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ABSTRACT We describe a method for generating glass structures of polymers containing large monomer 
unite for use in molecular simulations. This method is an extension of the technique proposed by Rigby and 
Roe (Rigby, D.; Roe, R. J. Chem. Phys. 1987,87,7286) for short-chain alkanes and involves a 'polymerization" 
of randomly placed monomers in the simulation box. An optimum polymerization sequence is found by the 
technique of simulated annealing, and a well relaxed glass structure is generated from this sequence by a 
combination of molecular mechanica and molecular dynamics simulations. We have used the technique to 
prepare 10 glass structure of polystyrene, for which we have calculated average structural properties. The 
amorphoue nature of these structures is demonstrated by the absence of long-range orientational correlations 
for the chain backbone. The phenyl rings also show a preference to pack a t  a distance of 5-6 A and to align 
at right angles to one another. 

Introduction 
Many macroscopic mechanical and transport properties 

of amorphous polymers are intimately related to their 
chemical structure through the effects of chain packing 
and localized chain motions. In recent years, molecular 
simulations have emerged as a valuable tool for under- 
standing these relationships and the various theories and 
mechanisms that govern both static and dynamic prop- 
erties of polymers. Applications include investigations of 
the structure of glasses,l the glass transition,2 polymer- 
wall interactions: sorption of small molecules in poly- 
m e r ~ , ~ ~  adsorption of polymers on solid surfaces,8 and 
thermal degradation of  polymer^.^ 

For molecular simulations of polymer glasses, an im- 
portant consideration is the generation of well-relaxed glass 
structures at realistic densities. However, the connectivity 
of the polymer chain makes this problem more difficult 
than, for example, generating glass structures of small 
molecules. The usual procedure for preparing a polymer 
glass consists of two steps: obtaining a reasonable initial 
structure and then processing this structure to obtain a 
well-relaxed glass.lJ0 For polymers containing large 
monomer units, these methods can encounter difficulties 
that require additional preparatory stages in both steps.l' 
When relatively large systems are needed-for example, 
in simulations of diffusion in polymers12-these additional 
stages can place severe demands on the computational 
efficiency of the glass-generating procedure. In this work, 
we propose a method for obtaining well-relaxed glass 
structures of such polymers and apply this method to 
polystyrene. 

Previous Work 
A polymer glass can be generated from either an 

equilibrium liquid structure2J3-ls or a reasonable initial 
guess for the glass ~ t ruc ture .~J lJ~J~  Boyd and co-workers 
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obtained glass structures for polyethylene by starting with 
an equilibrium liquid.13-ls In their approach, an ordered 
array of planar all-trans chains was melted down by Monte 
Carlo simulation in a periodic box to form the equilibrium 
liquid, which was then energy minimized to obtain the 
glass. The system volume was treated as a degree of 
freedom in the minimization to simulate the densification 
that takes place when the glass is quenched from the 
equilibrium melt. 

Rigby and Roe2 used a different approach to produce 
initial liquid structures in their method for generating 
glasses of short-chain alkanes consisting of 10, 20, or 50 
monomer units. First, a random spatial distribution of 
methylene groups was prepared, and groups in Close 
proximity were joined to form several polymer chains. This 
system was then equilibrated by molecular dynamics 
simulation using reduced force constants for all interac- 
tions except the nonbonded interactions. The force 
constants were gradually increased to their desired values 
as the bond lengths and angles relaxed to their equilibrium 
values. Glasses were obtained from this liquid by mo- 
lecular dynamics simulation with stepwise cooling. 

Another method for generating polymer chains in either 
the melt or the glass state is to grow the chains in a 
sequential bond-by-bond fashion. McKechnie et al.l0 
noted difficulties with this method due to excluded-volume 
effects when generating structures for polyethylene and, 
hence, modified the technique to permit steric overlaps of 
the chain segments. These overlaps were then eliminated 
by molecular dynamics simulation with a modified Len- 
nard-Jones potential in which repulsive nonbonded in- 
teractions between segments at short distances were 
attenuated by assuming a constant, finite force. A similar 
approach has also been proposed for generating structures 
of short-chain liquid alkanes at high densities in which 
chain growth and equilibration of the liquid structure 
proceed simultaneously in a Monte Carlo simulation.18 

In principle, the methods for generating liquid structures 
can be used to prepare glass structures directly. However, 
since the glass will have a higher density than the polymer 
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liquid, the problem of steric overlap becomes even more 
formidable, and hence it is more difficult to generate glass 
structures at realistic densities. The direct generation of 
a polymer glass was first carried out by Theodorou and 
Suterl in their pioneering study of polypropylene glass. In 
this approach, an initial guess for the glass structure was 
obtained by Monte Carlo chain growth in a periodic box 
using probabilities for bond angles given by the rotational 
isomeric state (RIS) model.lg These initial structures were 
found to have a high potential energy and a nonuniform 
spatial distribution. As a consequence, the Monte Carlo 
algorithm was modified by adjusting the RIS probabilities 
to account for nonbonded interactions between carbons 
along the chain that are separated by five or more bonds. 
The initial structures obtained by this procedure were 
then relaxed to mechanical equilibrium by stagewise energy 
minimization. The technique has also been applied to 
polycarbonate,ll polysulfone,18 and poly(viny1 chloride).17 

The efficiency of all these methods will suffer, to some 
extent, when applied to polymers with large monomer 
units. For example, when the method of Theodorou and 
Suter was applied to polycarbonate,11 energy minimization 
of the initial glass structures required more than 25 
processing stages (compared to 3 stages for polypropylene) 
in which the van der Waals radii and partial charges were 
increased gradually to their desired values. The difficulty 
encountered in these energy minimizations can be attrib- 
uted to the added complexity of electrostatic interactions 
and, more importantly, to the bulkiness of the large 
monomer unit. The latter can give rise to severe steric 
overlaps in initial structures that, in turn, are difficult to 
energy minimize. The problem of steric overlaps in initial 
glass structures is avoided completely in the method 
proposed by Gupta et al.'* In this method, chain growth 
and equilibration proceed in tandem, such that chain 
growth occurs only if a monomer can be added without 
steric overlap. However, the method is not expected to 
be computationally efficient for polymers containing large 
monomer units, since longer equilibration times wil l  be 
needed to form a sufficiently large cavity near the end of 
the chain for chain growth to take place. We propose an 
alternative method in this work in which one starts with 
a confiiation of the desired number of monomers in a 
simulation box. These monomers are then connected in 
an optimal polymerization sequence by applying the 
technique of simulated annealing,2o and bond lengths and 
angles are subsequently relaxed to generate a polymer 
glasa structure. Since no new monomers are added to the 
box during this procedure, the problems of steric overlaps 
and spatially nonuniform distributions of chain segments 
are not encountered. The computational burden is 
therefore shifted from one of alleviating severe steric 
overlaps to that of finding the optimal connectivity of the 
monomers. 

Glass Generation Method 
Our approach for generating glass structures is imple- 

mented in the following three stages: (1) generate a 
configuration of monomers placed randomly in the sim- 
ulation box; (2) connect monomer units in an optimal 
polymerization sequence; and (3) minimize the energy of 
this structure to obtain a well-relaxed polymer glass. 

In the first stage, the monomers are initially placed in 
the simulation box in an ordered array. The number of 
monomers is predetermined by the temperature and 
pressure of interest to give the experimental density of 
the polymer. The system k then heated and relaxed by 
molecular dynamics at an elevated temperature. It should 
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be emphasized that our purpose at this stage of the 
procedure is to achieve a uniform spatial distribution and 
a random orientational distribution of monomers in the 
simulation box, and not an equilibrium liquid. We have 
found that, in general, 5-10 ps of molecular dynamics 
simulation is sufficient to obtain such distributions. A 
random distribution of orientations is facilitated by 
reducing all atomic radii in this stage. 

A "polymerization" of this configuration is then carried 
out in the second stage by connecting spatially adjacent 
monomers. Periodic boundary conditions are employed 
to eliminate surface effects, and the minimum image 
convention is used; i.e., the distance between any two 
monomers is considered to be the distance between the 
nearest periodic images of the monomers. The problem 
of connecting a given number of monomers to form the 
shortest polymer chain is similar to the classical "Traveling 
Salesman" problem20 with one obvious exception: The 
two ends of the polymer chain are not connected to form 
a closed circuit. In principle, the technique could also be 
modified to connect the chain ends and thereby avoid the 
strong free-volume bias that can occur near them. The 
Traveling Salesman problem has been solved previously 
by simulated annealing,2O a multivariable optimization 
technique based on the Monte Carlo method. The 
algorithm as described by Press et al.21 is used here with 
only minor modifications: After connecting monomers in 
an initial polymerization sequence, simulated annealing 
is carried out by randomly altering this sequence and 
evaluating the cost of each move in terms of ita effect on 
the total chain length of the polymer. Moves are either 
accepted or rejected on the basis of standard Metropolis 
probabilities. 

Many of the bond lengths and bond angles in the polymer 
chain backbone at the end of this stage will have values 
far from their equilibrium values, and hence the potential 
energy of this structure must be minimized primarilywith 
respect to these degrees of freedom. This is carried out 
in the third stage of our method. Since there wil l  be 
multiple local minima on the potential energy surface, we 
minimize the energy so that the structure reaches one of 
these local minima. In this work, the structures are relaxed 
using a combination of energy minimization and molecular 
dynamics at elevated temperature. 

Application to Polystyrene 
A detailed, atomistic model of polystyrene is used in 

which all atoms are treated explicitly and electrostatic 
interactions are accounted for by placing partial charges 
on the atoms. The computational effort could be reduced 
considerably by applying the united atom approximation 
and collapsing the hydrogen atoms into their respective 
carbon atoms. However, a future objective of this work 
is to study phenyl ring rotation in the glass, and calculations 
on single chains of this polymer have shown that coop- 
erative motion of the phenyl ring and the backbone is 
affected by interactions between the ortho hydrogens on 
the ring and the hydrogens attached to backbone 
 carbon^.^^-^^ Furthermore, electrostatic interactions be- 
tween the phenyl rings will influence both the local packing 
of these and the backbone conformations of 
polystyrene.% Thus, we have chosen to treat all hydrogen 
atoms explicitly. 

The CHARMM force field expressions and parameters 
were used to model bond stretching, bond angle bending, 
torsional angle rotation, and the van der Waals contri- 
bution to nonbonded  interaction^.^^ Equilibrium values 
of the bond lengths and bond angles were set equal to the 
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Table I. Partial Charges on Various Atomic Smcies 
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atom type charge0 atom type charge" 

H(CH2) 0.095 CPhYl -0.13 
C(CHR) -0.07 Hphenyl 0.13 
H(CHR) 0.095 

C(CH3 -0.15 Cphenylb -0.065 

a Elementary ChargeUnits. PhenylcarbonbondedwithC(CHR). 

values used by Yoon et al.32 Electrostatic interactions 
were described by the CHARMM force field expression, 
but with a distance-dependent dielectric constant based 
on the Block and Walker approximation1'J7 and partial 
charges determined by a Mulliken population analysis of 
AM1 semiempirical molecular orbital calculations on 
polystyrene dimers and trimers. The calculated values of 
these partial charges are given in Table I. The dielectric 
constant has the following functional form: 

D ( r ) = l  r < a  
D(r)  = CB exp(-K/r) r 1 a 

h ' = a h ' ~  
where the bulk dielectric constant, t ~ ,  is set equal to 2.5533 
and a is 2.9A for all atom pairs. All nonbonded interactions 
are truncated at  a distance of 9.0 A. 

One particular parameter that required special consid- 
eration for polystyrene was the energy barrier for intrinsic 
torsional rotation of the phenyl ring. Calculations of the 
energy barrier for cooperative ring rotation in single chains 
of polystyrene26 and in the protein tosyl a-chymotrypsin,34 
carried out with and without this intrinsic torsional barrier, 
have shown that the energy barrier is approximately the 
same in either case. These observations suggest that the 
barrier for ring rotation is determined primarily by the 
nonbonded interactions between the phenyl ring atoms 
and neighboring atoms, rather than the barrier for intrinsic 
torsional rotation. Hence, all the calculations reported 
here have been carried out without an intrinsic torsional 
barrier for phenyl ring rotation. Our in-house modification 
of the CHARMM source code was used for all calculations. 

Bulk polystyrene glasses consisting of a parent chain 
(degree of polymerization = 40) and ita images were 
generated in a cubic box with an edge length of 18.75 A. 
This box size gives a polymer density of 1.05 g/mL, which 
corresponds to the experimental value for atactic poly- 
styrene at  room temperature.= The starting confiiation 
of 40 monomers was heated to 600 K and maintained at 
this temperature for approximately 5-10 ps. During this 
process, the atomic radii were set to 75% of their desired 
values. This procedure provides one starting confiiation 
for subsequent processing. Other starting configurations 
were generated from this one by running molecular 
dynamics and selecting configurations at intervals of 5-10 
PS- 
An optimal polymerization sequence was then obtained 

for each configuration, as described above. A confiiation 
was accepted for further processing only if the polymer 
chain had a reasonable end-to-end distance compared to 
experimental values. This initial screening process was 
based on the observation that, during the subsequent 
energy minimization, the end-to-end distance did not 
change significantly; i.e., the connected monomer units 
would reorient about their positions, rather than translate, 
to give the correct bond lengths and bond angles. If a 
configuration did not yield a satisfactory end-to-end 
distance, it was rejected and another optimal polymeri- 
zation sequence was obtained by simulated annealing. We 
found that, in general, no more than three attempts were 

required to obtain a chain configuration with a satisfactory 
end-to-end distance. The computational coat associated 
with repeating the simulated annealing step in this 
screening process was negligible compared to other com- 
putational costa, most notably, in the energy minimiza- 
tions. 

The chain configuration thus obtained was minimized 
with respect to the potential energy in two steps. In the 
first, no partial charges were used and all atomic radii 
remained at 75% of their desired values. In the second 
step, the chains were minimized again with the desired 
values for atomic radii and partial charges. Typically only 
300-400 steps of the Powel minimization method were 
required in each of these steps. Although not essential, 
we chose not to minimize the structures completely in the 
two steps, but ran molecular dynamics for 5 pa at 300-400 
K and then minimized a second time until the gradient 
of the energy vanished. 

A minor complication arises when applying this method 
to vinyl polymers. A random distribution of diads wi l l  be 
obtained in which the fraction of meso diads is approx- 
imately 0.5. However, in atactic polystyrene, the meso 
and racemic diads obey Bernoullian statistics, but the 
fraction of meso diads is found to be between 0.3 and 
0.5?2+36*M Therefore, meso diads in mm sequences of the 
chain were chosen randomly and the chirality of asym- 
metric carbon was changed in the first minimization step. 
This procedure was repeated until the fraction of meso 
diads reached a value of -0.35. 

Rasults 
The properties reported in this work represent average 

values for an ensemble of 10 glass structures. Nine of 
these structures have end-to-end distances in the range 
3%57 A, while the remaining structure has an end-to-end 
distance of 67 A. For comparison, the calculated root- 
mean-square end-to-end distance for a polystyrene 40- 
mer based on measurements of intrinsic viscosity is 47.5 
A.37 Since the polymer chains were screened to give end- 
to-end distances in reasonable agreement with this value, 
this property is essentially a fitted property of our 
structures. It should be noted that no correlations were 
observed between this chain dimension and the properties 
calculated below. 

Cohesive Energy Density and Solubility Parame- 
ter. The cohesive energy, Umh, is defined as the inter- 
molecular or interchain contribution to the total potential 
energy of the system.' Thus, 

where Ut.ot is the potential energy of a glass structure in 
our periodic box and Up is the energy of an isolated parent 
chain that consists of only intramolecular contributions 
(Le., an isolated chain in the absence of periodic boundary 
conditions). We obtained Umh = 138(*8) kcal/mol for 
our 10 glass structures, which corresponds to a value for 
Hildebrand's solubility parameter of 6 = 12.06 X 103 (J/ 
m3)lI2. This value of the solubility parameter is -65% 
of the experimentally derived value reported for poly- 
styrene.33 However, it should be noted that the cohesive 
energy was calculated without a correction to account for 
truncating the nonbonded interactions in the potential 
function at finite distances, and it was found in previous 
work1J7 that such tail corrections can be significant. 
Although better agreement with experiment could be 
obtained if we applied this correction, the actual value of 
the correction for the electrostatic interactions would be 
obtained by finding a small difference between large 
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Figure 1. Distribution of torsional angles for backbone bonds 
averaged over the 10 glass structures. 

Table 11. Probabilities of Rotational Isomeric States for 
Backbone Torsional Angles 

rotational 
a priori probability probability from RIS model from the 

isomeric angle (&) of Yoon of Rapold model 
state interval (deg) et al.32 and SubrB structures 

t -60 I $i I 60 0.732 0.756 0.548 
g+ 60 < #i I 180 0.268 0.244 0.252 
g -180<&<40 0.200 

numbers and thus would not be highly reliable. Since the 
structure of bulk polymer glasses will be determined 
primarily by short-range repulsive interactions in the 
potential functi0n,3~*~~ the long-range attractive interac- 
tions represented by this correction can be neglected when 
structural properties on the length scale of the simulation 
box are considered. 

Chain Conformation in the Bulk. Since no infor- 
mation regarding the conformational properties of the 
polymer is incorporated directly into our procedure, 
important properties to consider in evaluating the glass 
structures that have been generated are those character- 
izing the conformations of polymer chains. These con- 
formations are described by the torsional angles for the 
backbone bonds and the orientation of the phenyl rings 
with respect to the chain backbone. The distribution of 
backbone torsional angles for our 10 structures is shown 
in Figure 1, where the torsional angles are assigned values 
according to the convention introduced by Flory et al.@ 
As expected, this distribution is peaked about the rota- 
tional isomeric t and g+ states, which appear to overlap 
slightly, and also about the g state. The fraction of 
torsional angles in the t state is 0.55, which is significantly 
higher than that corresponding to a random distribution 
of torsional angles (i.e., 0.33). We believe that the 
nonrandom distribution can be attributed to space-filling 
requirementala and our screening process of choosing only 
those chain conformations with reasonable end-to-end 
distances. The average a priori probabilities of the 
rotational isomeric states for the backbone torsional angles 
in polystyrene were also calculated from the RIS model 
by use of matrix multiplication techniques.lg This cal- 
culation was done by generating 100 Bernoullian config- 
urations with a degree of polymerization of 100 and an 
expected fraction of meso diads of 0.35. These values 
calculated using the RIS model proposed by Yoon et al.,32 
and the model proposed by Rapold and S ~ t e r , ~ ~  are 
compared in Table I1 with those obtained from our 
structures. Our ensemble of glass structures has a lower 
population of backbone torsional angles in the t state and 

-8 .5  , , , , ~ , , i 

Figure 2. Total (thin lime) and interchain (thick line) orientation 
correlation functions for the backbone bonds. 

0 2 4 6 8 10 12 
Radial Distance (A) 

a higher population in the g state compared to RIS model 
predictions. Similar results were observed in earlier studies 
on polypropylene' and poly(viny1 chloride)17 and were 
attributed to the glass generation method used in those 
studies. This method was entirely different from the one 
described here. 

GhsStructure .  Thelocalorientationofthebackbone 
can be characterized by the bond orientational correlation 
function defined by 

S(R) = $3(cos2 e) - 13 
where 0 is the angle between any two bond chords along 
the chain backbone, and (...) denotes the average over all 
pairs of bond chords separated by a distance R. Bond 
chord i is defined as the chord joining the midpoints of 
the backbone bonds flanking carbon i. Positive values of 
S(R) indicate a tendency for parallel alignment, while 
negative values indicate a preference for alignment at right 
angles. Figure 2 shows a plot of S(R) as a function of R. 
The contribution due exclusively to interchain correlations, 
defined by considering only those pairs of bond chords 
belonging to different images of the parent chain, oscillates 
about zero for aU separations greater than 4 A, indicating 
that there is no interchain orientational order in our 
structures. The total correlation function, containing both 
intrachain and interchain contributions, shows a stro 
tendency for parallel alignment at distances less than 6 
due to near-neighbor intrachain correlations. At larger 
separations, the total correlation function oscillates about 
zero, indicating that there is also no intrachain orienta- 
tional order in our structures. Thus, these structures can 
be considered amorphous over the length scale of the 
simulation. 

A similar orientational correlation function can be 
defined to characterize orientational correlations between 
phenyl rings. In this case, the angle 0 is the angle between 
vectors normal to the planes of two phenyl ringa separated 
by a distance R. The order parameter S(R) for ring-ring 
orientational correlations is shown in Figure 3. The peak 
in the total correlation function at 4 A is due exclusively 
to intrachain contributions from the nearly parallel 
alignment of nearest-neighbor phenyl rings. Two factors 
contribute to this alignment: f i t ,  the rings are forced to 
lie at right angles to the backbone because of steric 
repulsions between the rings and the backbone, and eecond, 
the backbone bonds themselves exhibit a strong tendency 
for parallel alignment at short separations, as was shown 
in Figure 2. The interchain correlation function is zero 
for separations less than 4 A, but indicates a tendency for 

I f  
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Figure 3. Total (thin line) and interchain (thick line) orientation 
correlation functions for phenylrings. Radial distance is defiied 
as the distance between ring centroids. 
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Figure 4. Total (thin line) and interchain (thick line) radial 
distribution functionsfor phenylrings. Radial distance is defiied 
as the distance between ring centroids. 

alignment at right angles at separations of 4-6 A. Similar 
observations have been made for the packing of aromatic 
side chains in protein crystals and have been attributed 
to weak interactions between the aromatic rings resulting 
from their quadrupole moments.30 For larger separations, 
the orientational correlations are lost and the total 
correlation approaches zero. 

The glass structure can also be characterized by pair 
correlation or radial distribution functions (RDFs) for the 
different atoms. The pair correlation function gm(r) for 
atoms A and B represents the probability of finding these 
two atoms separated by a distance r relative to the 
probability of finding them at the same separation in the 
absence of any A-B correlations. The ring-ring RDF is 
shown in Figure 4. At distances between 3 and 4 A, the 
total correlation function has only intrachain contribu- 
tions arising from nearest-neighbor ring contacts. How- 
ever, both the total and interchain correlation functions 
show a broad peak at -5.5 A, indicating preferential 
packing of the phenyl rings in the amorphous glass at this 
separation. It is interesting to note that a peak near 5.5 
A is also observed in a related pair correlation function for 
aromatic side chains in protein crystals.30 There also 
appears to be a second peak in the total correlation function 
at a separation of -9 A, which presumably corresponds 
to the second nearest-neighbor shell and suggests an 
oscillatory behavior for the radial distribution function. 

Figure 5 shows the total and interchain RDFs for the 
phenyl ring carbon atoms (i.e., for Cphenyl-Cphenyl pairs as 

1.2 

3 6 9 12 
Radial Didana (A) 

Figure 5. Total (thin line) and interchain (thick l i e )  radial 
distribution functions for CphwyrCphenyl pairs. 
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Figure 6. Interchain radial distribution function for Cpbyl- 
Hp~mny~ pain. 

5 6 7 8 9 10 11 12 
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Figure 7. Total (thin line) and interchain (thick line) radial 
distribution functions for Cw~, , . -Ch~~bo~~ pairs. 

defined in Table I). Both RDFs have peaks at 4,5,  and 
6 A. Figure 6 shows the interchain RDF for Cphenyl-Hphmyl 
pairs, which exhibits a sharp peak at -3 A. Both of these 
results are consistent with our earlier observations that 
the phenyl rings on different chains pack preferentially 
at a separation of -6 A and have a tendency to align at 
right angles to one another. 

The RDF for the backbone carbons is shown in Figure 
7. The total correlation function exhibits a number of 
sharp peaks at separations less than 5 Athat are not shown 
in the figure and reflect the connectivity of the backbone 
carbon atoms. However, the total correlation function is 
much less than unity over the range of separations from 
5 to 8 A. The lower probabilities at these distances can be 
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Figure 8. Total (thin line) and interchain (thick line) radial 
distribution functions for Cphsnyl-C~eLbone pairs. 

0 . 2 1  

0.0 t 
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Radial D i a n a  (A) 
Figure 9. Total (thin line) and interchain (thick line) radial 
distribution functions for all carbon atoms. 

attributed to the bulky phenyl rings which, on average, 
keep the backbone carbons separated by distances greater 
than 5-8 A. The interchain carbon-carbon correlations 
increase more or less monotonically with increasing 
separation and approach unity at large separations, as 
does the total correlation function. 

Figure 8 shows the RDF for Cphenyl-Cbackbone pairs. 
Intrachain contributions from carbons in the meta and 
para positions give the broad peak in the total correlation 
function over the range 4.3-5.2 A. The total Correlation 
function is essentially unity for separations greater than 
7 A, while the interchain contribution increases mono- 
tonically and approaches unity at much larger separations. 
The RDF for all carbon atoms in the polymer is shown in 
Figure 9. The interchain correlation function has broad 
humps at both 5 and 6 A, while the total RDF shows a 
broad peak over the range 4.2-5.2 A. Peaks in the RDF 
at 5 and 6 A have ale0 been observed in X-ray scattering 
experiments on atactic polystyrene glasses and have been 
attributed to various ring-ring and ring-backbone cor- 
r e l a t i o n ~ . ~ ~ ~ ~  Our results offer an interpretation of these 
observations recognizing that, to a reasonable approxi- 
mation, the scattering experiments reflect primarily 
carbon-carbon pair correlations. That is, the observed 
peaks in the experimental RDF at  5 and 6 A arise because 
of intrachain cphsllyl<ba&he pair correlations, as shown 
in Figure 8, and cphenyl4phenyl pair correlations, as shown 
in Figure 5. 

The radial distribution functions from our model 
structures can be used to predict the X-ray scattering 
structure factor for atactic polystyrene glass. In these 

1.6 

1.4 

1.2 
3 
v) 
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0.8 

Figure 10. Calculated X-ray scattering structure factor an a 
function of the magnitude of the scattering vector q = (4r /X)  
sin 8. 

calculations, we assumegm(r) = 1 for r > 9.37 A (Le., half 
the box length). The elastic structure factor, S(q), was 
calculated using the method proposed byTheodorou4 with 
atomic scattering factors obtained from literature.46 A 
plot of S(q) as a function of magnitude of the scattering 
vector, q, is given in Figure 10. The calculated S(q) shows 
a dominant peak at q = 1.3 A-l and two additional peaka 
at q = 3.0 and 5.3 A-l. These peak locations are in excellent 
agreement with those observed in X-ray scattering ex- 
periments on atactic polystyrene glass: a dominant peak 
at q = N 1.4 A-l and two other peaks at 3.0 and 5.5 A-l in 
this range of q A small peak is also observed 
in the scattering experiments at q = 0.75 A-1.429- 
However, we have truncated our radial distribution 
functions at r = 9.37 A to avoid box size effect and, 
therefore, do not observe this peak in our results. Nev- 
ertheless, the results indicate that our model glass struc- 
tures are credible representations of the actual glass 
structure of atactic polystyrene on the length scale of our 
simulations. 

Conclusions 
The method we have proposed has been applied to 

generating glass structurea of polystyrene. These atomietic 
structures provide detailed information about both ori- 
entational and spatial correlations in the polymer glass. 
We have found no long-range orientational order for the 
chain backbones, indicating that these structures are 
amorphous on the length scale of the simulation box. The 
pair correlation functions for the phenyl rings show 
preferential packing at a distance of approximately 5-6 A 
with a tendency to align at right angles to one another. 
Similar packing behavior has been reported in the liter- 
ature for the aromatic side chains in protein crystals and 
has been attributed to enthalpically favorable quadrupolar 
interactions between the aromatic rings. 

Generating the initial configuration of monomers by 
molecular dynamics simulation is a computational expense 
in this method that must be compared with, for example, 
the Monte Carlo generation of a polymer chain, as proposed 
by Theodorou and Suter.' The problems aeaociated with 
severe steric overlaps that are encountered in Monte Carlo 
chain growth are not experienced in the approach taken 
here. Thus, the energy minimization of an initial polymer 
conformation to obtain a well-relaxed g b  is potentially 
more efficient, although this advantage is expected to be 
modest in cases where the monomer unit is small in size. 
Special measures also have to be employed in Monte Carlo 
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chain growth to ensure that the resulting structures are 
spatially uniform. In the proposed method, the initial 
configuration of monomers is de facto uniformly distrib- 
uted in the simulation box, and this spatial distribution 
does not change during the subsequent relaxation of the 
polymer structure. Hence, spatially uniform glass struc- 
tures are assured. 

Another issue is the somewhat lower fraction of backbone 
bonds in the trans state we obtained compared to that 
predicted by the RIS model. Similar results have also 
been reported for glasses of polypropylene’ and poly(viny1 
chloride)” generated by an entirely different method. In 
principle, the technique of heating structures to very high 
temperatures, followed by molecular dynamics at the 
desired temperature, can be used to relax the chain 
backbone to obtain the expected value for the fraction of 
trans states, as demonstrated by McKechnie et al.l0 
However, even in the case of polyethylene, molecular 
dynamics simulations in excess of 200 pa were required to 
achieve the desired result because conformational relax- 
ation at these temperatures is very slow. 

A number of improvements can be considered in the 
implementation of this method, such as a rigid translation 
or rotation of the monomers in the “polymerization” step 
to obtain an initial polymer structure that would require 
less effort in the energy minimization step. Another 
improvement that could be implemented for polymers with 
relatively complicated monomer units-e.g., polycar- 
bonate-would be to change the internal torsional angles 
within the monomer during the “polymerization”. The 
method can also be extended to incorporate dissolved 
species within the polymer matrix for molecular simula- 
tions of polymer-diluent systems. Here, one can start 
with a configuration of the species of interest and 
monomers in the simulation box and then “polymerize” 
the monomers to obtain a polymer chain. The problems 
associated with solute insertion into a dense, amorphous 
polymer matrix can thus be avoided. 

Both intrachain and interchain effects influence local 
conformational transitions and other chain motions in bulk 
polymers. Transition-state calculations of cooperative ring 
flip motions in single chains of poly~tyrene~~ are now being 
extended to the glass state using our model structures to 
investigate the effects of chain packing on this process. 
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