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Abstract 
In this paper, we present the techniques and results of a study on the structure and 

miscibility of model polymer blends using the Intel Paragon supercomputers. A domain 
decomposition technique is used for the parallelization of the simulation program. An 
important aspect related to polymer systems is to deal efficiently with the chain 
connectivity. This is accomplished by introducing a global tag to each particle in a polymer 
chain. Using the codes, we calculated all the partial structure factors due to concentration 
fluctuations for model polymer blends. The results are analyzed using the random phase 
approximation of polymer scattering theory. The parameter which characterizes the 
interaction between the two components, the Flory-Huggins X-parameter, is determined 
from the calculated structure factors. 

Keywords: Molecular Dynamics, Domain Decomposition, Parallel Computing, Polymer 
Blends. 

Introduction 
The advent of massively parallel supercomputers such as the Intel Paragon has 

allowed simulations of systems previously impossible, for example, polymers at dense 
liquid conditions which demand large scale and long simulations. 

The importance of polymeric materials in industrial and everyday application is 
obvious. To improve the properties of a polymer material or produce materials with the 
superior properties, it is often advantageous to mix two polymer materials to form a so- 
called polymer blend. One major challenge in this approach is the incompatibility which 
can result from mixing two polymers. Due to the length of the polymer, usually a few 
thousand or more identical repeat units of the size of a small organic molecules, the 
interaction between a pair of incompatible repeat units is augmented by several orders of 
magnitude in the polymer, resulting in phase separation of the two species, and hence 
dramatic change (often degradation) of the material properties. Driven by this importance 
in application, substantial recent theoretical and experimental effort have been spent in 
studying theses systems. 

One widely used theory in describing the mixing property of polymer blends is the 
Flory-Huggins theory(1). The theory predicts that the free energy of mixing for a two 
component polymer blend is given by 
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where AG is the free energy of mixing, k is Boltzmann’s constant, T is the temperature, 
N1 and N2 are the numbers of repeat units of the polymer chains, q1 and $2 are the 
compositions (volume fractions) of the two species, and x is a constant parameter 
characterizing the interaction between the two species. The X-parameter can be measured 
from small angle neutron scattering (SANS) experiments using the random phase 
approximation (RPA) scattering theory(2) due to de Gennes. The RPA is a mean-field 
theory assuming that the chains are Gaussian, from which x can be determined through 

B 

where S(q) is the structure factor, Pl(qRgl) and P2(qRg2) are the single chain structure 
factors for the two components, q is the wave vector, Rgl and Rg2 are the radius of 
gyration of a polymer chain of components 1 and 2. 

Recent experiments, on the other hand, have found that the miscibility of binary 
polymer blends deviates significantly from the prediction of Flory-Huggins mean field 
theory and de Gennes’ random phase approximation(3-6). In particular, the SANS- 
determined Flory X-parameter for a number of polymer blends has been found to be 
composition-dependent. Various hypotheses have been advanced to account for this 
dependence(7- 15). 

Molecular Model 
In this work, we use molecular simulation to study two model binary symmetric 

polymer blends of chain lengths of 25 and 50 monomers. All monomers interact with a 
shifted force Lennard-Jones potential characterized by a energy parameter Eat, and a length 
parameter G, where a and b denote the two species of polymer molecules. Note that we 
consider the systems with the same length parameter but different energy parameter. For 
convenience of notation, we introduce a unified energy parameter E = = Ebb # .cub, all 
energy in later paragraphs will be expressed in terms of this parameter and all length in O. 

A cutoff distance of 2.50 is used for calculating the Lennard-Jones interactions. The 
choice of the potential insures that not only is the potential itself continuous at the cutoff 
distance but also the force also continuously approaches zero at the cutoff distance. The 
system consisted of 13500 monomers, i.e., 540 and 270 molecules for the N = 25 and N = 
50 chain length respectively, at a monomer number density p = 0.70 /03. A relatively large 
system is required for this simulation since the structure factors at small wave vector need 
to be determined accurately to obtain the X-parameter at zero wave vector. The monomers 
on a chain are connected by the finite extensible non-elastic spring potential. 

where the parameters k and Ro are 5 0 ~  and 1.40 respectively. These values are close to the 
values used in simulation studies by Kremer and Grest(l6) of polymer melts dynamics (k = 
~ O E ,  Ro = 1.50). We have chosen these slightly different parameters to insure that the 
chains do not cross each other since the states we are studying are at higher temperatures 
than in their work. 
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The mixing properties of the model blends may be controlled by the energy 
parameter as well as the length parameter. In this work, we have studied model symmetric 
blends with the same Lennard-Jones length parameter but different energy parameter for 
chain length N = 25 monomers and N = 50 monomers. For simplicity, we have chosen the 
energy parameter of the two components of the system to be the same for interaction among 
monomers of the same species. The mixing property of the blend is controlled by the 
interaction between unlike-species. More specifically, two blends were studied in this 
work. One is an attractive blend, in which 

The other system we studied was a repulsive blend, in which 
&ab = 1.2&, T = 2.O&, N = 25. 

&ab = 0.99~, T = IS&, N = 50. 

Domain Decomposition 
A domain decomposition technique based on treating each monomer as a particle 

was used to parallelize the simulation codes. Although there have been some discussions 
on the domain decomposition of molecular dynamics codes on parallel machines in 
literature, the approach described here has the advantage of retaining the simplicity of this 
atomistic approach . Fig. 1 is a two dimensional demonstration of the decomposition of a 
chain molecule consisting of six monomers (particles) into segments in three domains. 
Each node of the parallel computer perform calculations on particles in its physical domain. 
Each domain consists of two parts, the real (shaded area) and imaginary parts (the 
unshaded area). The small squares are the linked list ce1ls(l7), the length of the side for 
each cell is equal to the cutoff distance of interactions between the monomers plus a small 
tolerance distance to accommodate the distance that a monomer has moved between the time 
interval when a new neighbor list is formed (in the case that a neighbor list is used in 
combination with the linked list). The unshaded areas are the edge cells, the particles in the 
edge cells are replicas of the particles in the real part of its neighboring domain. In Fig. 1 , 
for example, particle 4’ in domain 2 is a replica of particle 4 in domain 1, particle 3’ in 
domain 3 is a replica of particle 3 in domain 1. When a linked list is formed, each domain 
has the necessary information for all real particles and their neighbors. Thus, the energy 
and force can be calculated on each domain independently in parallel. The identity of 
particles on each chain molecule is determined by assigning a global integer tag number to 
each particle in the system, the particles in a chain molecules are assigned the adjacent 
numbers. If the chain molecules consist of 6 particles, particles 1 to 6 constitute molecule 
1,7 to 12 constitute molecule 2, and so on. The global tag number is related to a particle in 
a similar way as its coordinates. When the particle’s coordinate information is passed to a 
neighboring node, so is its global tag number. This way, we can always identify which 
chain the particle belongs to as well as its location in the sequence of particles in a chain 
molecule. The codes developed have been tested to have good scalability, especially when 
large system is involved. For the particular study we carried out here, since long 
simulation is required, we have tried to limit our system size to a minimum. 

Results and Discussion 
The calculation results for the N = 25 system are presented in Figs. 2, where we 

plot x(q) as a function of q2 as determined according to Eq. 2 for the reduced monomer 
densities p = 0.70. These figures clearly show a q2-dependence at low q range studied in 
this work. These results allow us to make a straightforward extrapolation to q = 0 to obtain 
the corresponding X-parameter in the Flory-Huggins theory and to quantify the statistical 
uncertainty of the result. Similar calculations were carried out for 50-bead chains and the 
x-parameter was determined. 
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The observed q2-dependence in the X-parameter signifies a deviation of the system 
from the mean field RPA theory (X is a constant in the theory). One possible reason may 
be the short length of the chains studied in this work. For chain length N = 25, the typical 
radius of gyration is about 3 monomer diameters. In neutron scattering experiments with 
polymers, the chain lengths are often at least two orders of magnitude larger; and the radius 
of gyration of the polymer molecule is an order of magnitude larger than that studied in this 
work. If the local interactions operate only in the range of the monomer diameter, then on 
the scale of the radius of gyration of a real polymer molecule, which is at least several tens 
of monomer diameter, it is reasonable to regard the local interaction as point-like 
interaction, and an essentially q-independent X-parameter results. In a detailed analysis of 
the experimental neutron scattering data for a polymer blend of polytetramethyl carbonate 
and deuterated polystyren.e(3), a q2-dependent X-parameter was invoked to interpret the 
unusual temperature-dependence in the scattering intensity. The q2-dependence of the X- 
parameter was then related to the spatial variation of the effective interaction between chain 
segments. The same basic mechanism may be responsible for the observed q2-dependence 
of the X-parameter here. We note that neutron scattering experiments on deuterated blends 
of polyolefins(5) also displayed some weak q2 dependence at asymmetric compositions of 
the two components. 

Simulations were carried out for different compositions of the two components of 
the polymer blend. Fig. 3 shows the zero wave-vector %-parameter determined from the 
above procedure vs. the volume fraction of component 1 in the polymer blend. Similar to 
experiments, we see the usually observed composition dependence of the X-parameter for 
the N = 25 system. At equal composition of the two components, the X-parameter is 
smaller, and it increases at the composition extremes. We point out that, although the 
behavior is similar to the result of neutron scattering experiments, the N =25 systems 
studied here are attractive mixtures, while most of the neutron scattering experiments were 
performed for repulsive mixtures. Also plotted in the figure is the zero wave-vector x- 
parameter for the N = 50 system. Because of large statistical uncertainty in the data, the 
simulation results cannot distinguish whether or not there is composition dependence in the 
X-parameter, which is small and positive. In summary, the results presented here suggest 
that the classical theories of polymer mixing do not provide a satisfactory description for 
the phenomena of polymer mixing. To predict the miscibility of polymer blends accurately, 
further theoretical, experimental, and simulation work is needed. 
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Figure Captions 
1. Demonstration of the decomposition of a polymer molecule into several domains in the 
domain decomposition technique of the parallelization of the molecular dynamic simulation 
of polymer blends. 

2. The dependence of X-parameter calculated from molecular simulation on the wave 
vector, q. 

3. The composition dependence of the X-parameter for the symmetric polymer blends of 
chain lengths of 25 and 50. 
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Fig. I 
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