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1. Introduction
   Development of the above methodology was motivated by (a) the fact that, in molecular computer simulations of small molecules diffusing in amorphous polymeric media, deviations from ideal (Einstein) diffusion kinetics (characterized by linear increase of mean square displacement (R2) with time (t); corresponding to the broken lines of unit slope in the log-log plots of Fig.1) are often found at small t; and (b) the need to test and quantify the hypothesis that this anomaly may be a manifestation of non-random nanostructure in the amorphous polymer.

For this purpose, a model system was set up1 consisting of short chains of “united-atom” CH2 groups and terminal CH3 groups (represented by identical interpenetrating spheres B of diameter σB) and O2 diffusing molecules (represented by spheres A of diameter σA)2. This system was treated as a microcanonical (NVE) ensemble evolving in time, under the molecular force field generated by (i) simple harmonic B-B bond-stretching, and B-B-B bond-bending, potentials (ii) the intrachain hindered-rotation (torsion) potential and (iii) non-bonded B-B, A-A and A-B truncated Lennard-Jones potentials. It was parameterized and packed to the density required to simulate a real amorphous polyethylene-O2 system2 and its evolution was followed by molecular dynamics (MD), at intervals of δt=6 fs, using a velocity Verlet leapfrog algorithm, for times of several ns per run. 

2. MD Results and Analysis 

  Analysis of the MD results obtained from the above PE-O2 model system1 has yielded material evidence in favor of hypothesis (b). Confirmatory evidence for this hypothesis has now been obtained (see below) from a similar MD study of an FPE-O2 model system, which was identical with PE-O2 in all respects, except for the fact that  FPE was endowed with much higher chain flexibility by equating its torsional potential to zero. The functions of the main algorithms of our methodology are briefly described below (a comprehensive portable Fortran 77 software package, including a compiler of an analysis-oriented, high-level scripting language, is available from C. S. Chassapis):

2.1. Deviation from Einstein Diffusion: As shown in Fig. 1, the extent of deviation from ideal diffusion kinetics is materially reduced, upon replacement of PE by FPE.

2.2. Construction and analysis of reduced A-molecule trajectories:  Following Eyring’s classical transition-state theory, the diffusion process is viewed, on the molecular scale (represented here by  σA, σB ( 0.35 nm), as a sequence of random molecular jumps of length λ. Accordingly, successive positions ri (i=1,2,…,k) separated by distances  λ=σA on the recorded A trajectories (thin lines in Fig. 2), were marked out as nodes of “reduced” A trajectories (bold lines in Fig. 2). The latter trajectories were then checked for conformity to a random walk (RW), by evaluating the correlation coefficient  0(SAA(1, given by SAA(n)=(1/2)[3<cos2θAA(m,m+n)>-1]; where θAA represents the angle between the orientations of the mth and (m+n)th step along a given reduced A trajectory and SAA(n)=0 for a RW. The results (see Fig. 3), yield substantial SAA>0 values, at least for n=1, which are significantly smaller in the case of FPE. This is good confirmatory evidence that the extent of observed deviation from ideal diffusion kinetics, illustrated in Fig. 1, reflects a degree and range of non-randomness of the relevant reduced diffusion trajectories, which can be quantified in terms of SAA(n).

2.3. Detection and quantification of non-random amorphous polymer structure:  We consider trimeric (-B-B-B-) subchains of PE or FPE and assign to them molecular orientation unit vectors u defined by straight lines joining the end B’s. We then characterize the degree and direction of “local preferred molecular orientation” (LPMO), at any given position r in the polymer, in terms of  the u’s pertaining to “nearest-neighbor subchains (NNS)”, by defining a tensor Q(r)=<uu>r. (The NNS  include trimers whose central B group lies within a sphere of suitable predetermined radius Rmax centered on r). The lengths L1>L2>L3 of the principal axes of the orientation ellipsoid, resulting from diagonalization of Q(r), yield the direction (L1) and magnitude of the LPMO. The latter may be expressed as the asphericity b=L12-0.5(L​22+L32), which may vary from zero (random NNS orientations) to unity (parallel NNS). The probability distribution of b and resulting <b> offer a potentially useful way of characterizing linear polymers. Here, we find: <b>= 0.41 (PE), 0.32 (FPE), implying that, as expected, higher chain flexibility induces increased NNS orientation randomness.

A tendency of the direction of LPMO to persist over significant distances signifies the presence of local anisotropic polymer structure, which is quantifiable via the correlation coefficient 0(SBB(1, given by SBB(n)=0.5[3<cos2θBB(i, i+n)>-1]; where θBB is the angle between the LPMO at the ith and at the (i+n)th node in a real A-molecule reduced trajectory (open points in Fig. 4) or in a closely analogous random-walk of a ghost A molecule which probes primarily compact polymer sites (dark points in Fig. 4). The plots of Fig. 4 reveal substantial SBB>0 values detectable up to values of n exceeding 40 in the case of PE, which are considerably attenuated (but still quite significant) in the case of FPE. The latter fact, in conjunction with the similarity of real and ghost-A SBB plots, confirms the presence of inherent (rather than penetrant-induced) polymer nanostructure.

2.4. Relation between nanostructure and local diffusion path:  Computation of a correlation coefficient 0(SAB(1, defined as SAB=0.5[3<cos2θAB(j,j+1)>-1], where θAB is the angle between a   diffusion step linking nodes j, j+1 of a real reduced A trajectory and the mean LPMO between these nodes, gave SAB( 0.10 (PE), 0.06 (FPE), well above SAB=0 for a random walk. 

These results demonstrate a clear tendency of the local motion of diffusing molecules to follow a preferred direction in line with that of persisting LPMO in the surrounding polymer. This tendency is clearly weaker in FPE, in line with its less prominent nanostructure (Fig. 4) and the smaller deviation of diffusion therein from a random walk (Fig. 3).

Thus, we may confidently attribute the observed deviation from ideal diffusion kinetics (Fig. 1) to the presence of anisotropic nanostructure in the amorphous polymer.
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Fig. 1  Observed vs ideal (broken line)                               Fig. 2  2-D projection of 3-D recorded and

           diffusion  kinetics                                                                 reduced diffusion trajectories
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 SHAPE  \* MERGEFORMAT Fig. 3.  Test for deviation of diffusion                                    Fig. 4.  Test for non-random polymer structure

           trajectory from a random walk
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