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ABSTRACT: Self-consistent, polymer reference interaction site model (PRISM) calculations were
performed on realistic models of three polyolefin melts: polyisobutylene (PIB), isotactic polypropylene
(iPP), and syndiotactic polypropylene (sPP). In these calculations, both the intramolecular and
intermolecular structure of the polymer liquid are determined in a self-consistent manner. The multiple-
chain problem is mapped to an equivalent single-chain Monte Carlo simulation by representing the effect
of the other chains through a “medium-induced” pairwise-additive potential calculated from PRISM theory.
The intramolecular structure factor, intermolecular radial distribution functions, and medium-induced
potentials are obtained numerically from a series of Monte Carlo simulations and PRISM calculations
performed iteratively until a self-consistent solution is obtained. The resulting melt structure factors are
in close agreement with X-ray scattering experiments on PIB at 25 °C and iPP and sPP liquids at 180
°C. The individual radial distribution functions between pairs of methyl, methylene, and methyne (or C
atom in the case of PIB) on different macromolecules show universal behavior on long length scales;
however, significant differences in local packing are found for distances less than about 12 A. The resulting
intramolecular structure functions can be employed as input to PRISM theory to deduce the packing and

miscibility characteristics in polyolefin mixtures.

1. Introduction

Polyolefins are produced at lower cost and in larger
volume than any other class of polymers. The monomers
that comprise these polymers contain only carbon and
hydrogen and are an abundant byproduct of petroleum
refining. Despite their simple chemical composition,
polyolefins exhibit a wide range of useful mechanical
properties due to varying degrees of branching and
crystallinity. The study of polyolefin structure in the
melt state provides a fundamental understanding of
how the size of side groups and their spacing along the
polymer backbone affects the molecules’ ability to pack
closely together. For example, the repeating methyl side
groups in polyisobutylene allow for efficient packing of
the chains,! and the resulting high density appears to
be one reason for the excellent gas barrier properties
that butyl rubber exhibits.

Simulations of many-chain systems are one way to
explore the effect of polyolefin architecture on packing
structure. These simulations?™* have used realistic
models in which the polymers are composed of overlap-
ping spheres where each of these interaction sites
represents either a particular atom (C or H) or a small
grouping of atoms (CH;, CHj3, etc.). Unfortunately, these
studies have several restrictions caused by the limited
capability of even the fastest computers available today.
The first restriction is the system size. For the most
efficient algorithm, the time required by the simulation
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increases at least in proportion to the number of sites
in the system. Studies of bulk systems can reduce the
total number of sites somewhat by using periodic
boundary conditions. However, periodic boundaries can-
not be used as freely with polymers as with small
molecule systems since a single molecule should not be
allowed to stretch through two opposing sides of the
simulation box and interact with a periodic image of
itself. Therefore, the width of the simulation box must
increase in proportion to the end-to-end distance which
depends on chain length, N, through the relation [R2[9-5
0 +/N. To maintain a constant density with this change
of box size, the number of molecules must also increase
in proportion to N%5, The combination of more molecules
and more segments per molecule causes the amount of
computer time necessary for the simulation to increase
very rapidly with N. Therefore, polymer simulations are
usually restricted to relatively low molecular weight
systems.

The use of realistic polymer models complicates the
simulation of many-chain systems even further. Whereas
simulations of coarse-grained models can use an abun-
dance of efficient Monte Carlo (MC) motions such as
crankshaft and reptation,® atomistic models at liquidlike
densities are generally simulated through molecular
dynamics (MD) techniques because of the low prob-
ability of acceptance of standard MC moves. While the
relaxation and diffusion of a coarse-grained polymer
model in a MD simulation normally requires a large
amount of computer time,® the tight packing exhibited
by an atomistic model of polyisobutylene will make this
problem even worse. Therefore, many-chain simulations
of realistic models may not sample a wide variety of
configurational states within a reasonable amount of
computer time.®
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An alternative to simulations of many-chain systems
is provided by the polymer reference interaction site
model or PRISM theory.” 10 This theory takes as input
the structure of a single molecule, the interactions
between molecules, and the system density. With this
information the theory is able to determine the structure
of the many-chain system. Tests using coarse-grained
models have shown the PRISM predictions to be in close
agreement with the structure determined by many-
chain simulations.'12 For PRISM studies using models
more complex than a semiflexible (Koyama) chain,!® a
simulation must be performed to calculate the single
molecule intramolecular structure. Once this structure
has been determined, the PRISM equations can be
solved in a small amount of computer time. Therefore,
most of the computational effort is focused on the
simulation of a single molecule, and compared to a
many-chain simulation, this calculation will require
considerably less computer time because of the greatly
reduced number of sites. In addition, performing a
simulation on only a single molecule allows large
conformational changes to occur that would ordinarily
create many high-energy overlaps when other molecules
are present. Therefore, Monte Carlo techniques are
possible even for atomistic models since MC moves such
as pivot now have a reasonable probability of ac-
ceptance. By reducing the many-chain problem to that
of a single chain, PRISM allows the structure of atom-
istic models at long chain lengths to be determined in a
computationally efficient manner.

Since the properties of the many-chain system deter-
mined by PRISM are highly dependent on the single-
chain structure, it is critical that the single-molecule
simulation generate a structure representative of a
polymer in the melt. If a simulation is performed with
only Lennard-Jones interactions between all segments,
the repulsions between segments usually results in a
structure that is more characteristic of a chain in a good
solvent than in a melt. Therefore, most studies using
PRISM have assumed the Flory ideality hypothesis!®
that at meltlike densities the excluded volume of seg-
ments is screened. A single-chain simulation would then
include local structural details (bond angles, torsional
potentials, and short-range dispersive interactions) but
no interactions between segments separated by more
than a certain (~5) number of bonds.’® Although this
approach gives the correct scaling for polymer dimen-
sions in the melt (IR2CJ N), there are two disadvantages
to assuming ideality. First, the absence of repulsions
between segments separated by several bonds allows
the simulation to generate structures having a number
of overlapping segments. Whenever these overlaps
occur, the polymer occupies less volume than a true melt
conformation. To achieve the same fraction of occupied
volume as in experiment, the density that is used in
PRISM must now be higher than the experimental
value. Previous studies'21617 have attempted to quantify
the amount of overlap using the simplifying assumption
that all overlap involves only two sites. Since a signifi-
cant fraction of the overlapping volume in an atomistic
model is shared by three or more sites, the “corrected”
density that comes out of this procedure actually cor-
responds to an upper bound. An alternative approach,
in which the density is adjusted to match the PRISM
zero wavevector structure factor to experimental com-
pressibility data,'® reduces the predictive capability of
these studies. The uncertainty in the value of density
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necessary to correct for the assumption of ideality of the
single chain represents a limitation to these calcula-
tions.

A second disadvantage to assuming ideality is that
the form and strength of the potentials to be used in
the single-chain simulation are no longer obvious. The
characteristic ratio is sensitive not only to the strength
and magnitude of the site/site potentials but also to the
cutoff distance along the chain backbone beyond which
excluded-volume interactions become screened. As a
result, the potential parameters are generally not
transferrable from one polymer to another. The ability
to predict properties of materials not yet synthesized
would be greatly enhanced if the single-molecule simu-
lation used the same potentials as have been found to
be optimal for many-chain simulations.

An approach that avoids the disadvantages of assum-
ing ideality is self-consistent PRISM theory.” In this
technique excluded volume is no longer assumed to be
screened, and the single molecule simulation is per-
formed with repulsive interactions between all seg-
ments. While this first single-chain structure is unlikely
to be representative of the melt, PRISM theory can
determine the effective solvation potential exerted on
the single chain by the other molecules. Another single-
chain simulation is then performed, but this time the
interactions between all segments are described by the
sum of the solvation and the repulsive potential. The
results of this simulation are used to generate the next
solvation potential, and this procedure is repeated until
neither the simulated structure nor the solvation po-
tential changes significantly from one iteration to the
next. This self-consistent single-chain structure will not
contain any of the unphysical site overlaps that result
from assuming ideality, and therefore, the experimen-
tally known density should be used in PRISM theory.
In addition, the strength of the solvation potential
controls the tendency toward compact or expanded
polymer conformations, and since the Lennard-Jones
parameters no longer need to be adjusted to match the
characteristic ratio to experiment, standard values for
these dispersive interactions may be used.

The framework for self-consistent studies within
RISM theory!819 was first developed by Chandler and
Pratt,2° and this technique has been applied to alkane
fluids.?! These calculations have been extended to linear
polymer models through optimized perturbation,?223
variational free energy,?#25 and Monte Carlo?26 proce-
dures. The most complex form of the variational ap-
proach?® shows good agreement with many-chain simu-
lations over a range of densities although the predicted
polymer conformation size is too small. When the single-
chain structure is determined by a Monte Carlo simula-
tion,?526 good agreement is also obtained but with larger
polymer sizes than is seen in many-chain simulations.
The self-consistent procedure has also been applied to
star polymers?” and block copolymers28 while studies of
polymer solutions?® and blends®® have shown good
agreement with many-molecule simulations of these
mixtures.

This paper reports the first application of self-
consistent PRISM theory to atomistic polymer models.
The polyolefins polyisobutylene and isotactic and syn-
diotactic polypropylene have been studied using united
atom models, and their structure has been compared
to that from X-ray scattering experiments. The remain-
der of this paper begins with a description of PRISM
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Polyisobutylene

Figure 1. Schematic representation of the united atom model
for polyisobutylene and polypropylene. Sites A and C refer to
the CH; and CH3; groups while the B site corresponds to a
carbon atom in PIB and a CH group in polypropylene.

theory and details about the self-consistent calculation
of structure. The following section will describe the
single-chain Monte Carlo simulation procedure which
is necessary due to the complexity of the polymer model.
Then the results will be presented and discussed along
with comparisons to X-ray scattering experiments. The
final section will then provide conclusions.

2. PRISM Theory

PRISM is the extension to polymers of the reference
interaction site model (RISM) of Chandler and Ander-
sen.1819% A thorough review of polymer RISM theory has
been provided in ref 7. The work presented in this paper
differs from most of the previous studies in two re-
spects: (1) the self-consistent solution of intra- and
intermolecular structure and (2) the use of a united
atom model with a multiple number of sites. Figure 1
depicts how polypropylene and polyisobutylene are
modeled. In a united atom model, each carbon atom and
all hydrogens bonded to it are represented as a single
sphere which overlaps with its bonded neighbors. For
clarity, we designate the different sites as A, B, and C
where A and C correspond to the CH; and CH3 groups,
respectively, and B is the branch site on both polymers.
Note that the B site is a CH moiety in polypropylene
and a bare C in polyisobutylene, and therefore, the B
sites have slightly different potentials in the two
polymers.

2.1. Multiple Site Formalism. PRISM has been
generalized for multiple site polymers in previous
work.3! The main goal of PRISM is to determine the
intermolecular packing through a matrix of radial
distribution functions:

PGay(r) = DZ o(r{) o(f — T))0 @)

1Z]=

where N; is the number of chains, p = N¢/V is the chain
den5|ty, and T is the posmon vector of site a on chain

i. By neglectlng end effects,” all monomers along the
chain backbone become equivalent, and the indices a
and y in eq 1 correspond to one of the three types of
sites A, B, or C.

Since the polyolefins studied in this paper each have
three distinct sites, the set of integral equations can be
written using 3 x 3 matrices for each of the variables.
The key relationship between intra- and intermolecular
structure is provided by the generalized Ornstein—
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Zernike equation of Chandler and Andersen.'®19 This
equation can be shown in Fourier Transform space as

h(k) = Q(K)-C(k)-[R(K) + p-h(K)] ()

where the caret denotes Fourier transformation with
wave vector k. Here p is a diagonal matrix of the site
densities, and h(k) is the matrix of intermolecular pair
correlation functions, Npm(r) = gmm/(r) — 1, after trans-
formation. The matrix (k) contains the intramolecular
pair correlations. All of the information about chain
architecture, which is the only factor distinguishing
isotactic and syndiotactic polypropylene, is contained
within Q(k). The individual elements of this matrix can
be determined through

in kr;
Q,, (k) = —Z E—D ©)

alea]ey

where N is the number of sites of type o in the polymer.

When using the generalized Ornstein—Zernike equa-
tion, (k) is known and h(k) is the variable to be
determined. The final variable that appears in eq 2 is
the direct correlation function matrix, C(k). Since this
function is also unknown, an approximation must be
introduced in order to solve eq 2. As in the case of atomic
liquids,32 the structure of polymer liquids at high
density is determined almost entirely by the repulsive
branch of the potential, provided the attractive part of
the potential is weak which is the case for van der Waals
interactions. For the purpose of calculating the packing
in polyolefin melts, we use only the repulsive part of
the potentials and employ the atomic Percus—Yevick
closure:”32

Cmm’(r) = {1 - exp[ﬁvmm’(r)]}gmm’(r) (4)

where vimm(r) is the repulsive potential between sites
of type m and m’ and 8 = 1/kgT. To remain consistent
with the Monte Carlo single-chain simulation (see
section I11), vimme(r) had the form of a Lennard-Jones
6—12 potential with a cutoff at r = . Therefore, only
the repulsive part of the potential was used. Since the
exact direct correlation function for a dense liquid
approaches 0 quickly at r >0, the approximation
introduced by eq 4, primarily Cpy(r) =0 atall r > ¢, is
fairly accurate. After applying this closure, the set of
coupled integral equations can then be solved by Picard
iteration techniques.3! We note that attractive interac-
tions are important in the computation of thermody-
namic properties and can be included from standard
perturbation theory3? using the gmm(r) correlation func-
tions obtained from the repulsive reference system.
2.2. Self-Consistent Determination of Structure.
The intermolecular structure of a polymer melt is highly
dependent on the average intramolecular structure of
the individual polymers. For example, collapsed poly-
mers would show a very deep but short-range correla-
tion hole in gmm(r). In contrast, expanded polymer
conformations have a much shallower correlation hole,
and therefore, these polymers tend to have many more
contacts with other chains than a collapsed polymer. At
the same time, intermolecular interactions affect the
structure of a single molecule. For example, polymers
at low concentration in good solvent will be swollen, but
as the polymer concentration increases, the larger
number of repulsions between polymers causes the
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Table 1. Density and Lennard-Jones Parameters?

15 15 14 14

polymer P oaA €AA OBB €BB occ €cc OAC gcc OAB OBC
PIB 0.009 80 3.93 94 3.80 50 3.93 156 3.725 3.531 b b
iPP 0.010 94 3.93 94 3.85 64 3.93 156 3.40 3.40 3.20 3.20
sPP 0.010 94 3.93 94 3.85 64 3.93 156 3.50 3.00 3.50 3.00

a Units are as follows: p, monomers A=3; g, A; ¢, cal mol~2. P Values of ¢ for 1—4 pairs in PIB were identical to those used for 1—6 and
longer range pairs. Instead, the magnitude of the potential (e.,'*) was reduced by a factor of 2.

chain conformations to contract and eventually ap-
proach melt dimensions.1®3334 The true conformation
of a polymer in the melt arises from a balance (self-
consistency) between intra- and intermolecular effects.

A self-consistent solution must be obtained through
an iterative procedure since €2(k) must be treated as a
known quantity in order to solve eq 2 for h(k). Whereas
the single-chain simulation interfaces with PRISM by
providing £(k), PRISM influences the next simulation
through an effective solvation potential. The total
potential energy in the simulation is??

UR) = U, + U + W(R) (5)

where R represents the set of coordinates necessary to
define an instantaneous polymer conformation and Ug
contains all of the bonded constraints (bond bending,
torsional energies). Ug is the sum over all repulsive
interactions that prevent overlap between two segments
of the same molecule, and since a long-range nonbonded
interaction between two segments of the same chain
should be equivalent to the interaction between seg-
ments on different chains, Ug should be a sum over the
same potential as is used in the closure relation, eq 4.
W(R) is the solvation energy which quantifies the effect
of the other molecules on the single chain. In general,
Ug causes the conformation to expand while W(R) will
cause it to contract in order to pack more efficiently with
other molecules. The essence of the Flory_ideality
hypothesis?® is that the effects of Ug and W(R) cancel
each other.

To begin the self-consistent iteration procedure, a first
guess for (k) must be generated. A suitable guess can
be determined through a single-chain simulation with
W(R) = 0, and this simulation will tend to give a swollen
polymer conformation. From the solution to eq 2 we also
obtain the direct correlation function matrix, C(k), and
the static structure factor

émm'(k) = memm'(k) + pmpm'ﬁmm'(k) (6)

These are the two quantities necessary to calculate the
solvation potential matrix, W(Kk). Although the solvation
potential should be considered to be an N-body potential
where N is the number of sites, here we follow previous
work and assume the potential to be pairwise decom-
posable. Therefore, the potential is added to the short-
range Lennard-Jones repulsions to define the interac-
tion between sites in the next single-chain simulation.
Two forms have been proposed for the solvation poten-
tial,3>% and after generalizing to a multisite poly-
mer,?7:28 the formulas can be written as

A A A

BW(k) = —CSC (7a)
BW(K) = —In[1 + CSC] (7b)

Equation 7a was proposed by Chandler et al. 35 and is
denoted here as the CSR solvation potential. An alter-

Table 2. Bond Angle Potential Parameters?

polymer param ABA BAB ABC CBC
PIB ) 105 70 70 70

6o 112 112 107.8 107.8
iPP/sPP Ko 105 70 70 70

6o 111 114 108.8 106.5

a Units are as follows: kg, cal deg=2 mol~1; 6y, deg.

native form, the GS solvation potential shown in eq 7b,
was derived by Grayce and Schweizer by making similar
assumptions to those used in the Percus—Yevick clo-
sure.36

The solvation potential is an oscillating function with
both attractive and repulsive regions. Unlike the Len-
nard-Jones repulsions, the solvation potential is not
expected to be short range. Instead, the use of Wy (r)
in the next single-chain simulation should alter the
conformations in a manner that allows the molecules
to pack together more efficiently. If the first guess for
Q(K) is a swollen conformation, the resulting W(k) will
likely favor more collapsed polymers. After several more
iterations, a balance eventually forms between the intra-
and intermolecular effects, and a self-consistent solution
is obtained.

3. Simulation Procedure

Earlier PRISM studies demonstrated that structure
factors determined from a united atom model matched
X-ray scattering experiments as closely as an explicit
atom model.’® Since united atoms also require less
computational time, we have chosen to use this model.
Therefore, the simulated polymers consisted of overlap-
ping spheres with Lennard-Jones o values ranging from
3.8 to 3.93 A (see Table 1), and bonded spheres were
held at a fixed bond length of 1.54 A. Chain lengths of
50 and 200 monomers were studied. Unlike our previous
work on polypropylene,6 the bond angles were not held
fixed in these simulations. Instead, varying bond angles
were employed to allow for cooperativity between dihe-
dral angle rotation and bond angle vibrations present
in real polyolefin chains. The bond angle potential had
the form

k
V=0 = 0, ©)

Values for ky and 6y are given in Table 2.

For a truly self-consistent solution between PRISM
and single-chain simulation, the same nonbonded in-
teractions should be used in both techniques. Since the
structure of systems at liquidlike densities is almost
exclusively determined by repulsive interactions and the
absence of attractions allows PRISM to use the simpler
atomic closures, we have used only repulsive interac-
tions in Ug (eq 5) and vmm(r) (eq 4). A Lennard-Jones
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6—12 potential was used:

Omm’ 12 Omm’ 6
me'(r) = 46mm'[( r ) - r < onm

V(N =0 1 =0, 9

with a cutoff at r = omny. The values of eqmm and omm for
CHj3, CH3, and CH were taken from the united atom
potentials of Siepmann et al.3” The parameters for the
bare carbon in polyisobutylene (the B site) were those
suggested by Jorgensen et al.38 Table 1 summarizes the
parameters that were used. Following the suggestions
of both papers,3738 Bertholet scaling was assumed for

both the well depth, emm = \/é€mmémm: and the site

diameter, omm' = A/OpmOmm- The full potential was
used for all sites separated by five or more bonds, and
no Lennard-Jones potential was used for sites separated
by one or two bonds. In a polyolefin like polyisobutylene,
the backbone bond angles are large in order to reduce
steric repulsions. To couple this change in bond angle
to torsional energies, Lennard-Jones potentials were
also used between sites separated by three bonds. Since
the standard Lennard-Jones parameters tend to over-
predict the repulsion between sites separated by a few
bonds, the strength of this three-bond potential in
polyisobutylene was reduced by a factor of 2. For both
stereoisomers of polypropylene, smaller values of the
Lennard-Jones o parameter (014 in Table 1) were used
to reduce the magnitude of the three-bond repulsion.
The remainder of the interaction energy between sites
separated by three bonds was accounted for through a
rotational potential as described later in this section.

One limitation of a united atom model is its inability
to account for the interlocking of hydrogens.®® For
example, at low temperatures one would expect that two
methane molecules would be able to come close together
by having their hydrogen atoms mesh together. For
small molecules at experimental temperatures this
effect is usually unimportant since the interacting sites
are on different molecules and are moving too fast
relative to each other for interlocking to be significant.
However, the constraints between two sites that are on
the same molecule and separated by only a few bonds
will generally force the sites to move in a similar
manner. In each of the polymers studied here, the 1-5
interactions (i.e., between sites separated by four bonds)
either involve two C sites or a C and an A. Since the
methyl side groups (C sites) are somewhat free to rotate,
we expect that these 1-5 pairs are able to approach
closer than is possible whenever Lennard-Jones param-
eters optimized for intermolecular interactions are used.
As was seen in our previous work with polypropylene,6
the use of a smaller value of o for these 1—5 interactions
has a dramatic effect on the characteristic ratio and
structure factor. Table 1 gives the values of o015 used in
the simulations. In all of the Lennard-Jones interactions
(1—4 pairs and higher) the standard Siepmann3’ or
Jorgensen3® values of ¢ are used, and we assume that
1-6 and higher pair interactions have enough indepen-
dent motion such that interlocking is no longer signifi-
cant.

The Lennard-Jones potential between sites separated
by three bonds provides one component of the torsional
energy. Since a united atom model is used rather than
explicit atoms, another potential is necessary to account
for the contribution of the hydrogen atoms on the
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backbone carbons to the torsional energy. This effect
was provided through the potentials:

V., =

¢
L [1 _ cos[3¢] — cos[3(¢ + y)] — cos[3(¢ — )]
29 3
(10a)
v, = %k¢[1 _ 2cos[3¢] — ;os[3(¢ + y)]] (10b)
— «in-1[SING)
y=sm (sin(e))

where ¢ is the backbone rotational angle, j is the angle
of a C site with respect to the plane formed by the
nearest two backbone bonds, and 6 is the A—B—C bond
angle. The angle y describes the location of the C sites
after they are projected onto the plane perpendicular
to the corresponding A—B bond. The constant k, was
set to 2900 cal/mol for each of the polymers. Equation
10a was used in the simulations of polyisobutylene.
Isotactic and syndiotactic polypropylene used eq 10b
where the sign in the second cosine term switches
between + and — as a result of the tacticity.

The simulations were performed with two types of
Monte Carlo moves. Large conformational changes were
made by pivot moves!* in which one of the backbone
bonds was chosen randomly and a new value of rota-
tional angle, ¢, for this bond was chosen. In conjunction
with this pivot motion, the bond angle formed by the
selected bond and the neighboring bond closest to a
chain end was increased or decreased by a random
amount. An acceptance ratio of 4—5% was typical for
this move. The second Monte Carlo move involved
randomly selecting one of the monomers and changing
the angle  formed by the B—C bond and the plane
formed by the two neighboring backbone bonds. In
polyisobutylene, both C sites on a monomer were
characterized by a single value of 5. For each of the
polyolefins the C sites were moved such that the bond
angles with the two A sites are equal. Both Monte Carlo
moves were accepted or rejected using Metropolis
importance sampling.“° To match the experimental data,
the studies of polyisobutylene were performed at 25 °C
while both forms of polypropylene were modeled at 180
°C.

The final item listed in Table 1 is the polymer melt
density known from experiment. These values were
derived from equations of state for PIB*! and isotactic
polypropylene.*? Since an accurate equation of state for
sPP was unavailable, it was assumed to be equivalent
to iPP. These densities enter the self-consistent proce-
dure during the PRISM step through egs 2 and 6.

For most cases the self-consistent calculation was run
for 20—30 iterations. The number of attempted Monte
Carlo moves increased with the number of iterations,
and the final iterations typically consisted of 4 x 106 (3
x 107) attempted pivot moves for chains of 50 (200)
monomers.

4. Results and Discussion

4.1. Solvation Potentials and Self-Consistency.
To obtain a self-consistent solution between single-chain
simulation and PRISM theory, each technique must
have a way to influence the other. PRISM is able to alter
the single-chain structure by providing a solvation
potential, Wmn(r), to be used in the simulation. Figure
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Figure 2. Solvation potentials for PIB as a function of r: (a)
correlations between site of the same type; (b) correlations
between unlike pairs of sites. These values were determined
from the CSR form (eq 7a) of the solvation potential.

2 presents the final Wy (r) determined for polyisobu-
tylene from eq 7a, the CSR form of the solvation
potential. Since PIB has three distinct sites (the two
methyls are equivalent), there are six different pairs
and, therefore, six different solvation potentials. The
pairs AA, BB, CC, and AC show the most important
features of the potential. At short distances, W (r) for
these pairs is attractive which is necessary to counteract
the tendency for this nonoverlapping chain to have
conformation sizes typical of a polymer in good solvent.
The attractive portion of the solvation potential instead
mimics the many unfavorable repulsions that a chain
would experience if it were to expand while surrounded
by a meltlike density of other molecules. The second
important feature of the solvation potentials is that they
oscillate about zero at intermediate and high distances.
These attractive and repulsive regions of the potential
tend to align the segments of the chain into evenly
spaced coordination shells. Forcing the sites to arrange
in this manner improves the single chain’s ability to
pack tightly with many other molecules.

Solvation potentials for the pairs AB and BC show
a different trend than the other pairs. In Figure 2
Wmm(r) for these two pairs appears as an inverted image
of the other pairs, being repulsive at short distances and
showing maxima where the others show minima and
vice versa. This difference is likely due to the B site
having several sites bonded to it which prevent the B
site from coming close to other polymer segments. The
inability of the B site to approach other sites will cause
the short-range repulsive part of the solvation potential
to have little effect. The oscillations in Wy (r) at higher
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Figure 3. Comparison of the solvation potential between C
sites for PIB using the HNC-like CSR (eq 7a) and Percus—
Vevick style GS (eq 7b) forms.

r will affect the structure, but the overall interaction
between two monomers will likely be more representa-
tive of the potentials not involving a B site because of
the greater number of these pairs. The solvation poten-
tials for polypropylene show the same trends as in PIB,
but the magnitude of the short-range attractions and
repulsions is smaller. This trend is consistent with the
idea that the different behavior of the solvation poten-
tials arises from a site that is shielded from nonbonded
contacts, and the magnitude of the disparity will depend
on the degree of the shielding.

An interesting note is that the different trends
involving the B site are not equivalent to the “ghost site”
problems observed in RISM studies.*® In those cases,
the intermolecular structure was altered by the addition
of a noninteracting site that is completely shielded by
other intramolecular sites. For polyisobutylene the
intermolecular structure does change as the size of the
B site shrinks. However, the structure obtained from
PRISM with a B site of infinitesimal size is identical to
that found by treating PIB as a collection of only A and
C sites.

An important consideration for self-consistent PRISM
studies is the form of the solvation potential to use.
Figure 3 compares the CSR (eq 7a) and GS (eq 7b) forms
of the solvation potential between methyl sites on PIB.
Since these are the most exposed sites on the polymer,
Wec(r) will have the strongest effect on the single-chain
structure. The figure shows that the CSR solvation
potential has much stronger short-range attractions
than the GS form. However, the two solvation potentials
are virtually identical at distances (r > 5 A) beyond this
short-range attractive region. Previous studies®® have
compared the solvation potentials for melts of fully
flexible tangent-sphere chains using Monte Carlo single-
chain simulations to determine w. The self-consistent
solutions for both solvation potentials typically predicted
conformation sizes that were larger than seen in many-
chain simulations at low to moderate densities. Since
the stronger short-range attractions of the CSR poten-
tial resulted in smaller conformation sizes, the CSR
form appeared to be in slightly better agreement with
simulation over the limited range of densities. However,
at meltlike densities the CSR potential showed a
dramatic collapse of the freely jointed chain polymers.
Since this behavior has not been observed in either
experiment or simulation, the authors concluded that
the GS solvation potential is more appropriate for
polymers at meltlike densities.?®> Yethiraj** has sug-
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Figure 4. Characteristic ratio, Csg, as a function of the
number of iterations for a 50-mer of PIB. The data point at
iteration = 0 is the first guess in which no solvation potential
was used. The dashed line is the value determined through
experiments on high molecular weight PIB.

gested instead that the correct conformation sizes are
obtained when the assumptions used to derive the
solvation potential match those of the closure used in
PRISM. Therefore, the collapse observed in earlier
studies was the result of using the PY closure with the
HNC-like CSR solvation potential.

Solutions to the PRISM equations for the structure
of polyolefins were also made by using the HNC closure

Conm(N) = =fVmm(r) +9(r) — 1 —log[g(r)] (11)

in place of the PY closure (eq 4). For these polyolefins
convergence is more difficult to obtain with the HNC
closure, and a greatly increased number of Picard
iterations are required. In addition, the structure factor
shows unphysically high values at low wavevector
similar to that observed by Yethiraj and Schweizer.??
For these two reasons, the PY closure was employed for
all of the presented results.

Figure 4 presents the dependence of the conformation
size on the number of iterations for a 50-monomer
isobutylene chain using the CSR solvation potential.
The conformation size is reported as the characteristic
ratio Cn = [R2[INyl2 where [R2[is the mean-squared end-
to-end distance, Ny is the number of bonds, and I is the
bond length. The high characteristic ratio Csp = 10.2 at
iteration zero is the result of the first guess of the single-
chain structure in which the simulation used repulsive
interactions between all sites but no solvation potential.
The first several iterations have a tendency to alternate
between high and low values of the conformation size.
After 22 iterations the variation from one iteration to
the next becomes very small, and the final iterations
converge to a characteristic ratio of 6.9. Repeating the
calculation with the GS solvation potential shows
similar behavior and converges to Csp = 7.1. The
agreement between these predictions and the value of
6.8 obtained from neutron scattering experiments?*® is
somewhat fortuitous since, once the chain length is
increased to 200 monomers, a characteristic ratio of 8.5
is obtained. To match the characteristic ratio of this
higher molecular weight to the experimental value, the
strengths of the solvation potentials were increased by
multiplying by a factor greater than 1. For a 200-mer
of polyisobutylene, a factor of 1.092 was necessary to
obtain a self-consistent solution with Cypo = 6.8. This
factor is necessary because the solvation potentials are
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approximate. This is primarily the result of assuming
the potential to be pairwise-decomposable in order to
achieve a mathematically tractible form. Recent work
by Grayce*® has instead shown that many-body interac-
tions provide a significant contribution to the overall
solvation energy. Although the need for an adjustment
factor reduces the ability to predict the properties of
polymers with unknown characteristic ratios, the de-
velopment of other forms of the solvation potential is
beyond the scope of this paper. An interesting note is
that the total pair correlation function S(r) is virtually
insensitive to the characteristic ratio. Therefore, changes
in the size of the single chain are counteracted by
equivalent changes in the correlation hole region of g(r).
This behavior suggests that properties such as the X-ray
scattering structure factor can be predicted without
knowledge of the characteristic ratio. However, since
mixing properties are highly dependent on the number
of intermolecular contacts, blend miscibility is expected
to be sensitive to the characteristic ratio. Since scatter-
ing experiments do not provide a sensitive test of the
theory'’s ability to predict chain dimensions, full many-
chain simulations are currently being performed to
compare to these predictions.

4.2. Intramolecular Structure. The structure of a
single polymer chain is the key input to PRISM theory,
and the goal of the self-consistent procedure is to
determine this structure in a manner that balances the
higher single-chain entropy with the increased number
of intermolecular repulsions that would result from an
expanded conformation. In Fourier transform space, the
main trends in w(k) are best viewed in three distinct
wavevector regimes. First at low values of k < 1/Rg, the
structure has a direct dependence on the radius of
gyration of the chain. In the intermediate scaling
regime, 1/Ry < k < 1/o, w(K) is closely related to the
statistical segment length of the polymer, o and is
thought to be generally chain length independent.
Finally, at values of k well above 1l/o short-range
intramolecular correlations dominate the structure fac-
tor, and this region should be equivalent for all molec-
ular weights of the same polymer. Understanding the
dependence of w(k) on chain length creates the possibil-
ity of extrapolating the structure to very high molecular
weights for PRISM studies. Therefore, we have exam-
ined each of these regions of wavevector in detail.

In the limit of zero wavevector, the scattering of a
single molecule is a function of its radius of gyration.
Following the ideas of Guinier,*” the low wavevector
scattering can be studied through

IS

~

(Xy(o :1+l

k) 3

( K’RZ + O(k*) (12)
ay

where wq,(0) is the number of sites of type a in the
molecule. When k is small, all terms of higher order
than k? can be ignored. Therefore, a plot of @a,(0)/@a,-
(k) vs k2 should yield a slope that is proportional to
R?. Figure 5 shows this Ornstein—Zernike plot for w
onglB at chain lengths of 50 and 200 monomers. The
slope of the data for N = 200 is much larger than for
the shorter chains, and using the first data points to
determine the slope suggests that RS is 261 and 1098
A2 for chains of 50 and 200 monomers, respectively.
These numbers match closely to the values 272 (N =
50) and 1062 (N = 200) that are expected on the basis
of the simulations’ characteristic ratios. The same slope
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Figure 5. Ornstein—Zernike plot for the low wavevector
intramolecular structure factor of C sites in polyisobutylene.

The squares correspond to a 200-mer of PIB while the circles
are for N = 50.
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Figure 6. Kratky plot of the intermediate wavevector in-
tramolecular structure between A sites of polyisobutylene. The
solid and dashed lines correspond to PIB molecules of length
50 and 200, respectively.

is observed for the other combinations of sites as well.
This Ornstein—Zernike analysis appears to be very
appropriate for these molecules.

As the wavevector increases beyond 1/Ry, the inter-
mediate scaling regime begins. Kratky plots, k?@,(K)
vs k, have been particularly useful for evaluating
experimental data in this region. For high polymers
these plots have shown a plateau region which is the
result of the intramolecular correlations following Gauss-
ian statistics. By making a Lorentzian approximation
to the Gaussian model, @, (k) can be described by*®

1

o K=——
() K?0?/12 + N7t

(13)

where ¢ is the statistical segment length. Thus, the
height of the plateau allows ¢ to be determined. Figure
6 presents this plot for the AA correlations in PIB. The
depicted trend is very similar to that observed for
rotational isomeric state studies of polyethylene.*® The
beginning of this scaling regime is marked by a hint of
a plateau region followed by an inflection point. How-
ever, the slope then increases, and no true plateau is
observed. Therefore, no single value of the statistical
segment length can be assigned. In the studies of
polyethylene the lack of a plateau was attributed to the
chain lengths being too short to attain Gaussian sta-
tistics.*® The comparison between the data for N = 200

Polyolefins 7283

0.4 T T T T

0.35

0.3

0.25

0.2

k2o, (k)2

0.15

0.1

0.05

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
k (A"

Figure 7. Kratky plot of the intermediate wavevector in-
tramolecular structure between C sites of polyisobutylene. The
solid and dashed lines correspond to PIB molecules of length
50 and 200, respectively.

and N = 50 in Figure 6 supports this idea since the
higher initial slope for the longer chains causes the
intermediate scaling regime to begin at lower wavevec-
tor and show indications of a plateau. Figure 7 depicts
the corresponding plot for the CC correlations in PIB.
Unlike the plot for waa(k), the CC structure shows a
plateau even for 50 monomer chains. The data for the
two chain lengths indicate that the longer chains have
a wider and flatter plateau and a slightly larger value
of the statistical segment length. Using the height of
the plateau for N = 200 with eq 13 defines a statistical
segment length of approximately 6.3 A. On the basis of
this equation, the plateau for the shorter chains would
be expected to be slightly (<2%) lower if the values of o
are equivalent. There are two possible reasons for the
disagreement in the o values. First, it may be inap-
propriate to assign statistical segment lengths on the
basis of these plots since the plateaus extend to wavevec-
tors as high as 0.8 A1 even though k = 1/0 ~ 0.16 is
considered to be the upper limit of the intermediate
scaling regime. Second, while the exact CSR form (eq
7a) was used for the 50-mer solvation potentials, the
strength of these potentials was increased for the 200-
mers in order to match the experimental characteristic
ratio. This difference in potential strength will alter the
short-range interactions and likely change the statistical
segment length.

The Kratky plots for pairs AB and BB for all three of
the polyolefins are very similar to Figure 6 for the AA
correlations in PIB. The AC and BC structure factors
are very different from the others. Figure 8 shows this
plot for AC pairs in PIB. The trend for BC is nearly
identical not only for PIB but the other polyolefins as
well. The trend for these pairs resembles a narrower
plateau than seen in the CC plots, but the data begin
to decrease at higher wavevectors in contrast to all of
the other pairs.

The last of the three regions of intramolecular struc-
ture to be examined is at high wavevectors. A repre-
sentative plot is shown for wc(k) for PIB in Figure 9.
The data for the two chain lengths show slight differ-
ences especially at wavevectors between 1 and 2 A1,
which are just above the intermediate scaling regime.
However, since the correlations that remain in this
range of k are primarily due to carbon—carbon bond
lengths, bond angles, and other sites separated by only
a few bonds, this structure in general is chain length
independent.
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Figure 8. Kratky plot of the intermediate wavevector in-
tramolecular structure between A and C pairs in polyisobu-
tylene. The solid and dashed lines correspond to PIB molecules
of length 50 and 200, respectively.
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Figure 9. High wavevector intramolecular structure between
C sites of PIB. The data for 50-mers (solid line) and 200-mers
(dashed line) are very similar.

The chain length dependence of self-consistent in-
tramolecular correlations suggests that approximate
structure factors for high molecular weight polymers
may be found by first determining the structure of
shorter chains and then extrapolating the behavior to
high molecular weight. The most significant difference
occurs at low wavevectors where the slope of an Orn-
stein—Zernike plot is proportional to Ryg. More studies
are necessary to determine the behavior in the inter-
mediate scaling regime for long chains. This work will
be the subject of future investigations.

In addition to the molecular weight dependence,
comparisons can also be made between structures
determined self-consistently and those assuming screened
excluded-volume interactions. Figure 10 compares Krat-
ky plots of the CC correlations for 200-mers of PIB. The
screened results were generated with a united atom
model having fixed bond angles as in past work.1¢ Since
the rms radii of gyration of these molecules are identi-
cal, the structure factors are the same in the very low
wavevector Ornstein—Zernike region. However, the
height of the plateau region is significantly lower for
the self-consistent structure. The inset to Figure 10
compares the structures at high wavevectors. The
disagreement between the two approaches in this
wavevector regime is primarily due to one model having
fixed bond angles while the other model allows these
angles to vary.

Macromolecules, Vol. 32, No. 21, 1999

0.4 T T T T
Screened
e Self-consistent
03 + 8 e e —
065 ‘ : : :
g\ 0.6 “ E
i"o 02 055 [ / ) ]
o . = ey § N ]
S g osfl [ S\
v L5kl E
04 E
01 ¢ 035 F E ]
03 s
0 4 8 12 16
0 1 1 1. 1
0 0.2 0.4 0.6 0.8 1
k (AT

Figure 10. Comparison of intramolecular structure factors
determined from self-consistent calculations (dashed line) and
screened excluded-volume simulations (solid line). Correlations
between C sites for 200-mers of PIB are shown in Kratky
format. The inset presents the high wavevector structure in
standard format.

On the basis of the difference in height of the
intermediate wavevector plateaus, eq 13 suggests that
the statistical segment length, o, is larger for the self-
consistent results. Since the screened excluded-volume
simulations allow overlaps between sites separated by
more than six bonds, these molecules should be more
flexible and have a lower o. However, it is interesting
that the same end-to-end distance can be obtained from
two molecules with the same number of monomers but
different statistical segment lengths. This behavior can
be explained best by recognizing that eq 13 and the
dependence of end-to-end distance on statistical segment
length are based on the assumption that the conforma-
tions follow Gaussian statistics. While the screened
excluded-volume conformations must be Gaussian in the
long chain limit, the self-consistent conformations devi-
ate from this behavior in two ways: (1) the conforma-
tions must be self-avoiding, and (2) the additional
solvation potential counteracts the tendency toward
swollen conformations and favors the alignment of sites
into coordination shells. A measure of the deviation of
the conformation distribution from Gaussian statistics
is provided by the ratio IR*IIIR?3 of the fourth moment
of the end-to-end distance to the second moment squared.
The screened excluded-volume simulations indicate this
ratio to be 1.64, which agrees closely with 5/3, the value
expected for long Gaussian chains. The self-consistent
conformations give a ratio of 1.40, which is intermediate
between Gaussian chains and rigid rods (ratio = 1.0).
Therefore, the self-consistent structure has a significant
amount of non-Gaussian character, and analyses based
on these statistics may be unreliable.

Although Figure 10 shows that the self-consistent and
screened excluded-volume structure factors for CC pairs
are not identical, the main differences for all of the pairs
appear to be in the magnitude within the intermediate
wavevector regime. Given a method to estimate the
difference in the magnitude in this wavevector regime,
it would be possible to approximate a self-consistent
structure through corrections to less computationally
demanding screened excluded-volume simulations. How-
ever, since the differences in self-consistent structures
at various chain lengths are closely linked to measur-
able properties (i.e., Rg), the extrapolation of these
structures to high molecular weight is more likely to
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Figure 11. Intermolecular radial distribution functions for
PIB: (a) correlations between site of the same type; (b)
correlations between unlike pairs of sites.

produce accurate structure factors than corrections to
screened excluded-volume simulations.

4.3. Intermolecular Structure. The intermolecular
pair correlation functions, gq,(r), and total structure
factors, Sq,(k), are the output of PRISM theory. Since
these functions are critical for determining properties
such as the miscibility of polymer blends, the ability to
quickly solve for these functions at a variety of composi-
tions represents one of the greatest advantages of
PRISM. A primary focus of this paper is comparing the
structure factors to X-ray scattering experiments. How-
ever, we first examine the pair correlation functions in
order to understand the differences in the ways that
polyolefins pack together.

Figure 11 shows g(r) for PIB chains of 200 monomers.
At distances beyond ~12 A, each of the pair correlations
are nearly identical and approach g(r) = 1 as r exceeds
the separation between the most distant intramolecular
sites. This is the universal correlation hole regime whose
structure depends only on the radius of gyration but is
insensitive to the local monomeric structural details.

On short length scales, it can be seen from Figure 11
that the individual pair correlation functions show
nonuniversal behavior. These local packing correlations
depend sensitively on the local geometric structure of
the monomers. The most prominent feature is a sharp
peak in the CC pair function at a distance just above
contact. This peak occurs because the C sites are more
exposed than either of the backbone sites, and the
closest contact between two PIB molecules is likely to
be between C sites. A similar but less prominent peak
also appears in the AC correlation. All of the pairs show

Polyolefins 7285

a 1.2 T T T T T T

08

06

9,1

0 L I 1 1 L I
2 4 6 8 10 12 14 16

r(A)
Figure 12. Intermolecular radial distribution functions for

isotactic polypropylene: (a) correlations between site of the
same type; (b) correlations between unlike pairs of sites.

peaks and minima at intermediate distances, suggesting
a tendency for the sites to align into ordered solvation
shells. Several of the distribution functions demonstrate
one of these solvation shells as a peak at approximately
7 A. The BB pair function shows unusual behavior at
distances near contact in which g(r) actually becomes
zero at distances greater than the distance of closest
approach between two isolated B sites. This behavior
is a consequence of the shielding of the B sites caused
by the attached methyl groups.

Pair correlation functions for isotactic and syndiotac-
tic polypropylene are shown in Figures 12 and 13. The
distribution functions for these stereoisomers are very
similar although sPP has a lower first peak for ge(r).
The pair correlations for both forms of polypropylene
demonstrate several of the features observed for PIB
such as the strong peak in ge(r) at a distance just below
4 A. However, the functions tend to merge with one
another at a shorter distance (~9 A) than PIB, and the
oscillations at intermediate distances have a smaller
amplitude. The small size of these oscillations suggests
that polypropylene molecules pack together in a less
ordered manner than PIB. As in PIB, ggg(r) approaches
zero at distances larger than the site diameter. Since
the B site is shielded by a single methyl group in
polypropylene, the problems encountered by using the
PY closure on a shielded site are reduced.

Figure 14 compares ge(r) for 200 monomer chains of
PIB and iPP. The higher degree of order in PIB packing
is not as apparent with the CC pairs, but the two g(r)
differ significantly in the peak near contact at ~4 A.
Since PIB has two methyl groups on every monomer,
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Figure 14. Comparison of the intermolecular pair correlation

functions between C sites for isotactic polyproylene (solid line)
and polyisobutylene (dot—dashed line).

each C site is partially shielded by the other C site.
Therefore, these sites on PIB are unable to have as
many intermolecular contacts as iPP, and gq(r) has a
lower value near contact. Even though this peak is
smaller for PIB, the C site has even more influence on
the properties of PIB since each monomer has two C
sites.

Since intermolecular interactions are strongest for
short-range correlations, the pair distribution functions
demonstrate that the properties of the C site are
extremely important. For example, the heat of mixing
of one of these polymers with any other molecule will
be strongly dependent on the dispersive interaction
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strength of the C site. Future papers will test the
predictions of mixing behavior through calculations of
gas solubility in polymers and polymer blend miscibility.
To test the predicted melt structure, comparison to wide-
angle X-ray scattering experiments is appropriate.

4.4, Comparison to X-ray Scattering Experi-
ments. Details about the wide-angle X-ray scattering
experiments and data analysis have been discussed
previously.16:50 The measurements were taken over the
range of wave vectors 0.3 < k < 16A~L. After standard
corrections and normalization to the scattering from
uncorrelated scattering sites, the experimental structure
factor Sexp(k) was obtained. To emphasize the contribu-
tions from local bonded correlations, the structure factor
is shown in the form

Ng(Sexp(K) — Si(K))
[ba(k) + bg(k) + ncbc(k)]2

Hexp(K) = (14)

where S4(k) = Zmbﬁ1 (k) is the self-scattering contribu-
tion, by(K) are the scattering contrast factors for the m
= A, B, or C sites, and n. is the number of C sites. The
contrast factors were calculated from ref 51. N is the
number of sites per monomer which normalizes the
structure factor to a per monomer basis.

For better computational efficiency the Monte Carlo
simulations imposed fixed bond lengths even though a
real bond will undergo high-frequency vibrations. The
effect of these vibrations on the intramolecular structure
functions can be included in an approximate manner
through Debye—Waller corrections.5! Corrections were
also added for bond bending vibrations based on the
average value of each bond angle obtained from the
simulation. Finally, the Debye—Waller factors for all
pairs separated by more than two bonds were assumed
to be equal and were adjusted to get the best agreement
between the modeled structure factor and experiment
at high wave vectors. Note that these vibrational
corrections only affect the short-range (high wavevector)
correlations in the structure factor and should not affect
the low wavevector correlations which are dominated
by intermolecular packing.

To compare to the experimental scattering, we must
combine the individual structure functions from PRISM
into a single total scattering function:

Serism(K) = ¥ (k) byy(K) Spun(K)  (15)

After weighting the structure functions by the site X-ray
contrast factors, Sprism(K) is normalized through eq 14
and then compared directly to experiment. Figures 15—
17 compare these structure factors for PIB, iPP, and
sPP, respectively. In each case the PRISM predictions
show close agreement with the experimental results.
Since long-range correlations in these structure factors
diminish quickly as wavevector increases, the behavior
of H(k) above k ~ 3 A1 is dominated by short-range
intramolecular correlations. The agreement over this
range indicates that the bond lengths, angles, and other
pairs separated by a few bonds in @;j(k) are representa-
tive of the true polymer. Meanwhile, the first peak in
the structure factor is dominated by longer-range in-
termolecular correlations. Since these correlations are
determined by PRISM, the close agreement for this peak
demonstrates that the intermolecular packing predicted
by the theory is consistent with experiment.
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Figure 15. X-ray structure factors for polyisobutylene. The

symbols are the experimental data at 25 °C. The solid line is
the PRISM prediction.
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Figure 16. X-ray structure factors for isotactic polypropylene.
The symbols are the experimental data at 180 °C. The solid
line is the PRISM prediction.
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Figure 17. X-ray structure factors for syndiotactic polypro-
pylene. The symbols are the experimental data at 180 °C. The
solid line is the PRISM prediction.

Comparison of the X-ray structure factors for the
three polymers shows some interesting features. As may
be expected, the structure factors of isotactic and
syndiotactic polypropylene are very similar. Since the
extra methyl branch of PIB provides additional in-
tramolecular correlations, the k > 3 A-1 part of the
structure factor is somewhat different from the polypro-
pylenes especially in the region 4 A-1 < k < 6 A1,
However, the most distinct difference between the PIB
and PP structure is the width of the first peak. This
peak is usually observed at k ~ 27/Ar where Ar is the
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spacing between the peaks in g(r).32 Therefore, a narrow
first peak in H(k) as seen in PIB corresponds to well-
defined and evenly spaced peaks in g(r) whereas the
absence of order in the polypropylene g(r)’'s does not
allow a clear value of Ar to be assigned and results in
a broad first peak in H(k). The ability of PIB to pack in
an ordered manner allows it to have a higher density
than other polyolefins, and this difference in packing is
the most likely source of the excellent gas barrier
properties of butyl rubber.

Comparisons can also be made between the predicted
polypropylene X-ray structures in Figures 16 and 17 and
those from previous PRISM studies!® which assumed
screened excluded volume. Although the two routes
show almost the same level of agreement with experi-
ment, the self-consistent calculations were obtained
without resorting to several approximations that were
necessary for the screened excluded-volume case. One
of these approximations required an estimate of the
volume of intramolecular overlap in order to determine
the density at which PRISM will match the occupied
volume of the real polymer melts. Due to numerical
problems caused by overlaps between three or more
sites, recent studies!® determined the corrected density
by matching the zero wavevector structure factor to
experimental compressibility data. Not only does this
calculation require additional experimental data, but
the PRISM prediction of S(k=0) is also affected by using
only the repulsive part of the interaction potential in
the Percus—Yevick closure. Also, the PRISM stage of
the screened excluded-volume calculations has generally
used a single hard core diameter (typically 6 = 3.90 A)
for each of the sites. Even for the repulsion between two
methyl sites, in which the o and € parameters are higher
than for any of the other sites, the effective hard core
size is substantially smaller than 3.90 A. Therefore, the
use of a relatively high hard core diameter likely cancels
some of the error created by the other approximations.
In contrast, the PRISM step of the self-consistent
calculation uses standard united atom parameters,37:38
and these values matched those employed for the longer-
range interactions of the single-chain simulations.
Therefore, a consistent set of potentials is used in both
stages of the calculation, and since there is no need for
experimental compressibility data, the ability to predict
the structure of polymers before they have been syn-
thesized is improved. Thus, the additional computa-
tional complexity of a self-consistent calculation does
not necessarily result in better agreement with experi-
ment, but it does avoid several approximations and the
need for experimental data that are necessary whenever
screened excluded volume is assumed.

5. Conclusions

This paper has presented atomistically realistic self-
consistent PRISM calculations and comparisons to X-ray
scattering experiments for isotactic and syndiotactic
polypropylene and polyisobutylene. The technique con-
sisted of two stages: (1) a Monte Carlo simulation to
determine the structure of a single molecule and (2) a
PRISM theory calculation that predicts the structure
of the melt and the effect of the rest of the melt on the
single chain. A self-consistent solution was obtained
after 20—30 iterations through these two stages. This
self-consistent procedure has the advantage that one set
of potentials should be transferrable from one polymer
to the next and that the experimental density can be
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used in the PRISM step rather than an overlap-
corrected value as used in earlier studies.

The structure factors predicted for each of the poly-
olefins match closely to data from X-ray scattering
experiments. While isotactic and syndiotactic polypro-
pylene have very similar structure factors, they differ
significantly from PIB in the width of the lowest
wavevector peak. The narrow shape of this peak for PIB
indicates that these polymers pack in a highly ordered
manner which allows the melts to have a relatively high
density. This difference in the degree of order is also
apparent in the intermolecular pair correlation func-
tions. The ability to pack in an efficient manner is a
primary reason why PIB has much better gas barrier
properties than polypropylene melts.

The dependence of the intramolecular structure fac-
tors on molecular weight was examined over three
different regions of wavevector. The observed trends,
such as a simple dependence on Ry at very low wavevec-
tors, suggest that reasonably accurate structure factors
for high molecular weight polymers may be determined
by extrapolations of the correlation functions for shorter
chains. Although Kratky plots for methyl—methyl cor-
relations suggest a well-defined value of the statistical
segment length, the overall conformations appear to
deviate significantly from Gaussian statistics.

While future studies will compare the structure
predicted by self-consistent PRISM theory to many-
chain simulations of the same model, the close agree-
ment between the predicted structure factors and X-ray
scattering experiments suggests that this PRISM tech-
nique is an effective route to the molecular properties
of polymers. For realistic models, this technique reduces
the problem of simulating a large collection of polymers
to the simulation of only a single molecule. Thus, it
becomes possible to use efficient Monte Carlo algorithms
and to study molecular weights that would otherwise
require systems that are too large to simulate in a
reasonable amount of computer time. Comparison of
PRISM and molecular dynamics studies of a united
atom model of polyethylene with 66 CH, units suggests
that the many-chain simulations require a factor of 20
more computation time than PRISM. This factor is
likely to increase further with chain length. Therefore,
self-consistent PRISM theory can be a computationally
efficient alternative to performing many-chain simula-
tions.
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