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ABSTRACT The structure of aromatic amorphous polysulfone was simulated and the energy and internal 
strain minimized by using molecular dynamics and mechanics methods developed earlier. A plot of the total 
potential energy as a function of volume or density indicates the existence of an optimum state possessing 
both the lowest energy and the least internal stress. The minimum-energy structure has a computed density 
of 1.17 f 0.02 g/cm3, in good agreement with the experimental value. The mechanical and thermal properties 
of amorphous polysulfone were simulated using these model amorphous structures. The form of the stiffness 
matrix and the calculated associated elastic constante agree with known values for such an isotropic amorphoua 
polymer. The thermal expansion coefficient calculated using molecular dynamics also agrees with the 
experimental value. 

Introduction 

The prediction of macroscopic properties for amorphous 
materials based upon their microscopic structures is an 
extremely complex and difficult process. In contrast, the 
theoretical modulus of a crystalline polymer can be 
calculated with reasonable accuracy from known force 
constants associated with individual internal coordinates 
and the equilibrium crystalline s t r~c ture . l -~  An exact 
relationship between the molecular deformation behavior 
of crystalline polymers and their macroscopic properties 
can be obtained, and the calculated results may then be 
verified by diffraction or spectroscopic  technique^.^-^ 
Similar methods cannot be readily applied to amorphous 
polymer chains. An exact relationship between molecu- 
lar geometric parameters and macroscopic deformation 
behavior cannot be established due to the disordered chain 
conformation distribution. Alternate methods need be 
developed which incorporate detailed information ob- 
tained from studies of the statics and dynamics of localized 
amorphous structures. Such studies can then be extended 
to obtain an understanding of the macroscopic behavior. 

A number of studies have demonstrated the application 
of molecular simulation methods to calculated mechan- 
ical properties of polymers.+l3 In some recent studies, an 
atomistic model was used to calculate macroscopic prop- 
erties for amorphous polypr0pylene.ll-~3 It was found that 
entropic contributions to the elastic deformation behavior 
can be neglected in polymeric glasses.12 When this 
amorphous polymer is deformed, the vibrational contri- 
bution to the total internal energy change is only a few 
percent and can also be neglected. With these assump- 
tions, the elastic constants were calculated from the second 
derivatives of the total potential energy change with respect 
to the overall strain of the system, and the calculated results 
agreed well with experimental data. The results of that 
study give considerable support to the idea that computer 
simulation of atomistic and molecular structures can lead 
to greater understanding of macroscopic behaviors or even 
predict macroscopic properties of amorphous polymeric 
materials. 
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A similar approach was used to obtain macroscopic 
properties of amorphous aromatic polysulfone, denoted 
PSF. In all instances, an accurate representation of the 
amorphous structure is necessary. In our previous study, 
model structures of amorphous aromatic PSF were aim- 
ulated.14 Structural information, such as long-range pair 
distribution functions or localized rotational barriers, wa8 
obtained. In this study, Theodorou and Suter's earlier 
work was modified in order to derive a procedure to relate 
macroscopic mechanical properties to a simulated struc- 
ture. Even with extremely fast workstations, only poly- 
mers of a t  most several hundred atoms can be studied 
currently by the atomistic approach. It is necessary to 
determine whether the simulated structure is consistent 
with all characteristics associated with an amorphous state. 
In view of the large number of conformations, it is 
impractical to seek a global minimum. Nevertheless 
questions should be raised regarding whether the prop- 
erties can in fact be derived for a structure close to, but 
not necessarily at, thermodynamic equilibrium. In this 
study, the elastic constants and thermal expansion coef- 
ficients for PSF have been calculated, and the accuracy 
of these calculations is considered. 

Simulation Technique 
The monomeric repeating unit of the aromatic polysul- 

fone, poly(oxy-l,4-phenylenesulfonyl-1,4-phenyleneoxy- 
1,4-phenyleneisopropylidene-1,4-phenylene), is shown in 
Figure 1. The practical size of the polymer studied is 10 
chemical repeats. Due to the large size of the monomer 
unit, the size of the polymer studied is considerable. A 
previous study showed that the chain length chosen is 
sufficient for generating an effectively isotropic amorphous 
system. The computer program used is a commercial 
material simulation package, POLYGRAF, by Molecular 
Simulations, Inc. The force field used in the POLYGRAF 
molecular mechanics and dynamics calculations has been 
previously described.15 

The bulk amorphous state is simulated through use of 
periodic boundary conditions; i.e. a polymer chain is packed 
into a cubic cell, and the cell is infinitely repeated in three- 
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Figure 1. Chemical structure of aromatic polysulfone. 

Figure 2. Model structure of amorphous aromatic polysulfone. 

dimensional space. Details regarding the procedure and 
parameters used in constructing the model amorphous 
structure were presented previ0us1y.l~ The initial struc- 
tures generated through the amorphous builder are usually 
in a highly energetic state, primarily because of the overlap 
of van der Waals' radii allowed in the building process for 
effective packing of the polymer chain into the cell with 
specified density. The total potential energy of the model 
structure is then minimized by alternately using molec- 
ular mechanics and molecular dynamics. The constant- 
pressure molecular dynamics algorithm used in POLYGRAF 
is similar to that proposed by Nose and Klein.16 This 
approach is based on earlier studies by Andersen,17 as well 
as other studies by Parrinello and Rahman.lg20 The cell 
mass W is chosen as the total mass of the atoms in the 
simulated unit cell. Cell shape is kept fixed during the 
minimization procedure. The initial cell density was taken 
to be 1.20 g/cm3. The optimum density of the system is 
then calculated. The cubic shape of the motif greatly 
simplifies calculation of elastic constants. Figure 2 
presents one of the 10 structures used in our analysis. 
This structure illustrates only the parent chain and 
associated cell which, due to the periodic boundary 
condition, is surrounded by 26 similar cells. 

Results and Discussion 
When a polymer chain is packed into a cubic cell under 

periodic boundary conditions, the density of the polymer 
must be specified. Generally the experimental value at  a 
particular temperature is used.10 In this fashion the tem- 
perature dependence is indirectly incorporated. This 
approach raises a number of issues including the following: 
(1) the structure obtained usually has a high internal 

stress, indicating the system is far from equilibrium; (2) 
the potential energy change upon deformation is incon- 
sistent with the strain energy change. The potential energy 
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Figure 3. Potential energy of model PSF as a function of cell 
volume: (A) changes in energy when the initial state is being 
stretched; (0) changes in energy when the deformed structure 
is being compressed back to  the initial state. 

Table I 
Diagonal Terms of the Internal Stress Tensors (MPa) of 

Three Structures under Different Stress States 
stress free tension compression 

x x  -18 281 -202 
YY 5 275 -301 
22 -43 258 -351 

of a model system decreases'O under compression, while, 
by convention, the strain energy of the system should 
increase under tension or compression because external 
work is performed on the system during deformation. This 
inconsistency occurs because the assumed density for the 
amorphous structure is not the optimum value. 

Our earlier study demonstrated that the density of the 
system can be obtained by relaxing cell parameters (A, B, 
C, a, 8, y) in the minimization process. The predicted 
density (1.17 f 0.02 g/cm3) is slightly lower than the 
experimental value (1.24 f 0.04 g/cm3). In this study, the 
optimum structure of the system is obtained by calculating 
the potential energy of the system as a function of the cell 
size or, equivalently, under deformation, while maintaining 
the cubic cell shape. The initial structure with a density 
of 1.20 g/cm3 is not a state with the lowest energy nor is 
it stress free. We have calculated the change in energy 
when this initial structure is stretched and then compressed 
back to the initial state. Changes in energy associated 
with stretching and compression are shown in Figure 3. 
The optimum structure is one with minimum energy, as 
shown in this figure. In principle, the internal stress, the 
first derivative of the potential energy with respect to 
strain, of the structure with the minimum potential energy 
should be zero. The internal stress in the simulated 
structure could not be completely eliminated, particularly 
for the model with the cell kept a t  cubic shape during the 
energy minimization process. The diagonal terms of the 
internal stress tensor, which can be related directly to 
system stress, are listed in Table I for three structures 
(one near the minimum of the potential energy curve shown 
in Figure 3, one a t  the far right, and one at  the far left). 
The structures that depart from the potential energy 
minimum are either under tension or compression. If me- 
chanical deformation is performed for the two represen- 
tative stressed structures, changes in the potential energy 
and strain energy will be inconsistent. 
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Figure 4. Bonded and nonbonded energies of model PSF as a 
function of cell volume. 

The structure with the lowest potential energy corre- 
sponds to the stress-free structure. The total energy 
consists of contributions from intra- (bond, angle, torsion, 
etc.) and intermolecular contributions (mainly van der 
Waals interaction). For the state characterized by the 
minimum in total energy, the nonbonded term has its 
minimum value, while the intramolecular component does 
not. The monotonic increase of the intramolecular term 
as a function of cell size in the strain range studied indicates 
that, in order to pack the polymer chain into the cell under 
the periodic condition, the bonds and bond angles, as well 
as torsional angles, of the model polymer are distorted. 
The energy minimization procedure takes contributions 
from bonded and nonbonded components into consider- 
ation in order to seek the global minimum. From the 
relative contributions shown in Figure 4, the potential 
energy increase is due solely to the contribution from 
repulsive nonbonded interactions when this structure is 
compressed. 

Thetotalpotentialenergychange as a function of strain, 
virtually identical for compression or extension, is ex- 
pected. Irreversible deformation can occur, even for a 
small strain. Such behavior is shown in Figure 5. When 
a high-density sample placed in a small cell volume is 
stretched, the potential energy as a function of strain may 
exhibit discontinuities. Following the procedure used to 
obtain the data shown in Figure 3, we have stretched an 
initial structure and then compressed it back to the initial 
state. In this case, energy change upon compression follows 
a normal continuous curve. For the simulated amorphous 
polymer, the total potential energy surface contains a large 
number of local minima. The energy minimization process 
brings the system to one of these minima. The barrier 
between structures may not be high and in fact can be 
quite low. The final structure represents only one of many 
similar structures. When the polymer is deformed, changes 
in the structure may force the system to seek an alternate 
local minimum. As there are no significant differences 
among the structures, treating a transformation from one 
to  another represented by discontinuous jumps in energy 
change, shown in Figure 5 as plastic deformation, would 
be inappropriate. 

Calculation of elastic constants associated with an 
amorphous polymer can be performed by utilizing several 
methods. The simplest and most straightforward tech- 
nique is to apply a unidirectional external load to the unit 
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Figure 5. Potential energy of model PSF as a function of cell 
volume (irreversible changes): (0) changes in energy when the 
initial state is being stretched; (A) changes in energy when the 
deformed structure is being compressed back to the initial state. 

cell and then minimize the energy under constant stress. 
Elastic constants can be obtained from the ratio of the 
applied stress to the resultant dimensional changes. The 
average value obtained for the three principal directions 
would be used to characterize the amorphous polymer. 
The major problem associated with this approach is that 
the undeformed cubic unit cell may not be the ideal shape. 
Using periodic conditions, the simulated amorphous 
structure is generally associated with a triclinic cell with 
three different cell lengths, A, B, C, and three different 
angles, a, 0, 7. For simplification, a cubic cell has been 
used in these simulations. If the cell parameters are 
released during the minimization procedure, the dimen- 
sional changes corresponding to the applied stress are 
determined by two factors, external stress and perhaps a 
slight shape change. For small stress values, shrinkage or 
expansion in the lateral direction may be observed due to 
the second factor. Although large stress could be applied 
to deviate this effect, the results obtained would be 
unreliable due to the possibility of transformation from 
one local minimum to another, as discussed above. If an 
irregular cell shape is used for both undeformed and 
deformed states, calculation of the stiffness matrix is 
difficult and tedious. 

Theodorou and Suter found that the entropic contri- 
bution to an elastic response can be neglected in polymeric 
glasses.'O The vibrational-transition contribution to the 
total internal energy change is only a few percent and can 
be neglected as well. It has been found that the conclusion 
obtained by Theodorou and Suter may not be true for all 
p0lymers.~l-23 The existing data are not precise enough 
to permit a definitive conclusion concerning the impor- 
tance of entropic contribution associated with the bulk 
deformation of polymeric glass. Theodorou and Suter's 
assumption is justifiable in molecular mechanics or energy 
minimization. Their structure is effectively simulated a 
0 K since no kinetic energy or temperature effect is directly 
considered. Entropic contribution to the elastic defor- 
mation process of polymeric glass vanishes a t  0 K. 

The elastic constants can be obtained from changes in 
the total potential energy of structures subjected to 
deformation under these assumptions. The stiffness 
matrix completely describes the elastic properties of a 
material and can be computed in two different ways. After 
an initial energy minimization, a second energy minimi- 
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zation is performed under a small fixed strain. Changes 
in energy and in internal stress are then calculated. By 
definition, the first derivative of the potential energy with 
respect to strain is the internal stress tensor and the second 
derivative represents the stiffness matrix. The derivatives 
can be estimated from a three-point finite difference 
equation. In the energy method 

cii = (azu/ae,2)/v 
= (U+ + u- - 2U0)/(Vti) (1) 

where U is the total energy, V is the volume, ci is the 
component i of the strain tensor, U+ is the minimized 
energy under tension, U- is that under compression, and 
UO is the energy of the undeformed structure. In the energy 
method only the diagonal terms of the stiffness matrix 
can be calculated accurately because of significant errors 
involved in evaluation of second derivatives by the finite 
difference method. In the stress method the stiffness 
matrix is given by 

c, = (a2u/aei v 
= aai/acj 

= (ai+ - Ui-)/(2€j) (2) 
where ai is the ith component of the internal stress tensor. 
ai+ and ai- are the components associated with the stress 
tensor under tension and compression, respectively. The 
advantage of this method is that only the first derivative 
need be evaluated numerically since internal stress can be 
calculated in the minimization process.14 This method 
also yields the entire stiffness matrix. Only eq 2 is used 
to calculate the elastic constants of amorphous polymers. 
Usually a very small strain (0.05%) is applied to the 
structure incrementally 12 times, i.e. from f t l  to f€6 .  The 
stiffness matrix is then calculated by following changes in 
each compponent of the internal stress tensor a t  each 
strain. 

The entire stiffness matrix obtained by averaging 10 
structures (GPa) is 

1.86 1.76 5.23 0.18 -0.62 -0.27 (3) 

5.13 2.03 2.45 -0.04 0.07 -0.16 
1.79 5.13 1.70 -0.35 -0.03 0.80 

-0.02 -0.04 0.00 1.71 -0.27 -0.42 
-0.36 -0.26 -0.25 -0.57 1.76 -0.52 
-0.71 -0.17 -0.03 -0.16 -0.62 1.34 

This matrix is to be compared to the idealistic matrix 
associated with a totally isotropic amorphous statez4 

) 
O o 0 \  0 0 0  /x x + 2 p x  

x + 2 p  x x 

( cij = 

where A and p are Lame constants. For isotropic amor- 
phous material, the stiffness matrix should be symmetric; 
i.e. Ci, = Cji. However, as shown in eq 2, the actual 
calculation of Cij and Cji follows two different deformation 
histories. Therefore, the calculation departs from the 
idealistic case. Nevertheless, it is clear that the calculated 
Stiffness matrix for the model amorphous aromatic polysul- 
fone demonstrates the basic features of an isotropic 
material. The mechanical properties in the three principal 
directions are very close. The elements which should be 
zero for ideal isotropic materials are significantly smaller 
in comparison to the diagonal values. In molecular 
simulation experiments, although the periodic boundary 

Characterization of an Aromatic Polysulfone System 269 

Table I1 
Calculated Elastic Constants of Model Aromatic 

Polysulfone 
Lame constant, h 
Lame constant, p 
Young’s modulus, E 
bulk modulus, B 
Poisson’s ratio, v 

1.96 f 1.48 GPa 
1.60 * 0.65 GPa 
3.88 f 1.51 GPa 
3.02 * 1.48 GPa 
0.24 f 0.15 

condition simulates bulk properties, calculated results for 
a cell containing 540 atoms may not be sufficient. I t  is 
virtually impossible to achieve the macroscopic isotropy 
required by eq 4 for the ideal case. If the sample size is 
increased, better results can be obtained. However, 
accurate measured values exist for very few samples. 

The Lame constants for the model structures can be 
calculated from eq 3 by using the diagonal elements. 

Other elastic constants can be derived from A and p.24 The 
calculated results and their standard deviations are listed 
in Table 11. The calculated Young’s modulus is slightly 
higher than the experimental value, -2.6 GPa.z5 This 
difference may result from the fact that the calculation 
represents an ideal interaction between atoms or molecules, 
while interaction in the actual material may be weakened 
by voids and other structural defects. Molecular simu- 
lation provides the upper limit of the elastical constants. 
A major concern regarding this calculation is that Pois- 
son’s ratios obtained are unexpectedly small. For most 
glassy polymers, Poisson’s ratios are in the range of 0.33- 
0.38.26 In comparison to the earlier study on atactic poly- 
propylene, the errors are quite large. Considering the 
complexity of the PSF monomer unit, however, the results 
obtained in this calculation are acceptable. 

In molecular simulation, thermal expansion coefficients 
can generally be calculated by different approaches, such 
as the static method and, more directly, the method of 
molecular dynamics. In the static method, the thermal 
expansion coefficient, a, can be obtained from the following 
thermodynamic expression relating the thermal expansion 
coefficient to bulk compressibility, internal pressure, and 
temperature 

a = Tr(a)/(3TB) + P/TB (6) 
where Tr(a) is the internal stress tensor trace, B is the 
bulk modulus, P i s  the pressure (usually 1 atm), and T is 
the temperature in kelvin. The static model may provide 
a reasonable result if the temperature corresponding to 
the simulated static structure is known. However, as the 
nature of the energy minimization or molecular mechanics 
excludes any temperature effect, the temperature of the 
structure has to be indirectly incorporated by specifying 
the density of the model structure, usually using exper- 
imental data. Therefore this method cannot predict the 
thermal expansion coefficient without specific knowledge 
of material property. If the molecular simulation tech- 
nique is used to design new materials, the static method 
alone is insufficient. Furthermore, if the model structure 
must match experimental density a t  a particular tem- 
perature, the structure may be forced into a stressed state, 
as discussed earlier. This stressed state is characterized 
by the fact that the potential energy change upon 
deformation is inconsistent with the strain energy and the 
internal stress tensor is not close to zero. The sign of the 
internal stress tensor depends on the value of the assigned 
experimental density, whether positive (or negative) or 
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Figure 6. Volume fluctuation of model PSF at two different 
temperatures. 
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Figure 7. Volume changes of model PSF as a function of tem- 
perature. 

lower (or higher) than the density calculated using the 
simulation technique. In the static model, the cell size 
change in Figure 3 is regarded as a result from temper- 
ature change rather than external strain. The right part 
of the curve is explained as the energy change as tem- 
perature increases from 0 K. The physical meaning of the 
left part of the curve is insignificant. 

In this study a direct approach or molecular dynamics 
method was used to calculate the thermal expansion 
coefficient. In this dynamic method, the system is 
simulated with molecular dynamics at  constant temper- 
ature. The volume of the system will fluctuate as a function 
of time. For a sufficientlylong period, a reasonable average 
of the volume at  a particular temperature can be obtained. 
Simulations can be performed at  several different tem- 
peratures, and the slope of the volume change as a function 
of time will yield the thermal expansion coefficient. In 
addition to the overall thermal expansion coefficient, mo- 
lecular dynamics also provides information regarding the 
relative flexibilityof various parts of the polymer structure. 
Figure 6 shows the volume fluctuation as a function of 
time at  two different temperatures. Each point in the 
curves is the average volume of 100 steps of the micro- 
canonical dynamics with each step of 0.001 ps. After 100 
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steps the temperature is calculated from the average kinetic 
energy. The calculated temperature is compared to the 
bath temperature. If the difference is larger than the 
specified temperature window (50 K), the velocities are 
scaled to ensure the new velocities will correspond to the 
bath temperature. Both average volume and volume 
fluctuation increase with temperature. At  300 K the 
volume fluctuation is about 1.7%, while at 100 K the 
volume fluctuation is less than 0.5 5%. Figure 7 shows the 
volume change relative to 0 K as a function of temper- 
ature. The 0 K volume is obtained from the minimum in 
Figure 3. A good linear fit indicates the system behaves 
well in molecular dynamics. The volume thermal expan- 
sion coefficient obtained from the slope of Figure 7 is 2.16 
X K-l. The linear thermal expansion coefficient is 
one-third the volume expansion coefficient (7.2 X K-I), 
which agrees well with the experimental value (5.5 X 
K-I) .25 

Conclusions 
An atomistic model structure is generated to study me- 

chanical and thermal properties. The optimum structure 
with lowest energy as well as internal stress can be obtained 
through a simulated hydrostatic deformation process. The 
calculated elastic constants from the structure predict the 
upper limit of the elastic moduli of the material, while the 
thermal expansion coefficient agrees very well with 
experimental data. This modeling of macroscopic prop- 
erties of aromatic amorphous polysulfone through mo- 
lecular mechanics and molecular dynamics convincingly 
demonstrates the applicability of atomistic and molecu- 
lar simulation to the study of amorphous polymers, even 
polymers with complicated monomer structures. 
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