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Molecular dynamics simulation has been used to study diffusion of methane at ambient tem- 
perature in cylindrical pores at very low densities. The cylinders were modelled as a continuum 
solid which interacts with the methane in the radial direction only. At the lowest densities, the 
VACF method does not yield reliable values of the self diffusion coefficient, Ds, but a suitable 
choice of time step and run length enables values of Ds to be found from MSD plots that are 
below the classical Knudsen diffusion coefficients. When density is increased, D, passes through 
a maximum although the adsorption isotherm remains inside the Henry law region. Maxima are 
found for two cylinder radii and for two adsorbent field strengths. The existence of a maximum 
is attributed to transient intermolecular interactions. Analysis of a molecular trajectory 
demonstrates that long diffusion paths can be triggered by the rare event of an intermolecular 
encounter which forces a molecule into the repulsive part of the wall potential. At sufficiently 
high density, subsequent collisions quench the tendency towards long paths, and D, decreases 
again. The issue of simulation artefact as a source of these observations is discussed. 

Keywords: Diffusion; methane; cylindrical pores 

1. INTRODUCTION 

Molecular dynamics has been used widely in recent years for the 
computation of the positions and conjugate momenta of microscopic 
model systems, through numerical integration of the equations of motion. 

*Corresponding author. 
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238 G. K. PAPADOPOULOS et al. 

Application of this technique in the area of the transport phenomena 
through porous media, in conjunction with the linear response theory [l -41, 
offers a useful tool in the study of the transport coefficients. This is especially 
so since interpretation of the experimental measurements of this kind in 
microporous media, is often controversial [3]. 

Both equilibrium and non-equilibrium molecular dynamics studies have 
been used to investigate self and transport diffusion coefficient values over 
a range of adsorbate loadings for various hydrocarbons and inorganic 
molecules in carbonaceous micropores and zeolites, as well as in idealised 
pore models [5 - 141. Previous work in this laboratory on the transport 
properties of methane in a graphite slit-shaped pore at ambient tempera- 
tures using equilibrium isothermal (NVT) molecular dynamics, has demon- 
strated the dependence of the self-diffusion coefficient D, for different pore 
sizes, on the concentration of the adsorbed phase [12-141. One of the 
observations of that work, was the prediction of an initial increase of the 
self-diffusion coefficient close to the lower concentration limit (Henry’s law 
region). Similar results had previously been observed in zeolites [7,10]. In 
both of these studies, the field of the zeolite was represented by a compli- 
cated potential surface and the enhanced initial diffusivity was attributed to 
molecular collisions which caused molecules trapped in local potential 
minima to escape and contribute to the total flux. However, the same 
phenomenon was observed in slit pores [12- 141 where the potential was 
energetically homogeneous in directions parallel to the surface. 

In a theoretical study of free molecule flux through model pores [15], 
molecular trajectories were found using Monte Carlo methods and used to 
calculate fluxes by statistical weighting. It was shown that the adsorbent 
field, modelled as an energetically continuum solid, can affect the molecular 
trajectories at the zero concentration limit. Trajectories in slit pores for 
example, can be subdivided into two groups depending upon the velocity of 
a molecule normal to the wall. If the molecule leaving a pore wall exceeds 
the escape velocity, then it will cross the slit with a trajectory that is longer 
than the classical linear Knudsen trajectory. On the other hand the tra- 
jectories of molecules with less than the escape velocity will pass through a 
maximum before falling back to the wall. The overall effect is that the flux 
falls below the Knudsen limit as the strength of the adsorbent field increases 
(or the temperature decreases), but eventually exceeds the flux for the 
Knudsen limit at high field strength due to the high concentration of 
molecules close to the surface. A limitation of these early calculations was 
that the method requires the assumption of a collision free system at  all field 
strengths. Ctearly, as the adsorbent field becomes stronger, this assumption 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
3
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



LOW DENSITY DIFFUSION 239 

becomes increasingly suspect. Molecular dynamics removes this limitation, 
since all molecular interactions, including those between the moving par- 
ticles can be included. 

In none of the previous molecular dynamics studies of diffusion at low 
loading was it possible to characterise unambiguously the zero coverage 
Knudsen limit, since this cannot be simply defined in slit pores or in 
complicated geometries [ 12,161. However in cylindrical geometry this 
limit is well known. In this work we study diffusion coefficients at very low 
concentrations by carrying out molecular dynamics in cylindrical pore 
models with different energetic characteristics for the potential field. The 
main conclusion from these studies is that, for micropore systems, even 
when the adsorbate concentration is well inside the Henry’s law region, 
there is a concentration region where molecular trajectories are much larger 
than those predicted from classical molecular streaming theory. Although 
large-scale applications of transport in micropore systems often operate 
at intermediate adsorbate loading, this large increase in the diffusivity is 
nevertheless of significant theoretical and practical interest. It is often 
assumed that the longest trajectories in such a system are given by the 
Knudsen equation and the Knudsen diffusion coefficient is considered to be 
an ideal upper limit at zero concentration. It should be mentioned that at 
very low loadings, collective diffusion and viscous contributions to flux tend 
to zero, and that the Darken correction factor [3] tends to unity, therefore 
the self diffusion coefficient in this limit is identical to the transport diffu- 
sion coefficient. 

A crucial point, that emerges from this work, is that the molecular 
dynamics study of such a dilute system requires the execution of unusually 
long runs compared to the rest of the density region for this pore geometry. 
Even on the vector supercomputer used in this work, (a fourteen processor 
Silicon Graphics Challenge), it requires hundreds of CPU hours to simulate 
a nanosecond of actual motion with molecular dynamics. This makes the 
study of very low concentrations an extremely time consuming procedure. 
Even so the calculated diffusion coefficients are subject to significant error 
at the lowest concentration used here. Recently Chitra and Yashonath [17] 
carried out W E  molecular dynamics runs for low adsorbate concentrations 
in zeolite NaCaA. They found that their system required an extremely long 
simulation time (up to 120 ns) in order to get accurate diffusion coefficients. 
Since the very complicated adsorbent field in their system may be partly 
responsible for the need for such long computing times, the first part of this 
work has concentrated on the investigation of the optimum conditions under 
which the self-diffusion coefficient can be calculated. 
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240 G .  K. PAPADOPOULOS et al. 

2. MODEL DESCRIPTION 

The system chosen for study was methane in smooth walled cylindrical 
pores. The methane molecule was modelled as a single centre Lennard- 
Jones sphere, with interactions expressed via the 12-6 potential with the 
parameters Egg/k = 148 K and a,, = 0.3812nm. The cross parameters be- 
tween methane and the solid atoms, were calculated from the Lorentz- 
Bertholet rules. 

The adsorbent surface was represented by a pseudo atom model [18]. 
In this model, the pores are constructed from close packed layers of sim- 
ple atoms, whose Lennard-Jones interaction parameters E,, and ass can be 
varied. The interaction of an adsorbate probe was calculated along a radius 
in a cross section passing through the centres of a ring of adsorbate atoms, 
by summation over all the atoms in the cylinder for each probe atom 
position. In order to generate an energetically smooth walled pore, the poten- 
tial variation normal to the wall was taken to be the same at any axial posi- 
tion of the cross section. 

To estimate the parameters, the model was calibrated against a real sys- 
tem, so that the potential fields of the two systems have comparable adsorp- 
tion energies for a give adsorbate probe. In the present case, the cylindrical 
pore model was calibrated against zeolite VPI5 chosen for its similarity to a 
set of unconnected cylinders with the crystallographic (internal) radius 
R '  = 0.605nm [19]. For the calibration we used the experimental isosteric 
heat of adsorption at zero coverage for Ar at 77 K [qst(0) = 10.24 kJ mol-' 
(15.99kT)I. The model surface was considered to consist only of oxide 
atoms according to the assumption of Kiselev et aE. [ZO]. The physical 
radius of the model pore ( i e . ,  half the distance between adsorbent atom 
centres across a pore diameter) was calculated to be R = 0.727 nm from the 
relation 

where zo = 0 . 8 5 0 6 a ~ ~ o  is the distance at which the 
potential passes through zero, D A ~ A ~  = 0.3405 nm. 

The theoretical heat of adsorption per molecule at 
pancy is given by the equation 

(1) 

Ar-oxide plane wall 

zero adsorbate occu- 
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LOW DENSITY DIFFUSION 24 1 

where the last term is the average potential energy (u(Y))  of an isolated 
methane molecule over the field of the pore volume V. 

A reasonable value of us, = 0.270nm was selected for the hard sphere 
diameter of oxygen and a physical pore radius of R = 0.729nm. Monte 
Carlo integration of Eq. (2) then gave qst(0) = 15.96 kT for Ar at 77 K, in a 
single layer cylinder of oxide atoms. With E,,/k = 395 K in close agreement 
to the experimental heat of adsorption for VPI-5. Our basic adsorbent 
model, with the above parameters, can therefore be regarded as a first appro- 
ximation to a cylindrical oxide pore. 

In some runs, the potential field exerted by the model pore was varied by 
changing the potential well E,, of the pseudo-atom interaction. The effect of 
the pore field on the adsorption energy of methane is shown in the Figure 1. 

Since the adsorbent is modelled as a continuum, it is necessary to model 
the condition for reflection at the wall. In these simulations we used the 
diffuse reflection model adopted in earlier work [12- 141 in which the 
velocity components parallel to the wall are randomised when the velocity 
component normal to the wall is reversed inside the minimum of the 
molecule wall potential energy. 

The choice of cylindrical geometry means that the diffusion coefficient 
at the zero density limit can be compared with that calculated from the 

700 
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0.68nm -1 0.78nm - 
0 10 20 30 40 50 60 70 

Distance from the pore centre/%R 
FIGURE 1 
(solid line) and E,,/k = 650 K (dashed line). 

Methane-pseudo-atom potential for the cylindrical pore model with c,,/k = 395 K 
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242 G. K. PAPADOPOULOS et al. 

Knudsen diffusion coefficient value Dk, given by the relation: 

where v is the mean molecular velocity of the molecules having mass m, T is 
the temperature of the system, and RK is the effective cylinder radius for 
Knudsen flow. The latter is the furthest distance from the cylinder centre 
that a molecule centre can travel. Clearly, this quantity cannot be precisely 
defined for soft repulsive potentials. It is therefore assumed that RK is 
limited by the hard sphere separation between the wall particles and the 
adsorbate i.e., 

In the usual reduced MD units [21], Eq. (3) becomes: 

D ; = 1 R ; ( 7 )  4 2T' 

3. RESULTS 

3.1. Methodology 

The concentration of methane in the pore was calculated by generating the 
adsorption isotherm using the grand canonical Monte Carlo technique [2 11. 
The self-diffusion coefficient has been calculated using both integration of 
the velocity auto-correlation function (VACF) and the time-evolution of the 
mean squared displacement method (MSD) [21]. 

Two physical pore sizes were used in the calculations: R = 0.68nm and 
R = 0.78nm. Using Eqs. (4) and (5) the corresponding reduced Knudsen 
radii ( R k )  are 0.930 and 1.192, and the reduced Knudsen diffusion coeffi- 
cients are 1.40 and 1.79 respectively. The adsorption and self-diffusivity of 
methane at 298 K, was calculated for reduced number densities po3 lying in 
the region from to lov2. The results are summarised in Tables I and 11. 
The influence of the field on the molecular distribution of the adsorbate in 
the radial direction for different values of densities in the pore is shown in 
Figure 2 and the isotherms, obtained from GCMC simulation, in Figure 3. 
The latter confirm that the densities studied are well inside the Henry's law 
region. 
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LOW DENSITY DIFFUSION 243 

TABLE I 
(D.mnl’2 .c - ‘ I2  u - I  ) obtained for the model cylindrical pore of radius R = 0.68 nm 

Molecular dynamics parameters and self-diffusion coefficients 0; in reduced units 

tins W f s  
2.67. lo-’ 0.5 1 

1 1 
1 2 
2 2 
5 1 
5 1 

1 1 
1 2 
1 3 

5.34. 1 1 
1 1 
1 2 

1 1 
1 2 

8.10. 1 1 
1 2 

2.28. 1 0.5 

1.30. lo-’ 1 1 

(,Ins ’,’ MSD 0,’ YACF 

0.300 1.55“, 1.39b - 
0.300 1.58a, 1.37b - 

0.010 0.56 - 
0.300 0.68 ~ 

0.005 0.54 - 
0.300 0.57 - 

0.175 3.56 3.11 
0.300 3.48 3.00 
0.300 4.17 3.70 
0.300 1.49“, 1.2Sb 3.28 
0.020 3.58 3.84 
0.300 3.50 3.62 
0.300 3.64 3.75 
0.020 2.58 2.62 
0.300 2.51 2.48 
0.020 2.73 2.71 
0.300 0.90 0.94 
0.030 0.86 0.80 

‘Value of 0; calculated from the first slope of the MSD plot. 
bValue of 0: calculated from the second slope of the MSD plot 

TABLE I1 
( D ~ I ” * E - ’ ~ ~ U - ~ )  obtained for the model cylindrical pore of radius R = 0.78nm 

Molecular dynamics parameters and self-diffusion coefficients 0,’ in reduced units 

P.‘CH, tins w s  t,lns ’: MSD O.: VACF 

9.04.10-6 1 1 0.040 0.30 - 
1 1 0.100 0.37 - 
1 2 0.100 0.76 - 

9.04. lo-’ 0.5 I 0.020 3.17 3.02 
0.5 2 0.100 3.37 3.30 
1 1 0.100 3.23 3.31 

9.00 0.5 I 0.040 3.46 3.81 
0.5 2 0.040 3.20 3.19 

9.12. 0.5 1 0.040 2.26 2.41 
0.5 2 0.040 2.89 2.86 

It may be observed from Table I, that the self-diffusion coefficients are 
highly dependent on the specified molecular dynamics parameters. Thus D, 
varies significantly with the time step S t ,  for runs of the same total time t ,  
when the time step S t  is changed. This behaviour is most noticeable at the 
very lowest concentrations, and progressively disappears as the concentra- 
tion increases. 

It is expected from earlier work [15] that in the zero concentration limit, 
0: will be less than or equal to D;( when an adsorbent force field is present, 
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n L v 
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0.008 

0.004 

0.002 

O.OO0 

0.m 

0.004 
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O.OO0 

b 
l\ 
I \  
I \  
I 1  
I \  
I 1  
I I 

/ I 
/ I 

0.0 0.2 0.4 0.6 

Distance from the pore centre (r/R) 
FIGURE 2 
mean densities of 1.30. 
line); (b) R = 0.78 nm at mean densities 9.00. 

Number density p*( = pa3) profiles along the pore radius for (a) R = 0.68 nm; at 
(dash-dotted line) and 2.67. lo-’ (dotted (solid line), 5.34. 

(upper line), 9.04. lo-’ (lower line). 

since the overall effect is to shorten the molecular trajectories in compari- 
son to the linear Knudsen trajectories. The present investigation suggests 
that small bt values, rather than long runs, lead to values of 0: that meet 
this criterion. For example when R = 0.68 nm (Tab. I) it is seen that, at the 
lowest concentration studied, the longest run of 5 ns, using the lower values 
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0.020 

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 

fO31E 

FIGURE 3 Henry law region isotherms for CH4 at 298 K presented as number density vs. re- 
duced fugacity for cylindrical pores of radius 0.68 nm (filled circles) and 0.78 nrn (open circles); 
the inset shows the extension of these isotherms to higher fugacities. 

of St (1 fs) gave D,* = 0.57 compared with 0.68 for the run lasting 1 ns. In 
both cases the correlation time t ,  in the MSD analysis was 0.300 ns. 

It was noted that the smaller time step, gave MSD plots with a linear part 
at much earlier times. At the lowest concentration in Table I for example, 
the higher St value with a run length of 1 ns, gave MSD-plots with two linear 
sections as illustrated in Figure 4 (top panel), and tend to overestimate D, at 
the lowest concentration (giving a value above the classical Knudsen 
estimate). Due to the method of averaging [14], the final section of the plot 
suffers from poor statistics since few time origins are included, and has 
therefore been omitted from the estimate of D,. 

In order to confirm the origin of the second linear part of the MSD curve, 
we repeated the run at p* = 2.28 x increasing the run length from 2 ns 
to diminish any problem arising from poor statistics. Figure 4 (bottom 
panel) shows the two runs for 2 fs and 3 fs. The longest time step (Fig. 4d) 
again produces an MSD plot with a second linear part as observed at the 
lower concentration. Chitra and Yashonath [17], have likewise observed the 
advent of a second linear part of the MSD-plot with lower slope above a 
certain value of t,. The present calculations suggest that smaller time steps, 
rather than an increased number of time origins (longer runs), help to 
minimise this problem. Furthermore, the present investigation shows, that 
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0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

t/ns 
FIGURE 4 Mean square displacement plots along the direction of the flow (z-axis), for R = 
0.68 nm and for (a) p' = 2.67 St = 2fs; (b) p' = 2.67. lo-', 6t = 1 fs; (c) p* = 2.28. w4, 
6t = 3 fs; (d) p' = 2.28. 6t  = 2fs. 

with suitable choice of at, a satisfactory estimate of D, can be obtained 
without having to use a long correlation time, a procedure which demands 
large resources. It seems probable that this difficulty arises in these 
simulations because, close to the wall, molecules are subjected to rapidly 
varying force fields, which necessitates rather small time steps for accurate 
calculation. At low concentration trajectories are not randomised through 
collisions with other molecules, and therefore long trajectories occur 
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LOW DENSITY DIFFUSION 241 

between collisions. There is of course a lower limit, below which reduction 
of the time step does not lead to further accuracy [22]. 

Figure 5 shows the variation of D,, calculated from MSD plots with 
6t = 2 fs, for three adsorbate densities at successive time intervals of 10,000 
time-steps in the cylinder with radius 0.68nm. At the lower reduced den- 
sities (2.67 x D, exhibits quite large fluctuations and 
eventually drops to zero. At the highest density shown (1.3 x lo-'), D, 
shows no particular variation during the run, converging to its final value 
after about 30 intervals. It may be concluded that continuous increase of 
the total run time t ,  in order to obtain a precise D, value, is not always 
applicable under the conditions where intermolecular collisions between 
moving molecules are highly infrequent. In the cylindrical geometry of the 
present investigation, molecules are subjected to high accelerations normal 
to the wall (the direction in which the potential field acts), but are not 
subject to any potential field parallel to the wall (along the z-axis). Rounding 
errors in the solution to the equations of motion therefore tend to distribute 
unequally between the degrees of freedom in these different directions under 
the influence of the thermostat, and the molecules eventually oscillate in 
the x - y  plane with little or no movement in the axial direction. A possible 

and 2.28 x 

3.0 

2.5 

2.0 

2 - 1.5 * 
4 

1 .o 

0.5 

0.0 I 6 

0 20 40 60 ao 100 120 

N 
FIGURE 5 Reduced diffusion coefficient Df as a function of the number N of successive time 
intervals of 10,000 time-steps and 6t = 2fs for CH4 in the cylinder with R = 0.68nm, for den- 
sities p' = 2.67. lo-' (circles); p' = 2.28. (triangles); and p' = 1.30. (squares). 
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248 G. K. PAPADOPOULOS et al. 

problem under conditions of strong localisation of the adsorbance mole- 
cules in model porous systems, is that high St values lead to an increase in 
the ballistic part of the MSD curve since intermediate trajectories that could 
help randomisation are absent. Calculation of D, by integrating the velocity 
autocorrelation function failed at the lowest density because of the signi- 
ficant noise in the long time tail and are therefore not reported in Tables I 
and 11. Figure 6 illustrates the VACF for R = 0.68 and p* = 2.24 x 
with a time step of 1 fs. 

3.2. Density Dependence of D, 

The self diffusion coefficients have been calculated at the densities shown 
in Tables I and 11. A set of calculations was performed with E,,/k = 395K 
as described above and a second set with E,,/k = 650 K corresponding to a 
much stronger adsorbing surface, with a holding potential similar to 
graphite. The density range is mainly within the Henry law region (up to 
p* N 0.02). D, was calculated from both the MSD and the VACF (except at 
the lowest density as explained above) and the two values were found to 
be in a satisfactory agreement. 

Figure 7 shows the difhsivity as a function of density over the range of 
densities lop3 for both cylinder radii and for both adsorbent surfaces. 

0.00 0.05 0.10 0.15 0.20 

tlns 
FIGURE 6 Normalised velocity autocorrelation plot along the direction of the flow, (z-axis), 
for R = 0.68 nm and p' = 2.28 with 6t = I fs. 
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I 0 '  I I 

165 164 1 € 4  le-2 

p' 
FIGURE 7 Reduced diffusion coefficient for methane in cylinders as a function of con- 
centration (log scale) at 298 K. Filled symbols are for cylinders with radius 0.68 nm. Open sym- 
bols are for cylinders with radius of 0.78 nm. Circles denote a wall energy parameter, E,,/kB = 
395 K; triangles denote a wall energy parameter, €,,/kg = 650 K. 

The data have been averaged over all results for time steps of 1 and 2 fs and 
over results from MSD and VACF. The error bars are standard deviation 
from the mean of these values. The most notable observation is that D, 
increases above the Knudsen value for both sizes of pore. High diffusivities 
in the Henry law region, have been previously observed [12- 141 as discus- 
sed in the introduction. The present study confirms the occurrence of this 
phenomenon for cylindrical geometry and for adsorbate loadings well inside 
the Henry law region. In both pore sizes, the more strongly adsorbing 
surface ( ~ , , / k  = 650 K, shown as triangles) gives lower diffusion coefficients 
than the weakly adsorbing surface ( ~ , , / k  = 395 IS, shown as circular points). 
The effect of changing the field appears to be greater for the larger pore. 
This is to be expected since most trajectories are small hops in which the 
molecules tend to vibrate normal to the surface. In the smaller pore, overlap 
effects produce a deeper potential in the centre of the cylinder (see Fig. 1) the 
mean vibrational amplitude normal to the surface is therefore greater, and 
longer hops are possible. It is also notable that the maximum is sharper for 
the smaller pore size (filled points). 

The maximum in Figure 7 can be attributed to dynamic effects. In 
Figure 8, we show the mean separation distance between a pair of molecules 
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FIGURE 8 
R = 0.68 nm at density of p' = 2.28. 

Magnitude of the mean separation vector between molecules in a cylinder with 

in the capillary of radius of 0.68 nm at a density 2.28 x lop4 ( ~ , , / k  = 395 K) 
where the diffusivity is close to its maximum. Figure 8 shows that the mean 
separation oscillates around the value of ~cT,,, but with minima smaller than 
the hard sphere separation. Thus although the average intermolecular 
interactions are negligible at the low concentrations - as indicated by the 
linear Henry law plots - instantaneous dynamic interaction between mole- 
cules may occur. 

Figure 9 shows a trajectory plot, for one particle in the above simulation, 
projected onto the x-y  plane. The full lines in Figure 9a correspond to the 
first 10900 time steps, and the circle is an envelope drawn around the 
maximum radial distance at which the trajectories are reversed. The arrow 
denotes the time step at which an intermolecular collision has occurred, 
resulting in a sharp xeversal of the trajectory back towards the wall. 
The trajectory is shown in detail, for the time steps around this region, as 
the broken line in a magnified section in Figure 9b. It can be seen that the 
trajectory now penetrates deeply into the repulsive region of the wall and 
is therefore strongly accelerated away from the wall. The broken lines in 
Figure 9a follow the first few thousand time steps after this event. The 
longer time consequences are illustrated in Figures 9c and 9d, which show 
the next 3000 time steps, and the final 5000 time steps respectively. It can be 
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FIGURE 9 Trajectories of one molecule projected onto the cross-section (x ,y  plane) for a 
cylinder of physical radius R = 0.68 nm, at p* = 2.28. w4. (a) First 10900 time steps. (b) Detail 
from (a): see text. (c) time steps from 11000 to 15000. (d) Final 5000 time steps to 20000. 
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seen that much longer paths are occurring, and that the trajectory invariably 
penetrates the repulsive region of the wall potential. At the lowest 
concentration studied there is no evidence of this type of phenomenon. 
Figure 10 compares the mean free path distribution for the above run, with 
that for the run at the lowest density. The average value of the mean free 
path, ( A ) ,  from the distribution for the higher density run is 0 . 7 8 ~  which is 
much smaller than value for the cylinder of 4Rk/3 = 1.240. The reduced 
mean speed is 2.3 at this temperature, giving a value for the reduced 
diffusion coefficient below 1 .O, well below the estimated Knudsen value and 
the value of 3-4 found from the simulations. Clearly the high value of Df 
cannot be explained in terms of a mean free path diffusion model. On the 
other hand, if we assume a hopping model, we can estimate the vibration 
frequency of molecules close to the wall using the second derivative of the 
potential energy at its minimum for the force constant. This gives a reduced 
frequency v* w 8.5, and 0,’ from v*( X )2/2 is - 3.0 in satisfactory agreement 
with simulation. We may conclude that the hopping model, rather than the 
Knudsen model, is the more suitable description for diffusion of methane in 
micropores at ambient temperature. 

At sufficiently low density, either intermolecular collision is such an 
improbable event that it does not occur over the whole length of the 
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FIGURE 10 Mean free path histogram for the model of R = 0.68nm and for the densities of 
p* = 2.67. (filled circles) and p’ = 2.28. (open circles). 
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simulation, or else no collision occurs of the type illustrated in Figure 9. At 
higher densities, on the other hand, frequent intermolecular collisions serve 
to quench the longer trajectories revealed above, and diffusivity begins to 
decrease as a consequence. 

4. DISCUSSION AND CONCLUSIONS 

We have demonstrated that, with suitably short time steps and sufficiently 
long simulations, it is possible to obtain diffusion coefficients at low den- 
sities that are reproducible within acceptable error limits, for a Lennard- 
Jones molecule in confined spaces at ambient temperature. The degree of 
confinement is typical of that found in zeolitic and other microporous 
materials. Our simulation results show that at densities well within the 
Henry law region, diffusivity passes through a maximum with density that is 
well above the theoretical Knudsen value, whilst the limiting diffusivity is 
below this value. This maximum can be interpreted as being due to an 
infrequent collision event which causes a molecule to penetrate deeply into 
the repulsive region of the wall leading to long paths between wall collisions. 
In previous work [ 141 we have suggested that attractive interaction between 
molecules may produce a similar phenomenon, but no evidence of this type 
of effect was found here. Earlier suggestions that similar diffusion maxima 
may be due to molecules being freed from deep potential pockets do not 
apply in the system studied in this work. The diffusion mechanism in this 
system is more consistent with a hopping model than with the classical 
Knudsen mechanism. 

A question that needs to be asked is whether diffusion maxima at low 
density are in fact artefacts of simulation studies without correlates in the 
real world. One problem is that the phenomenon is related to rare events, 
and total simulation times (even in very long runs) are extremely short on 
the time scale of most experiments. However this objection does not rule out 
the possibility that such phenomena could occur at even lower concentra- 
tion. A second difficulty is the inherent inaccuracy of the numerical solution 
of the equations of motion. We have seen that this can eventually cause the 
axial diffusion to collapse to zero. It seems improbable that this defect could 
also be responsible for the opposite effect. In this work we have used the 
Verlet algorithm, and it is possible that alternative algorithms may lead to 
slower accumulation of rounding errors [22], however it is not clear that this 
would eliminate the phenomenon under discussion. A further point is that 
the proffered explanation is crucially dependent on the way in which all 
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molecular velocities are randomised, in accordance with the cosine reflection 
law [23]. Another possibility is to model the wall atoms as if they were 
localised vibrators. Objections can be raised against all these models. 
However it is arguable that the mechanism observed here would occur in 
real systems. The essential feature is that a rare intermolecular collision 
propels an adsorbate molecule deeply into the repulsive part of its 
interaction with a wall atom and that subsequent long trajectories are not 
quenched over a relatively long period of time. 
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