and the cell parameters using
eq 14 under the strain of ¢;+, a positive strain in the j
direction.

3. Assignthe newcell parameters tothe system, optimize
the structure with a fixed shape and obtain the internal
stress tensor o4,

4. Repeat steps 2 and 3, applying ¢;_, a negative strain
in the j direction, to obtain ¢_.

5. Calculate C;; using the finite difference method, C;;
= (oi+ — 0i)/ (s — ¢), i = 1, 8.

6. Repeat steps 2-5 with different j’s, j = 1, 6.

The internal stress is very sensitive to the strain. One
can therefore apply very small strain to perform the
calculation. The stiffness matrix shows very little change
for applied strains ranging from 1.0 X 105 to 1.0 X 10-3,
The minimization process in step 3 converges very quickly
(rms force 0.1 kcal/mol/A). The computing time required
to calculate the stiffness matrix can be 1 or 2 orders of
magnitude less than that required to calculate the com-
pliance matrix. The calculated stiffness matrix averaged
for six model polycarbonate structures is shown in eq 15
(in GPa). The applied strain is 0.01% (1.0 X 104,

660 252 201 -007 -030 -0.11
220 588 230 -002 004 041

C=| 221 162 657 -009 -017 042 (15)
021 006 -005 212 033 005
030 004 009 043 170 -0.11
047 -089 045 002 010 225

At the macroscopic level, the strain energy of materials
is a function of only the state of the body; therefore, the
stiffness matrix should always be symmetric, i.e., C;; =
C;;.1? However, in our computations, the C;; and C;; are
obtained using different finite deformation paths as
discussed above. Inthe energy minimization process after
the deformation, the structure settles in one of many
similar local minima, not a unique global minimum,.
Therefore, the microscopic nature of the model polymer,
the finite deformation process, and the limitation in the
energy minimization make the strain energy depend on
the followed deformation path, although very weakly, and
thus this leads to the nonsymmetric feature of the
calculated stiffness matrix. The averaged stiffness matrix
shows the basic features of an isotropic material. The
values of the diagonal terms in the three principle
directions are similar, as are the three shear moduli. The
terms which would be expected to be zero for an ideal
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Table 7. Average Mechanical Constants of Six Model
Polycarbonate Structures

Young’s modulus (GPa) 5.03 £ 0.81
shear modulus (GPa) 2.02 £ 0.47
bulk modulus (GPa) 3.68x0.74
Poisson’s ratio 0.24 £0.09

isotropic material are much smaller than the nonzero
terms. The Young’s modulus, shear modulus, bulk mod-
ulus, the Poisson’s ratio derived from the stiffness matrix
are listed in Table 7. The calculated values are about
twice as high as those obtained experimentally (5.03 vs
2.34 GPa for the Young’s modulus, and 2.02 vs 0.78 GPa
for the shear modulus).}® As discussed before, one reason
for this discrepancy is that the simulated system represents
ideal structures, whereas the experimental sample may
contain many microscopic or even macroscopic defects.
The applied strain (stress) which was used for the
experimental testing method was also much larger than
that used in the simulations. One would therefore expect
molecular simulations to yield higher values, Ifthe moduli
of amorphous polymers could be measured by a technique
similar to what X-ray scattering has done for measuring
moduli of crystalline polymers, the simulated results would
have been much closer to experimental values. The
temperature difference between simulation (0 K) and
experiment (room temperature) may also play a role. More
reasonable results could be obtained using molecular
dynamics simulations at room temperature where thermal
softening is automatically taken into account.* Another
source of error may be that the force field is optimized
only for the torsional potentials not the vibrational
spectrum. However, this probably has little effect. In
general, the mechanical constants obtained from simu-
lations provide the upper limit of the polymer and should
serve this purpose in designing new compounds. The
higher values in Young’s modulus and the shear modulus
of polycarbonate were also reported by Hutnik et al.20
Molecular simulations were also used to study the
deformation behavior of the model polymers. Uniaxial
tensile strain was applied in the z-direction by changing
cell length c. The z axis is coincident with the ¢ axis,
making it easy to determine the new ¢ value for each applied
strain. Since there is no inherent anisotropy for the
structures, this choice should make little difference for
the final results. In the structural optimization of each
strain step (0.2%) the cell parameters other than ¢ were
allowed tovary. The maximum engineering strain applied
was about15%. Thestress—strain curve for each individual
structure can be very variable. The averaged one should
reduce the noise caused by the fluctuations from structure
to structure and should reveal the more fundamental
nature of the deformation behavior of the model polymer.
Figure 10 shows the averaged stress-strain curve (o3 vs
€3). The volume of model structures increases during
stretching, initially fast and then reaching a steady
Poisson’s value of about 0.31. It is clear that the yield
phenomenon is observed in the simulation. The yield
stress (~0.25 GPa) is much higher than the experimental
value (0.062 GPa); the elongation at yield (~10%)
compares favorably with the experimental values (6-8 %).13

Conclusions

The simple force field optimization method used in this
study, based on a generic force field and ab initio
calculations, generates a set of good force field parameters
for the torsional potential of the model polycarbonate.
Simulations performed using this modified force field
reproduced the crystal structure of a model compound for
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Figure 10. Averaged stress—strain curve of model polycarbonate.

the polymer. The initial density assigned in the building
process affected chain packing. Lower final densities were
obtained for structures which started with the lowest initial
density. The structure factor calculated for the model
polymer agreed well with X-ray scattering data, indicating
that the model is a good representation of the experimental
structure. Ageneral method for calculating the mechanical
properties (stiffness matrix) of any shape unit cell was
presented. The calculated mechanical constants were
generally higher than the experimental values. This is
probably due to the differences between the simulated
system which represents ideal structures and the real
sample which may contain defects. The temperatures used
were also different. The yield phenomenon was observed
at large deformation. The yield stress was higher than
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experimental values; the yield strain was close to the
experimental one.
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