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Abstract 

We have developed a tractable computational 
approach, PRISM theory, for modeling the 
structure and thermodynamics of polymer 
liquids and alloys. PRISM theory allows one to 
predict the effect of polymer architecture and 
monomer structure on the intermolecular 
packing in the condensed phase. Three 
applications of this method will be discussed: (1) 
phase behavior of polymer blends, (2) solubility of 
gases in polymers, and (3) the structure of 
polymers near walls and interfaces. In these 
three applications, nonrandom mixing effects 
(not included in previous theories) play an 
important role in the macroscopic properties of 
importance to the materials scientist. 

IlltXTXlUCtiOll 

The ability to model the packing of polymers in 
melts and blends is important in many polymer 
applications. One significant application is the 
development of new polymer blends. It would be 
exceedingly helpful to  the materials chemist if 
molecular modeling could be employed to  predict 
the thermodynamics and phase behavior of 
hypothetical polymer alloys before embarking on 
a time consuming and expensive synthesis 
program. 

The well known Flory-Huggins theory1 has been 
remarkably successful in describing many 
aspects of polymer mixing from a qualitative 
point of view. This theory is known, however, to  
suffer from several defficiencies which can be 
traceable to the fact t ha t  (1) It is a lattice model 
requiring both monomer components to have the 
same volume; and (2) A mean field or  random 
mixing approximation is made which effectively 
ignores chain connectivity. Because of these 
limitations the Flory-Huggins theory does not 

include packing effects and cannot be used to 
make quantitative molecular engineering 
calculations. 

Recently Curro and Schweizer2-6 developed a 
new approach for treating polymer liquids and 
mixtures based on methods developed for small 
m o l e ~ u l e ~ - ~  and atomic liquids1(). This new 
modeling approach, which we call PRISM theory, 
is an extension to polymers of the Reference 
Interaction Site Model (RISM Theory) developed 
by Chandler and A n d e r ~ e n ~ - ~  to describe the 
statistical mechanics of small molecule liquids. 
The PRISM theory is a continuous space 
description of a polymer liquid, which includes 
chain connectivity and nonrandom mixing 
effects in a computationally tractable manner. 

The primary output from PRISM calculations is 
the average structure or packing of the amorphous 
liquid given by the radial distribution function 
denoted as g(r). This radial distribution function 
can then be employed to deduce thermodynamic 
or structural properties of interest. In this brief 
report I will describe the theoretical approach and 
demonstrate its application in 3 problems of 
interest:  (1) Phase behavior of t he  
polypropylene/polyethylene blend; (2) Solubility 
of gases in elastomers; and (3) polymer 
adhesion. 

PRIsMTheory 

Let us consider a homopolymer melt of polymer 
chains each consisting of N identical repeat units 
or sites. If the chains are long we can neglect end 
effects and consider all the sites to be equivalent. 
We are interested in calculating g(r) defined as 
the intermolecular radial distribution function. 
g(r) can be considered as proportional t o  the 
density of intermolecular sites (from different 
chains) about a fmed site on a particular chain. 
For an ideal gas g(r) =1.0 since the molecules are 
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packed randomly. For a perfect crystal, on the 
other hand, g(r) would consist of a series of lines 
corresponding to the various lattice spacings. For 
an amorphous polymer melt of interest here, we 
expect g(r) to show evidence of imperfect structure 
at short distances, but to decay to  unity (random 
packing) on distances larger than the radius of 
gyration of the chains. 

In order to calculate g(r) we make use of integral 
equation approaches developed for small 
molecule and atomic liquids. Let the total 
correlation function h(r) be defined as h(r)=g(r)- 
1. We then make use2-6 of the "Generalized 
Ornstein-Zernike" equation of Chandler and 
A n d e r ~ e n ~ - ~  to  define the direct correlation 
function C(r) 

where pm is the density of sites.The 
intramolecular function o(r) contains all the 
information about the molecular structure of the 
polymer chains and is defined according to2-6 

with being the probability of sites a and y 
on the same chain being a distance r apart. m(r) 
is considered to  be a known function and is 
inputted to the PRISM theory from a separate 
single chain calculation based on the 
hypothesized structure of the particular polymer 
of interest. 

Up to this point the theory is formally exact.We 
have, however, insufficient information to solve 
the problem since we have two unknown 
functions h(r) and C(r), and only one equation, 
Eq. (1). In order to  make the problem solvable we 
need another closure relation. An approximate 
closure condition can be developed by taking 
advantage of the experimental fact the the direct 
correlation function C(r) is short range. This 
reasoning leads to  the well known Percus- 
Yevick closurelo which is particularly simple for 
hard sphere interactions between sites. 

for r<d  
fo r r>d  (3) 

The first part of Eq. (3) is exact since hard 
spheres of diameter d cannot penetrate beyond 
r=d. The second condition is approximate and is 
a consequence of C(r) being a short range 
function of r. 

Eqs. (1) and (3) lead to an integral equation for 
g(r) of a homopolymer melt and can be solved for 
any particular polymer structure specified 
through o(r) in Eq. (2). If one is interested in 
qualitative trends in melts on long length scales, 
o(r)  can be calculated from Gaussian, freely- 
jointed, or semiflexible models. If one is 
interested in making quantitative calculations 
on polymers of specific structure, the rotational 
isomeric state schemel1,l2 or a single chain 
simulation can be employed to obtain o(r). 

Applicatons of the Theory 

Polyethylene (PE) and isotactic polypropylene 
(IPP) are known to be highly incompatible in the 
melt state. Because the chemical structures of the 
two components are very similar, the Flory- 
Huggins theory predicts that this blend would 
have miscibility at experimentally relevant 
temperatures. In order to obtain insights into the 
reasons for the incompatiblity, we performed 
PRISM ~ a l c u l a t i o n s ~ ~  on the PE/IPP blend. The 
phase diagram calculated from PRISM theory 
shows UCST behavior with the critical 
temperature being over an order of magnitude 
higher than predicted from the Flory-Huggins 
theory. 

In the PE/IPP mixture, nonrandom mixing of 
the chains segments, neglected in Flory- 
Huggins theory, amplifys the destabilizing effect 
due t o  the attractive interactions between 
monomers. Thus nonrandom mixing greatly 
enhances incompatibility in the PE/IPP blend. It 
is interesting to note that according to PRISM 
theory, the blend could be made compatible by 
subtle adjustment of the dispersive interactions 
between sites. 

PRISM theory can also be employed to study the 
equilibrium between polymers and small 
molecules. To demonstrate this we calculated14 
the solubility of the rare gases He, Ne, Ar, Kr, and 



Xe in polyethylene in the melt state. PE in the 
melt state would be expected to be a reasonable 
model for ethylene propylene rubber (EPR). 
Remarkably, PRISM theory was able to 
accurately predict several interesting trends 
observed experimentally for gas solubility in 
common elsatomers: (i) Solubility increases with 
the size of the solute atom; (ii) Solubility is a 
monotonically increasing function of the critical 
temperature of the solute species; and (iii) The 
temperature coefficient of solubility crosses over 
from positive to  negative for solutes having 
critical temperatures of approximately 65-100O K. 

Finally we mention that PRISM theory can give 
information regarding the packing and structure 
of polymers near walls and surfaces. One 
me thod l5  (Wall PRISM) of extracting this 
information can be obtained by considering a 
mixture of polymer and spherical particles. By 
taking the infinite diameter, zero concentration 
limit of particles, the polymer/particle radial 
distribution function becomes the distribution of 
polymer next to a hard wall. Another method 
combines PRISM theory with density functional 
theory (DFT) demonstrated in the work of McCoy 
and coworkers16. Excellent agreement between 
PRISM and large scale molecular dynamics 
calculations of Yoon for N=13 alkane liquids 
near a wall was found. By studying the structure 
of polymers near surfaces, we hope to obtain 
insights regarding the mechanism of adhesion 
in polymeric adhesives. For example, it should be 
possible to calculate the reversible work of 
adhesion as a function of polymer structure. 
Furthermore, we should also be able to predict how 
adhesion is influenced by the presence of small 
molecule contaminants and coupling agents. 

Conclusions 

We have developed a computationally tractable 
formalism (PRISM theory) that can be used to 
calculate the structure and equilibrium properties 
of amorphous polymer liquids and alloys. 
PRISM theory has been validated against 
experimental scattering measurements, as well 
as, large scale computer simulations and has 
been shown to give accurate, though approximate, 
predictions for the structure of polymers in the 
condensed phase. 
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