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ABSTRACT: A molecular dynamics simulation of bulk atactic polystyrene was performed, and the result
was analyzed in detail to evaluate the intramolecular and intermolecular short range orders present. In
this work the analysis was performed only on the results obtained from the united atom model, since, as
was shown in the previous two publications, it gives much better agreement with experiment than the
all atom model. Most of the study was performed with a system containing a single 80-monomer molecule,
but some study was also made with a system containing two 40-monomer molecules. The short range
order was examined by evaluating the radial distribution functions and orientational order parameters
of pairs of aliphatic backbone segments and of phenyl group centers. In the case of intramolecular phenyl
pairs, these quantities were evaluated individually according to the monomeric distance along the chain
by which the two phenyls are separated. The conformation of the molecule was examined by evaluating
the population distribution of backbone bond torsional angles in meso and racemic diads. The result
resembles the conformational energy maps previously prepared by others, but some differences were
also noted. The most prominent feature in the intermolecular correlation is the strong tendency for the
phenyl groups to have a separation distance of about 6 A. A detailed analysis was given to define the
relative orientation that the pair of phenyls adopt at this separation. Intermolecular pairs of backbone

segments were found to be oriented mostly randomly at separation distances larger than 6 A.

Introduction

Much progress has been made in recent years in the
experimental, theoretical, and computer simulation
studies of small molecule liquids,}? and a fair degree of
understanding of the short range order present in these
simple liquids is now available. For polymer scientists,
however, further questions remain concerning whether
the long chain nature of polymer molecules produces
orders beyond those found in simple liquids. The
subject of the degree of short range order present in
bulk, amorphous polymers has attracted the interest of
many workers over the years. Although the claims for
the presence of some organized regions of size ~100 A,
called nodules, bundles, meander arrays, etc.,’~% have
now largely subsided, alternative descriptions specifying
the nature and degrees of order present have not been
readily forthcoming. In this work we perform a molec-
ular dynamics simulation of bulk, atactic polystyrene
and analyze its results in detail to examine the short
range order present. Polystyrene is the most typical of
amorphous, glassy polymers and has been widely stud-
ied with a variety of experimental techniques. Poly-
styrene poses a particular challenge in that, although
it has been repeatedly studied by means of X-ray and
neutron diffraction,’~18 the diffraction patterns observed
could not easily be interpreted on the basis of structural
models. In particular, the so-called “polymerization
peak”; conspicuous in the X-ray scattering pattern at
an angle smaller than the main amorphous peak, could
not be reproduced in calculations based on the structure
of single ¢chains known, for example, from the rotational
isomeric states model approach. Efforts were also made
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to interpret the amorphous structure by performing
Fourier transformation of the experimental scattering
curves, but little additional insight could be gained
because of the resolution limitation inherent to radial
distribution functions thus derived.

Computers have now become powerful enough to
allow simulation of realistic models of bulk amorphous
polymers of a sufficient volume suitable for investigation
of short range order. Of course in such an endeavor the
most important point to make sure is that the model in
fact reproduces features of interest in the real system
sufficiently faithfully. As described in detail in the
previous two publications (hereafter referred to as part
1% and part 22, we have performed a molecular
dynamics simulation of bulk atactic polystyrene in the
united atom model and all atom model. In part 1 X-ray
scattering curves were calculated from the MD results
and comparison was made with experimental curves
available in the literature. In part 2 neutron scattering
curves were calculated from the MD results for selec-
tively deuterated polystyrenes and were compared with
our own experimental measurements obtained by the
technique of neutron spin polarization analysis,2!~23
which permits separation of incoherent from coherent
scattering. In both cases the united atom model gave
a fairly satisfactory agreement. Although some minor
discrepancies remained between experiment and simu-
lation, these were largely within the uncertainties of the
experimental data themselves, which were estimated,
in the case of X-ray data, from discrepancies between
different sets of published data and, in the case of
neutron data, from the assessment of statistical errors.
The most essential features, such as the locations and
relative sizes of all scattering peaks including the
polymerization peak, were correctly reproduced. The
polymerization peak is known!%24 to gain its height at
higher temperatures, and the model correctly repro-
duces?® such a temperature dependence as well. Fur-
thermore, the thermal expansion coefficients above and
below T and the glass transition temperature itself
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obtained?’ from the model also agree well with experi-
ment. Thus we can place some confidence in the
detailed short range structure that is derived from the
model as is described below.

In contrast, with the all atom model we were unable
to produce results with equally satisfactory agreement
with experiment, especially in the part of the scattering
curve that includes the polymerization and main amor-
phous peaks. Agreement in these scattering angle
regions are essential if the structure in the distance
scale relevant to the so-called short range order is to be
faithfully represented. Inclusion of partial electric
charges and electrostatic interactions, as available in
one of the commercial molecular modeling software
programs, did not remedy the problem. We therefore
make use of only the united atom model in this work
and analyze the atomic coordinates obtained from it to
evaluate the detailed short range structure in polysty-
rene.

Model and Method of Calculations

The model and the method of computation were
described in detail in the previous two publications.1%2°
Although both the united atom model and all atom
model were used, in this work we analyze only the
results obtained from the united atom model. In both
models the bond lengths are kept fixed, and the phenyl
group is represented by a rigid planar hexagon with six
pseudocarbons at the six corners. Part 1 lists all the
force constants used, including those for the bond angle
bending, torsional rotation around the C—C bonds in
the chain backbone, and the Lennard-Jones nonbonded
interactions acting on atomic pairs separated by more
than two bonds. Most of the results in this work were
obtained with a system containing a single atactic
polystyrene molecule consisting of 80 monomer units
and its images created by the periodic boundary condi-
tions. The cubic MD cell is of edge length 23.79 A, so
that the mass density is equal to 1.028 g/em?, closely
approximating the experimental bulk density. Ad-
ditionally, some limited amount of study was also made
with a system containing two polystyrene molecules of
40 monomers each and their images. This additional
system was studied as a means of checking how differ-
ent methods of separating intra- from intermolecular
correlations affect the results, as will be discussed
below.

MD runs were made at 500 K from three independent
starting configurations. Molecules in configurations A
and B have the same stereochemical sequence of mono-
mers, but their chain conformations are very different
between the two as a result of the diverse temperature-
density histories to which they were subjected before
the equilibration. The density of 1.028 g/cm?® corre-
sponds to that of glassy polystyrene, and therefore, even
though 500 K is nominally above the glass transition
temperature of polystyrene, our simulated system is
apparently still in the glassy state, and the chain
conformations did not relax appreciably during the 500
ps runs. The molecule in configuration C has an
entirely different stereochemical sequence generated by
an independent Bernoulli run. The number of meso
diads in configurations A and B is 27 out of 78 (35%)
and that in configuration C is 29 out of 78 (37%), in
comparison to the ordinary atactic polystyrene which
is said to contain approximately 40% meso diads.?® The
starting configurations for the second system containing
two shorter molecules were derived by severing the
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covalent link between the 40th and 41st monomers in
the longer molecule system before a further equilibra-
tion. With both systems the atomic coordinates were
recorded at the interval of 1 ps during the MD runs of
500 ps duration. The short range structures evaluated
from these sets of atomic coordinates were then com-
bined and averaged over the three configurations before
being reported in this work. The structures derived
from the individual configurations differ insignificantly
among them and would not have affected the main
conclusions drawn even if individual results were
displayed separately.

The root-mean-square end-to-end distances of the
molecules evaluated during the 500 ps are 24.7, 27.2,
and 115.4 A in the three separate runs made with the
system having an 80-monomer molecule (or 7.9, 17.6,
17.7, 22.4, 58.3, and 62.4 A in the case of the system
with two shorter molecules). Each of these numbers
deviates substantially from 61.0 A (or 43.0 A), a value
expected if the characteristic ratio (r2y/nl? is equal to
10. The overall average of the end-to-end distances,
however, comes to 69.6 A (or 37.6 A), much closer to
the expected value. The radius of gyration is 13.3, 14.7,
and 38.4 A (or 10.6, 12.0, 12.2, 13.9, 18.3, and 19.9 A),
averaging to 25.0 1& (or 14.9 A), in comparison to the
expected value 22.3 A (or 15.8 A).2” Despite these
differences in the average chain dimensions, the X-ray
diffraction curves obtained from the three runs differ
from each other only to a minor extent (see part 1),
suggesting that the subtle differences in the overall
chain conformation do not appreciably modify the pack-
ing of neighboring segments that gives rise to the short
range structure discussed in this work.

Distinction between Intra- and Intermolecular
Pairs

We investigate the short range structure first by
evaluating the radial distribution functions of the chain
backbone segments and of the phenyl groups. For this
purpose each of the phenyl groups is represented by a
point located at its center and we evaluate the radial
distribution of such center-of-mass points. In the case
of chain backbones, a triplet of aliphatic carbon atoms
Ci-1, C;, and C,4; is again represented by its center of
mass. A curve connecting such a sequence (i = 2, ...,
79) of triplet centers-of-mass should coincide approxi-
mately with what one would regard as the (curved) axial
core of the chain backbone. Before presenting the radial
distribution functions of these center-of-mass points, we
here make a little digression about the meaning of the
words intra- and intermolecular.

In general with polymers, the distinction between
intra- and intermolecular pairs is not clear cut. When
a polymer molecule is extremely long (or in the case of
a cross-linked network), essentially all the neighbor
segments surrounding a given segment A belong to the
same molecule. Yet most of these neighbor segments
do not merit the term intramolecular, unless they are
connected to segment A through only a short sequence
of intervening covalent bonds. Any interaction between
segment A and the rest of the neighboring segments is
dominated by nonbonded forces and should be regarded
as intermolecular in character. It is more appropriate
to regard monomers i and j in the same molecule as an
intramolecular pair only if the “monomer index differ-
ence” m = |i ~ j| is relatively small, and as intermo-
lecular otherwise.

Another complication in separating intra- from inter-
molecular pairs arises in molecular modeling with
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Figure 1. Radial distribution function o(r) of the center-of-
mass of backbone carbon triplets. Here o(r) is the density of
such triplet centers-of-mass that are found at distance r from
a given triplet center-of-mass. The thin solid line gives the
intermolecular pairs and the thick broken line the intramo-
lecular pairs. These results were evaluated with the system
containing a single polystyrene molecule of 80 monomers.

periodic boundary conditions because of the presence
of image molecules. If we consider the ith segment on
molecule A and the jth segment on molecule B which is
an image of A, there is obviously no sequence of covalent
bonds that connects the two. However, whenm = |i —
Jl is small, the status of the ith segment on molecule A
influences the jth segment on the same molecule
through bonded interactions, and hence influences the
Jth segment on molecule B indirectly.

To avoid any ambiguities that might arise from such
complications, we have defined the intra- and intermo-
lecular pairs in this work in the following manner, and
differently for the two systems studied. With the
system containing a single longer molecule, a pair of
segments residing on the same molecule is regarded as
intramolecular only when the monomer index difference
m is equal to 10 or smaller. An intermolecular pair is
one in which the second member resides on an image
molecule and moreover the monomer index difference
is larger than 10. This leaves some 20% of all possible
pairs (the exact percentage depending on the distance
range included in the analysis) in the unclassified
category which belongs to neither intra- nor intermo-
lecular. With the system containing two shorter mol-
ecules, a different strategy is adopted. Here all pairs
of segments residing on the same molecule are consid-
ered intramolecular, while a correlation between a
segment on molecule A with a segment on a different
molecule B or an image of B is considered intermolecu-
lar. In this case some 40% of the pair correlations are
left out in the indeterminate category.

Figure 1 shows the radial distribution function o(r)
of the backbone atom triplet centers-of-mass, evaluated
for the system with a single 80-monomer molecule.
Here o(r) represents the density (in A-3) of triplet
centers found at distance r from a given triplet center.
The thick dotted line is for the intramolecular pairs and
the thin solid line for the intermolecular pairs, the
distinction between them made according to the defini-
tion given above. As r increases, the infermolecular
radial distribution function approaches the average
density (@), whereas the intramolecular function gradu-
ally diminishes toward zero. At small r, much fine
structure is seen in the intramolecular function, but the
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Figure 2. Data given in Figure 1 replotted so that the
ordinate now gives 4zr?[o(r) ~ (o)), where (g) is the average
density of (either intra- or intermolecular) backbone carbon
triplet centers-of-mass to be found around a given triplet
center-of-mass. In such a “radial difference distribution
function” plot the area under a peak is related to the actual
number, rather than the density, of triplet centers found at
distance r. Note that the curve giving the intermolecular
correlation (thin solid line) starts out negative in the small r
region, manifesting the so-called “correlation hole” effect.

intermolecular function is practically zero for r below
about 4 A.

The same data in Figure 1 are replotted in Figure 2
where the ordinate is now 4ar?{p(r) — {0})]. A plot of
4nr2Ap, which is referred to as the “radial difference
distribution function” (RDDF), is often more informative
than a plot of o(r) itself, since now the area under a peak
represents the actual number, rather than the density,
of triplet centers found at distance r. [When o(r) stands,
for example, for the density gintra(r) of intramolecular
triplet centers surrounding a given center, {¢) now
stands for the average of Qintra(r) throughout the system.]
We note that the intermolecular 47r?Ap(r) function is
negative initially when r is relatively small, until r
exceeds about 11 This is a manifestation of the
“correlation hole” effect, first pointed out by deGennes,
that arises from the fact that atoms belonging to other
molecules tend to be excluded from the vicinity of a
given molecule. Figure 3 plots the similar results
evaluated with the system containing two smaller
molecules. Here the negative region for the intermo-
lecular correlation extends to only about 9 A, reflecting
the fact that the molecules are now smaller. Other than
that, the overall features in Figures 2 and 3 are very
similar to each other, especially for r relatively small,
despite the distinct difference between the two systems
in the way the intra- and intermolecular division is
defined.

In Figure 4 we present the RDDF of the centers of
mass of phenyl groups evaluated for the longer molecule
system. The intramolecular RDDF shows, as expected,
some fine structures. The intermolecular function is
strongly negative throughout the r region shown, again
manifesting the correlation hole effect. It is surprising
to see, however, a sharp, prominent peak centered at
6.0 A. This 6 A peak is the most conspicuous feature
that characterizes the intermolecular phenyl—phenyl
correlations in polystyrene. Figure 5 shows the phenyl
mass-center RDDF evaluated for the shorter molecule
system. The intermolecular peak centered around 6
is as prominent as in Figure 4. In view of the close
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Figure 3. Plotted data similar to those given in Figure 2, but
now showing results obtained with the system containing two
polystyrene molecules of 40 monomers each. The slightly
different criteria used here in differentiating the intra- from
intermolecular pairs led to the changes in the plots at large r
from Figure 2, but the overall qualitative features remain the
same. The reduced negative region in the intermolecular
correlation (thin solid line) reflects the reduced range of the
“correlation hole” effect around a shorter molecule.
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Figure 4. Radial difference distribution functions of phenyl
centers-of-mass. The thick broken line gives the intramolecu-
lar correlation, and the thin solid line, the intermolecular
correlation. These data were obtained with the system
containing a single 80-monomer molecule. The most promi-
nent feature is the presence of a strong intermolecular cor-
relation around a 6 R distance.

similarities exhibited by these two systems, from now
on we examine only the longer molecule system as we
probe the further details of the intra- and intermolecular
correlations as described below.

Intramolecular Correlations

In Figure 6 we plot the functions 47r2Ao(r) of in-
tramolecular phenyl center pairs evaluated individually
according to the monomer index difference m. Phenyl
pairs which are first neighbors along the chain (m = 1)
are naturally confined to a close vicinity of each other
in space (r less than 8 A). The range of distances
available to neighbors gradually extends to larger r as
the monomeric distance m along the chain is increased.
The overall appearance of the curves in Figure 6
suggests that the r range centered around 6 A and
extending from about 4 to 8 A might be recognized,
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Figure 5. Data similar to those in Figure 4 but evaluated
with the system containing two 40-monomer molecules. Al-
though details are different (the difference resulting partly
from the different criteria for differentiaing intra- and inter-
molecular pairs), the overall qualitative features are seen to
remain unchanged.
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Figure 6. Intramolecular correlation of phenyl centers-of-
mass now evaluated individually according to the “monomer
index difference” m = |i — j| indicated for each curve. Note
that many of the second monomeric neighbors approach each
other closer than some of the first monomeric neighbors do.

somewhat arbitrarily, as the first coordination shell for
intramolecular phenyl—phenyl pairing. It is then seen
that the contribution of phenyls to this first coordination
shell steadily decreases, as one would expect, as the
monomer index difference m increases.

The first neighbor phenyls (m = 1), although they all
belong to the first coordination shell defined above,
divide themselves into three groups according to the
shape of the RDDF curve seen in Figure 6. The first
group is represented by the small peak (or shoulder)
centered around 4.3 A, the second by the large peak
centered around 6.0 A, and the third by the narrow peak
around 7.3 A. Evaluated from the areas under the
peaks the numbers of phenyls belonging to the first
group (3.5—4.8 A), the second (4.8—6.9 A), and the third
(6.9—-8.0 A) are 0.17, 1.20, and 0.61, respectively.

The second monomeric-neighbor pairs (m = 2) divide
themselves fairly cleanly into two groups, one centered
around 5.0 A and the other around 8.8 A. If we take
the boundary between these two to be at 6.8 A, exactly
half of them belong to the first group and the rest to
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the second. In comparing the RDDF curves form =1
and m = 2, we note that a good fraction of the second
neighbor pairs have a separation distance smaller than
the majority of the first neighbor pairs have. This has
an interesting implication touching upon a basic as-
sumption underlying the rotational isomeric states
model method. The RIS model assumes?32° that the
conformation of a vinyl-type polymer chain can be
adequately described by consideration of interactions
between atoms separated at most by four covalent bonds
(i.e., up to the “second-order interactions” only). It is
this assumption that allows the statistical weight
matrix to be evaluated from a calculation of the confor-
mation energy map of chain backbone diads only.
However, the above finding that second neighbor phen-
yls approach more closely to each other than first
neighbor phenyls do suggests that the interaction
between second neighbor phenyls may have a much
stronger influence than previously assumed on the
relative stability of various diad conformations. In other
words, neglecting the effect of the so-called “third and
higher order interactions”, as has been customary in the
RIS calculations of vinyl polymers, may not be war-
ranted, and instead the conformational energy maps
involving torsional rotation angles of three or more
successive backbone bonds may have to be examined
in the case of polystyrene (and possibly for some other
vinyl polymers).

To see the geometric relationship between the two
phenyls approaching each other, we need information
not only on the distance » between their centers but also
on their mutual orientation. As an aid in this effort,
we associate with each phenyl group two vectors defin-
ing its orientation: z the vector normal to the phenyl
plane, and x the vector pointing from the phenyl center
to the para carbon. We then characterize the orienta-
tion of phenyl i with respect to phenyl j by means of
the four angles 6,, 6., ¥., and y, defined as follows. 6,
is the angle between z; and z;, 6, is the angle between
x; and x;, ¥, is the angle between z; and the vector R;;
linking the center-of-mass of phenyl group i to that of
phenyl group j, and 1y is the angle between x; and R;;.
(Note that 6, and vy, vary from 0 to 7z, while 6, and v,
vary from 0 to 77/2 because of the mirror symmetry about
the phenyl plane.) From the atomic coordinates ob-
tained in the simulation we then evaluate the order
parameter S(a) for angle a as a function of r, where S(a)
is the average of the second Legendre function Ps(cos
o) = (3/2)(cos? o) — 1/2,

To aid the visualization and description of the geom-
etry of approach of two phenyls, some simple examples
are sketched in Figure 7. The separation vector R;; is
indicated by the broken line. The corresponding values
of the angles 8, ,y., 6., and y, are listed in Table 1. (In
the case of geometry C, the values of v, and ¢, for the
two members of the pair are different from each other,
and the first one given is for the phenyl on the left and
the second one for the phenyl on the right.) Some other
geometries can be thought of as derivatives of one of
these prototype forms. For example, there could be
many other “edge-to-edge” geometries with the “twist”
angle (8, in this case) intermediate between 0 and 90°.
Or, we might have a modified “face-to-face” geometry
in which the “twist” angle (6, in this case) is not equal
to 180° as in D. A geometry intermediate between A
and C might involve a rotation of the right phenyl in A
by an angle o about an axis perpendicular to the plane
of the diagram. In this case the angles 6, ., 6., and
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Figure 7. Some simple examples of the geometrical arrange-
ment of two phenyl groups. The dotted line is the vector Ry
connecting the centers of the two phenyl groups.

Table 1. Angles Describing the Mutual Orientation of a
Phenyl Group Pair in the Geometries Shown in Figure 7

geometry 6., deg ., deg 6Oy, deg ., deg
A (planar edge-to-edge) 0 90 180 0
B (crossed edge-to-edge) 90 90 180 0
C (edge-to-face) 90 90 90 0
0 90
D (face-to-face) 0 0 180 90

¥, will have changed to o, 90° — o, 180° — @, and q,
respectively.

Figure 8 plots the order parameters S(6.), S(y.), S(6,),
and S(y,) that describe the relative orientation of first
neighbor phenyl pairs (m = 1). As remarked earlier,
the RDDF curve shows that the first neighbor phenyl
pairs divide themselves into three groups. For those
with separation distances r around 4 A or less, the four
parameters are all consistent (cf. Table 1) with geometry
D (“face-to-face”) in Figure 7. Obviously, only a parallel
stacking is sterically allowed when two phenyls are to
approach so close to each other, but of course the
probability of such a close approach is also very small
(about 9%). Some 30% of the pairs are at separation
distances around 7.3 A, and for these both S(8,) and
S(y,) are not very far below unity, indicating that they
are probably in the “edge-to-edge” geometry (see Table
1). The relatively small values of S(4,) and S(y.)
suggest, however, that the “twist” angle is not confined
to any fixed value, but rather distributed over a range
of different values. For the majority of the pairs (with
r around 6 A), the four parameter values are all
relatively small, and this probably signifies that the
mutual orientations are fairly random and no single
unique geometry can be assigned to this group.

Plots similar to those shown in Figure 8, but evalu-
ated for m = 2 and m = 3, are given in Figures 9 and
10. For m = 2, the pairs at r around 5 A or less appear
to maintain the “face-to-face” geometry to a great extent,
but the degree of parallelism seems to deteriorate very
rapidly as r increases beyond 5 A. For the second and
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Figure 8. Order parameters (or the averaged second Leg-
endre functions of the cosine) of 6., ., 8., and vy, plotted to
see the mutual orientation of intramolecular first neighbor (m
= 1) phenyl pairs. Here z is the axis perpendicular to the
phenyl plane, and x is the axis directing from the center to
the para carbon atom. 6 is the angle between the similar axes
in the two phenyls, and y is the angle which such an axis
makes with the center-to-center vector R;.. The values of the
order parameters are statistically meaningful only when a
sufficient number of pairs are available at the given distance
r, as indicated by the radial difference distribution function
shown.

third neighbor pairs at r larger than 6 A, no single
geometry appears to dominate and a continuous range
of many different types of geometries are probably
involved.

The more customary way of examining the intramo-
lecular structure is to evaluate the torsional rotation
angles of a pair of succeeding bonds (i, i + 1) along the
chain backbone. Figure 11 gives the contour map for
population distribution of a meso diad evaluated as a
function of (¢;, ¢i+1), and Figure 12 gives a similar plot
for a racemic diad. Here ¢ is defined to be 0 for the
trans conformation, and the positive and negative
directions of the ¢ angle are taken in the sense described
by Flory et al.?® The contour lines drawn correspond
toR=1,2,4,8, 16, and 32, where the R value signifies
that the population found at the given ¢; and ¢;+; is
equal to R times the population that would have been
realized if the distribution were random. Since the
population distribution should be proportional to exp-
(—E/kT), the contour lines in Figures 11 and 12 should
correspond to contour lines in a conformational energy
map drawn at equal energy increments. Such a poten-
tial energy map was calculated by Yoon, Sundararajan,
and Flory3? as a precursor to the application of the RIS
model method to conformational properties of polysty-
rene. A similar calculation was performed again re-
cently by Rabold and Suter.’! In these calculations
interactions between atoms separated by more than four
intervening covalent bonds (the so-called third and
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Figure 9. Similar to Figure 8, but evaluated for intramo-
lecular second neighbor phenyl pairs (m = 2).
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Figure 10. Similar to Figure 8, but evaluated for intramo-
lecular third neighbor phenyl pairs (m = 3).

higher order effects), as well as intermolecular interac-
tions, were neglected. The force field parameters em-
ployed in these works were also different from ours. Yet
we see a great deal of similarity between the energy
maps produced by these two groups of workers and the
population distribution maps given in Figures 11 and
12. For example, for meso diads the highest populations
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Figure 11. Contour map showing the population distribution
of backbone bond torsion angles (¢;, ¢:+1) in meso diads. ¢ =
0 corresponds to the trans state, and the positive direction of
¢ is defined as described by Flory et al.?® The contour lines
are drawn at R(¢;,¢:+1) equal to 1, 2, 4, 8, 16, and 32, where
the R value signifies that the population found at the given ¢;
and ¢;+1 is equal to R times the population that would have
been available if the distribution were random.
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Figure 12. Similar to Figure 11, but evaluated for racemic
diads.

are at tg and gt conformational states and for racemic
diads they are at tt and gg states. There are also
discrepancies of ours from these previous results, and
among them we note the following three points. First,
in the population distributions obtained in this work,
the most probable torsional angle for the gauche state
has been reduced to about 90° from its intrinsic 120°
angle, and at the same time the most probable torsional
angle for trans state has increased to about 20°, thus
bringing the trans and gauche states much closer
together. Second, in the racemic diad the importance
of tg and gt states has been much reduced in comparison
to the energy maps produced by YSF and RS. Third,
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Figure 13. Similar to Figure 8, but evaluated for intermo-
lecular phenyl pairs.

the main difference between the results by YSF and RS
is in the relative importance of tt and gg states in the
meso diad, and our results show that tt states are more
highly populated than gg states, more in agreement
with the YSF energy map.

The differences between our population map and the
YSF and RS energy maps could have arisen from three
possible sources: (a) the differences in the force field
parameters used, (b) the influence of the third and
higher order intramolecular effect on the chain confor-
mation, and (c) the effect of infermolecular interactions
exerted by neighboring molecules in the bulk polymer.
The second aspect is important if we are to understand
the degree of accuracy in the single chain conforma-
tional properties that one can expect from the customary
RIS method neglecting the higher order effects. The
third aspect is important if we are to understand the
accuracy to which the conformational properties of
molecules in the bulk polymer can be represented by
the single chain properties evaluated either by the RIS
or by any other experimental or computational method.
The fact that the end-to-end distance and other average
parameters specifying the overall chain conformation
in the bulk state agree with those in the theta solution
may not necessarily imply that the local structure in
the distance scale of interest here is not affected by the
presence of neighboring molecules. Clarification of
these points would require a set of related studies in
which the same force field parameters are applied
consistently.

Intermolecular Correlations

Figure 13 plots the values of the order parameters
8(6,), S(y.), S(6,), and S(y,) evaluated for the intermo-
lecular phenyl pairs. For the very small population
found at distances below about 4.5 A the data S(6,) =
S(y.) = ~1 and S(y,) = ~—0.5 are consistent with the
“face-to-face” geometry D given in Figure 7, except that
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180
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Figure 14. Plot showing the probability, given a phenyl group at the origin, that a second intermolecular phenyl group is to be
found at a distance 5.5 A < r < 6.5 A in direction (©,®). Let a phenyl group be at the origin of a coordinate system O-XYZ, lying
horizontally and with its para carbon atom pointing along the X axis (& = 0). The ® = 0 directjon is along the (vertical) Z axis
perpendicular to the phenyl plane, Now imagine two spherical surfaces of radius 5.5 and 6.5 A, respectively, surrounding the
origin. Next evaluate the population of intermolecular phenyls found between the two spherical surfaces in the direction specified
by © and ®. The contour lines give the R(©,®) values which are proportional to the populations thus found. R(©,®)= 1 means
that the population is the same as would be found if the distribution of the second phenyls were random in all directions. The
contour map shows, for example, that the population in the region |®| > 135° is very low, where the access is blocked by the

presence of the chain backbone to which the first phenyl is attached.

S(6,) = ~0 indicates that the “twist” angle (i.e. the angle
of rotation around the common z axis) is distributed
random. At distances larger than 8 A all the four order
parameters are almost equal to zero, indicating that
essentially no orientational correlations exist at these
separation distances.

As remarked in connection with Figures 4 and 5, the
most striking feature in the intermolecular phenyl—
phenyl correlation is the high frequency of occurrence
of 6 A separation. We now set out to examine the
mutual orientation of the two phenyls at this separation
in more detail than can be gauged from the four order
parameters. For this purpose, we set up a coordinate
system O—XYZ fixed with the first member of the
phenyl pair and ask in which direction the second
member is located when it is at a distance between 5.5
and 6.5 A. The origin O of the coordinate system is
placed at the center of the first phenyl, and Z and X
axes coincide with its z and x axes, respectively. We
then evaluate the probability of finding another pheny!
at a distance r between 5.5 and 6.5 A as a function of ®
and &, the customary polar coordinate angles. The
result is presented in Figure 14 as a contour plot of
quantity R(©,P). Here R(®,®) is the population P(®,d)
of the second phenyl found in the direction (©,P) divided
by the population Prangom(®,P) that would have been
found if the distribution were random. In other words,
contour levels higher than unity correspond to a more
frequent occurrence than in a random distribution. We
see that in the general direction |®| > 135° R(®,®) is
very small, in agreement with the obvious expectation
that the chain backbone attached to the phenyl prevents

other phenyls from approaching. In general R(®,®)
values increase as @ increases toward 90°. This shows
that the center of the second phenyl tends to be in the
vicinity of the equatorial region defined by the extension
of the first phenyl plane. The highest R(®,P) values
are found at ® = ~75° and ® = ~+25° and second
maxima exist at ® = 90° and ® = £85°. On the
equatorial plane (6 = 90°), the ® values of £30° denote
the directions that bisect the para and meta carbon
atoms and those of £90° the directions that bisect the
meta and ortho carbon atoms, both directions in which
the steric interference due to the presence of hydrogens
attached to the carbons is expected to be the least. (It
is interesting to note that even in the absence of explicit
hydrogens in the united atom model, the geometry of
steric interferences is well represented.)

Now that we have determined the positions of the
second phenyl centers with respect to the first, we next
examine the orientations of these second phenyls. Some
inference can be made on the orientation of the second
phenyl from a symmetry consideration alone. For
example, since the second phenyl center tends to be
around the equatorial region of the first phenyl, by
symmetry the second phenyl should be oriented in
general to have its edge pointing toward the first phenyl
center. To probe further, we focus on a selected group
of second phenyls that are in the direction of higher
probabilities, that is, those which are located in the
direction ©® > 56° and |®| < 90°. These directions
correspond roughly to the regions bound by the contour
lines of R(®,®) = 1.75 in Figure 14. About 51% of all
the intermolecular phenyl pairs in the distance r
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Figure 15. Distributions of 8, and v, angles, where 6, is the
angle between the z axes of two phenyls and v, is the angle
between the center-to-center vector R and the z axis of the
second phenyl. The value of R(8,) is equal to the population
P(6,) of second phenyls having the particular 6, divided by
Prangom(6:) that would have been realized if the distribution
were random. R(y,) is defined similarly. The distributions
shown here were evaluated for the selected group of second
phenyls located in the direction ® > 56° and ® < 90° and at
the distance 7 between 5.5 and 6.5 A from an arbitrarily chosen
first phenyl.
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Figure 16. Similar to the distributions shown in Figure 15,
but with R(y,) where y, is the angle between the x axis of the
second phenyl and the center-to-center vector R. '

between 5.5 and 6.5 A belong to this group. The
distributions of the angles 6., ., and . evaluated for
this selected group of phenyls are presented in Figures
15 and 16. The quantities plotted are the relative
frequency distribution R(a), denoting the number P(a)
of phenyls characterized by a value of the angle o in
the selected population divided by the similar number
Prangom(a) that would have been realized if the distribu-
tion were random. %, is the angle between the vector
R, pointing from the center of the second phenyl to that
of the first, and the z axis (normal to the phenyl plane)
of the second phenyl. Figure 15 shows that R(y.) is
larger for larger v, angles. This means that the
geometry of phenyl pair arrangement is essentially
based on the edge-to-edge arrangements shown as
geometries A and B in Figure 7. The information on
the “twist” angle between the two phenyl planes can be
obtained by looking at the distribution R(6,), where 6,
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is the angle between the z axis of the first phenyl (Z
axis) and the z axis of the second phenyl. R(6,) is
greater than unity for smaller 8, values, and this means
that the planar edge-to-edge (geometry A) is more
favored than the crossed edge-to-edge (geometry B), but
all the intermediate values of the “twist” angles are also
available. Finally, Figure 16 shows the values of R(y,),
where v, is the angle between the x axis (or para axis)
of the second phenyl and the center-to-center vector R.
There is a maximum around ¥, = 30° and an indica-
tion of a weak maximum around ¥, = 90°, both of which
are consistent with the maxima in the R(®,®) plot in
Figure 14 near |®| = 25 and 85° in the equatorial
region.

Thus we come to the conclusion that the most prob-
able configuration of the approach of two intermolecular
phenyls to a distance of 6 A resembles the edge-to-edge
geometries given in Figure 7, but with some modifica-
tions. To visualize such configurations, we start with
a pair of phenyls 6 A apart in the planar edge-to-edge
arrangement. One or both phenyls are then rotated
around their own z axes to as to bring the phenyl
hydrogens in the staggered positions minimizing steric
interferences. The right phenyl is now rotated around
the center-to-center axis to a “twist” angle anywhere
between 0° (planar edge-to-edge) and 90° (crossed edge-
to-edge), but with a higher probability for a smaller
value. Finally, the axis between the two centers is bent
in the middle by about 25° so as to bring the right
phenyl center above the plane of the left phenyl. The
above pictorial description is meant to be only an
approximate, heuristic one, and whenever such a pre-
sentation is made, one has to hasten to qualify it by
saying that there exists in reality a broad distribution
of geometries with the various angles defining them
varying continuously over broad ranges. When we
made graphic displays of a large number of phenyl pairs
on a computer screen, it was difficult to recognize any
specific geometric patterns, and the arrangements ap-
peared to be more-or-less random. The above “most
probable geometry” should therefore be regarded not as
a faithful representation of a few “typical” pairs, but
rather as a composite picture emerging from a statistical
average of a large number of such pairs.

As another means of gauging the short range order,
we evaluate the coordination number of phenyls, that
is, the number of nearest neighbor phenyl groups
surrounding a given phenyl group. The shape of the
intermolecular RDDF in Figure 4 suggests, with little
ambiguity, that the first coordination shell can be taken
to extend up to about 8 A around a phenyl group. This
is also consistent with the 8 A coordination shell for
intramolecular phenyl pairs, assigned earlier in discuss-
ing the features in Figure 6. From an integration of
the area under the peak in the RDDF in Figure 4, we
find that the coordination shell of radius 8 A contains
12.3 phenyl neighbors surrounding a given phenyl
group. Of these, 1.1, 7.7, and 3.9 phenyls are in the
distance ranges 4—5, 5—7, and 7—8 A, respectively, or
in terms of densities, 4.32, 8.45, and 5.57 phenyls/1000
A3 in the respective distance ranges. Of the total 12.3
phenyls in the coordination shell, about 5.1 are in-
tramolecular with m < 10, about 5.5 are intermolecular
(in the sense of the word as discussed in conjunction
with Figures 2 and 4), and 1.7 are in the unclassified
category. Incidentally, a graphical examination of the
contents of the coordination shell failed to give any
evidence suggesting a preference by the phenyls to
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Figure 17. Population distribution of y angles, where y
denotes the torsion angle of the bond that connects a phenyl
to the aliphatic methine carbon. Here y is defined to be 0°
when the phenyl plane is perpendicular to the backbone
direction. R(y) is the relative population at an angle y in
comparison to a random distribution. The dotted line gives
the Boltzmann distribution which would have been realized
if there were no hindrances to the torsional rotation except
for the 2 kcal/mol ad hoc barrier imposed in the model.

cluster in triplets or quadruplets either intra- or inter-
molecularly.

Finally, we examine the orientation of intermolecular
pairs of aliphatic backbones. Before going into the
analysis of backbone orientations, we first note that the
backbone direction at any point along the chain coin-
cides approximately with the z axis of the phenyl which
is appended to it. This is because the torsion angle y of
the bond joining the methine carbon to the phenyl ring
is usually narrowly confined to around zero, as has been
noted by several groups of workers in the past.30,3233
Figure 17 gives the distribution of ¥ evaluated from our
MD results. Here we digress a little. Such a y angle
range restriction is considered to arise from steric
hindrances between the ortho hydrogens in the phenyl
and the aliphatic hydrogens. In the absence of these
hydrogens in our united atom model, we imposed an ad
hoc y torsion barrier of 2 kcal/mol to take the place of
such steric hindrances. If there were present no other
hindrances to the torsional rotation, the y angle distri-
bution would have been given by the Boltzmann distri-
bution, shown in Figure 17 by a thin broken line
(calculated for T = 500 K). The actual y angle distribu-
tion realized in our MD runs turns out to be much
narrower than this Boltzmann distribution, suggesting
that the nonbonded interactions between united carbon
atoms by themselves are sufficient to produce the
required barrier to y torsion, and the ad hoc torsional
potential would not have been necessary.

To specify the direction of the chain backbone, we
define vector b; connecting the midpoint of the C;-1—C;
bond to the midpoint of the C;—C;+; bond. The mutual
orientation of two such vectors b; and b; separated by a
distance r is then studied by examining the two angles,
6y and 1y, defined in a similar manner as before; that
is, 6y is the angle between the two vectors b; and b;,
and yy, is the angle which b; makes with vector R;; of
length r connecting the center-of-mass of triplet i to that
of triplet j. The order parameters S(6) and S(yy) are
then evaluated for intermolecular pairs of backbone
carbon triplets and are plotted in Figure 18. When r is
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Figure 18. Backbone direction represented by vector b; which
connects the midpoint of the C;-;—C; bond to the midpoint of
the C;—~C;;; bond. Plotted here are the order parameters of
angles 6, and y, giving the mutual orientation of an intermo-
lecular pair of such vectors as a function of the separation
distance r between them. Note that the order parameters are
nearly equal to zero for all r greater than about 6 A, showing
that there is very little tendency for the backbones to pack
parallel.

smaller than about 5 A, S(6y) is positive while S(yy) is
negative, indicating that the chain backbones tend to
be parallel to each other. The population of backbone
pairs that come to such short distances is of course fairly
small. For all distances above around 6 A, the order
parameters are nearly equal to zero, indicating that
there is very little tendency for the chain backbones to
line up parallel. In addition to looking at the averaged
Legendre functions, we have also evaluated the distri-
butions (not shown here) of the 6, and y1 angles for
those pairs with r between 11 and 15 A. The distribu-
tions turn out to be almost completely flat, thus con-
firming the almost total lack of correlations in the
orientation of intermolecular backbone pairs. The slightly
loose coupling of the phenyls to the backbone, revealed
by a 20° spread in the y angle distribution seen in Figure
17, is therefore sufficient to prevent the orientational
order present in the packing of phenyls from propagat-
ing to the attached backbones.

Discussion

Narten determined the X-ray diffraction pattern of
liquid benzene®* and, by comparing it with a model
based on the RISM theory,35 concluded3® that the first
neighbor shell extending to 8 A around a benzene center
contained 12 neighboring molecules, with the maximum
probability being around 6 A. This is very similar to
what we have concluded from the analysis of the data
in Figure 4, as discussed earlier. In crystalline ben-
zene3’ a molecule has twelve nearest neighbors, four
each at the distance of 5.12, 5.97, and 6.10 A. Burley
and Petsko®® made a survey of crystal structures of
peptides and proteins having aromatic side chains and
found that the histogram of the distances between the
centers of mass of these side groups peaked sharply at
about 5.8 A. Thus the preponderance of 6 A separation
between phenyl centers appears to be a characteristic
common to most substances having phenyl side groups,
both crystalline and amorphous, irrespective of the
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nature of the chain backbone or the absence of it. It
could be that the basic structure of these substances is
determined primarily by the necessity to maintain a 6
A contact distance between neighboring phenyls, and
the chain backbone is merely disposed to fill the gap
left by these phenyls.

In our model, the short range structure arises from
the interactions whih, aside from the intramolecular
constraints such as bond torsional potentials, comprise
solely Lennard-Jones type potentials. Yet we were able
to reproduce most of the experimental data which reflect
the short range structure, including the X-ray scattering
pattern!® and its temperature dependence,? the neutron
scattering curves of selectively deuterated samples,2’
and the glass transition behavior.2s Although these
agreements do not guarantee that our model is correct
in all the details, they nevertheless suggest that the
structural features in the length scale of concern here,
namely 1 to ~15 A, are likely to be adequately repre-
sented. In the molecular dynamics simulation of ben-
zene,?? three different potential models, including the
one with a point quadrupole at the ring center, were
compared. Although the one with the quadrupole
appears to give a better agreement for the crystalline
benzene structure, no obvious superiority of any one of
them over the others can be ascertained in the liquid
structure, in which a high probability of benzene—
benzene separation at around 6 A was indicated in all
three cases. The high probability of 6 A separation was
also predicted in the RISM model of benzene,3¢ in which
atoms interact only with repulsive potentials.

In calculating the conformational energy maps of
meso and racemic diads of polystyrene, Yoon, Sundarara-
jan, and Flory®® included only Lennard-Jones potentials
in the nonbonded interactions. More recently, Rapold
and Suter?! recalculated the conformational energy
maps using a potential energy model that includes
electrostatic interactions due to partial charges residing
on the atoms. The resulting energy maps showed some
differences from the YSF maps and also from our
conformer population maps shown in Figures 11 and
12, especially with regard to the depths of the energy
minima for the tt and gg conformations of meso diads.
However, when they constructed®” a model of bulk
amorphous polystyrene by an energy minimization
technique and examined the resulting conformers, the
population distribution map for the meso diads turned
out to resemble our Figure 11 closely (within the
statistical uncertainties which are relatively large). The
implication is that for a single isolated chain the
influence of electrostatic charges on the conformation
is fairly large, but in the presence of many other
molecules in the bulk state the influence of electrostatic
interaction becomes all but negligible in comparison to
the overwhelming influence of the repulsive part of the
Lennard-Jones interactions.

Summary

A molecular dynamics simulation of bulk atactic
polystyrene was performed with a united atom model
and an all atom model. In parts 1 and 2 the calculated
X-ray and neutron scattering intensity curves were
shown to agree much better with experiment when the
united rather than the all atom model was used. In this
work we analyze the result obtained with the united
atom model in detail to determine the short range order
present in polystyrene glass. Most of the results
presented are with a system in which a molecule of 80
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monomers is packed in a cubic MD cell with periodic
boundary conditions (to a density of 1.028 g/cm?®). Some
limited amount of study was also made with a system
containing two molecules of 40 monomers each in an
MD cell of the same size. Slightly different methods of
separating the intra- from the intermolecular effects
were used in analyzing the results obtained with these
two systems. Comparison of the two showed that the
basic features of the short range order present were
unaffected by the subtle ambiguities in the definition
of the intra- and infermolecular pairs inherent in
polymeric systems.

During the study of the intramolecular correlation of
phenyl group centers, the radial distribution function
was evaluated individually according to whether the
pair of phenyl groups considered were first neighbors
(m = 1), second neighbors (m = 2), etc., along the
contour of the chain. It was seen that some of the
second and third neighbor pairs approach each other
to distances that were shorter than the distance adopted
by first neighbor pairs. This fact suggests that the basic
assumption underlying the rotational isomeric states
model, that is, the assumption that the “third or higher
order” steric interactions can be neglected, may have
to be re-examined more closely.

The local chain conformation adopted by the polysty-
rene molecule was examined by evaluating the popula-
tion distribution of backbone C—~C bond torsional angles
(¢, ¢i+1) for meso and racemic diads. The resulting
contour maps were compared with the conformation
energy maps prepared previously by others as a step in
formulating the rotational isomeric states model of a
polystyrene chain. There are a great deal of similarities,
but also some differences. These differences may arise
either from the “third and higher order” effect neglected
in the rotational isomeric states model or from the effect
of intermolecular interactions present only in the bulk
system. To see which of these is more important, our
population distribution maps have to be compared with
conformational energy maps derived with exactly the
same set of force field parameters as used here.

In the intermolecular correlation, the most prominent
feature noted was the strong preference for the phenyl
groups to be apart by about 6 A from center to center.
To see the mutual orientation of the pair of phenyls at
this 6 A distance, we evaluated the population distribu-
tion of the second phenyl located in the direction ®, ®
with respect to the first phenyl at the origin. The angles
© and @ are the spherical polar coordinates of the center
of the second phenyl in the system O-XYZ where Z axis
is perpendicular to the first phenyl plane and the X axis
is in the direction from its center to its para carbon
atom. The result shows that the population density is
concentrated in the region given by 60° < ® < 90° and
—120° < @ < 120°, and the density maxima are at @ =
~75° and ® = ~+25°.

Integration of the radial distribution function shows
that within the first coordination shell of a phenyl
group, defined as extending to a radius of 8 A, there
exist 12.3 neighbor phenyl groups altogether, of which
about 5.1 are intramolecular and 5.5 are intermolecular,
with the remainder in the unclassified category. Ex-
amination of the averaged order parameters describing
the mutual orientational correlations of chain backbones
shows that, while the intermolecular pair of backbones
segments tend to line up parallel when the separation
between them is less than 5 A, such occurrences are
rare, and for any separations larger than 6 A the
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intermolecular backbone pairs are essentially randomly
oriented to each other.

The preponderance of 6 A separation between aro-
matic rings was previously found in liquid and crystal-
line benzene and in most crystalline peptides and
proteins having phenyl side groups, and the same
tendency is found here in amorphous polystyrene. We
may speculate that in all these substances the basic
structure is determined primarily by the necessity to
maintain a 6 A contact distance between neighboring
phenyls, irrespective of the nature of the chain backbone
or the absence of it. This 6 A separation between phenyl
centers appears to be dictated by the repulsive part of
the nonbonded interatomic interactions.
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