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Microcanonical ensemble molecular dynamics simulations are used to study anisotropy in diffusional and
related dynamical properties for five spherical sorbates of varying size and polarizability in silicalite. Silicalite
has straight and zigzag channels, parallel to yhand x-axes of the unit cell, respectively, which are
interconnected in such a way that diffusion alongzfikrection is possible only by alternation of the sorbate
between straight and zigzag channel segments. Helium, the smallest and most weakly bound sorbate, is found
to comply most closely with the behavior expected on the basis of the simple random walk model developed
to understand the geometrical correlation between the principal elements of the diffusional tensor in silicalite
(J. K&ger,J. Phys. Cheml991, 95, 5558). The larger and more strongly bound sorbates, Ne, A, atd

Xe, show significant deviations from this model. The diffusion of these particles along divection is
distinctly subdiffusional with the mean square displacement growingt&& The randomization and anisotropy
parameters for all four sorbates are similar but differ significantly from the predictions of the random walk
model. The relative rates of diffusion along the straight and zigzag channels are more sensitive to the nature
of the sorbate than the anisotropy and randomization parameters. For all five sorbates, the subdiffusional
behavior along the direction, as well as deviations from the predictions of the random walk model, are
more pronounced at higher concentrations. The anisotropy in the short-time dynamics has been examined by
studying the velocity autocorrelation functions and the instantaneous normal mode spectra. For very short
times of less than 0.5 ps, the velocity autocorrelation function and its directional analogues are virtually
identical, but divergences are seen by times of the order of 1 ps. The instantaneous normal mode spectra
show the expected correlation between the diffusion coefficient, the Einstein frequency, and the fraction of
imaginary modes. There is no significant anisotropy in the INM spectra that is consistent with the behavior

of the velocity autocorrelation functions for short time scales.

1. Introduction system, and sorbate diffusion along thedirection is only
] ) ) ) . possible by alternation of the sorbate between straight and zigzag

Transport properties of simple sorbates in zeolites provide -nannels. Thus diffusion in thedirection must depend on the
convenient models for understanding the effect of confinement it sion coefficients in thex andy directions. This type of
in a microporous medium on the dynamics of fluids. Zeolites ¢qrelation between the components of the diffusion tensor due
are ordered porous media with well-characterized crystal- 1 the geometry of the channel network is classed as geometrical
lographic structures which provide a very wide variety of pore cqrrelation. To understand the effect of such geometrical
dimensions, binding energies, and channel geometre®ne  ¢orelations on the diffusional anisotropy; igar developed a
of the most obvious ways in which confinement in a zeolite gjmple and elegant Markovian random walk model for diffusion
can alter the dynamics of a fluid is by inducing diffusional i, sjjicalite that predicts the following relationship between the

anisotropy due to a framework geometry belonging to a giftfysion coefficients, Dy, Dy, and D,, in the x, y, and z
noncubic space group?? Other examples of unusual diffusional  irections®

phenomena due to the structure of the confining medium are

single file diffusion!!~®the levitation effect® 1°and quantum 2 22 P

sieving2® DD D (1)
Silicalite is the pure silica analogue of the industrially ‘ X Y

important zeolite ZSM-5. Silicalite belongs to the orthorhombic Whereal b, andc are the unit cell dimensions. More elaborate

Pnmaspace group and is therefore expected to induce diffu- models that take into account other sources of correlations, such

sional anisotropy. Silicalite also has a more unusual feature in as vacancy correlations due to concentrations significantly

the geometry of the channel network that has made it the focusgreater than zero and kinetic correlations due to incomplete

of a number of theoretical studies. Silicalite contains two types randomization, have subsequently been develdfgor xenon,

of interconnected channels: straight channels parallel ty the methane, and ethane, comparison of predictions based on

direction and zigzag channels parallel to thelirection. The  random walk methods with pulsed field gradient NMR and

channel connectivity is such that at a channel intersection the molecular dynamics (MD) results indicate a fair degree of

sorbate can move in one of the four directions inxhgchannel consistency.
In this work, we examine the diffusional anisotropy exhibited
*To whom correspondence should be addressed. by simple LennaretJones sorbates in zeolites using molecular
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TABLE 1: Lennard —Jones Parameters for the
Sorbate—Sorbate and Sorbate-Oxygen Interactions

sorbate  ess(kI mofl)  oss(A)  eos(kImoll)  oos(A)

He 0.085 2.28 0.426 2.62
Ne 0.28 2.85 0.529 2.78
Ar 1.183 3.35 1.028 3.03
CH, 1.23 3.73 1.108 3.214
Xe 3.437 3.85 1.737 3.28

2/ A°

L] 1 1 L

dynamics simulations. The dependence of the extent of anisot- P Y;
ropy on sorbate size and polarizability is illustrated using 6 2 4 6 8 10 12 14 16 18 20
Lennard-Jones parametrizations for helium, neon, argon, X/ A°

methane, and xenon. In addition to calculating the diagonal

elements of the diffusion tensor, we also examine the anisotropy -3 e
in several related quantities such as the velocity autocorrelation
function and the ballistic to diffusional crossover times.
Instantaneous normal mode (INM) analysis has been recently
shown to be very useful for understanding short-time dynamical
behavior of sorbates in zeolités:23252” For example, the INM
spectrum carries signatures of the anomalous levitation peak.
In this work, INM analysis is extended to study diffusional
behavior in anisotropic zeolites. The paper is organized as
follows. Simulation details and related techniques of analysis
are summarized in Section 2. Results are discussed in Section
3. Conclusions are presented in Section 4.

Z/A°

| A
2 4 6 8 10 12 14 16 18 20
x/A°
Figure 1. Contour plots of the potential energy surface of a single (a)

xenon and (b) helium atom in silicalite. The plots are constructed in
the xzplane withy-coordinate fixed at 4.98 A. Contour lines give the

2.1 Zeolite Structure. The unit cell of silicalite contains 96  potential energy in kJ mot.
silicon atoms and 196 oxygen atoms. The positions of the
framework atoms were taken from the crystallographic data for
the orthorhombic fornd®2°Silicalite belongs to th@nmaspace teraction used in this work. Parameters for neon, argon, and

2. Details of Simulations and Analysis

group and has lattice parametersact 20.07 A,b = 19.92 A, xenon are taken from ref 33. The methane parameters are those
andc = 13.42 A. The straight channels parallel to thraxis used in a recent study of diffusional anisotréphhe parameters
have elliptical cross sections, with major and minor axes of 5.7 for helium are taken from ref 24. Note that ¢Has a very
and 5.1 A, respectively, and are bisected by the plarves0 similar ess value to Ar and a very similasss value to that of

andx = a/2. The zigzag channels parallel to thaxis with a Xe. Figure 1 shows contour plots of the potential energy as a
circular cross section of 5.4 A radius can be clearly seen in the function of the location of a single rare gas atom in the silicalite
planesy = b/4 andy = 3b/4. framework. The steeper repulsive walls and reduced dimensions
2.2 Potential Energy SurfaceThe potential energy function  of the channels for the larger xenon atom when compared to
for Lennard-Jones sorbates in silicalite is based on the Kiselev helium are obvious. In the case of helium, additional very small
model3°~32 The total potential energy of the system is subdi- pores can be seen that are isolated from the channel system
vided into a guesthost term, Ug, which represents the and are artifacts of the potential energy surface. These unphysi-
interaction between the sorbate or guest atom with the hostcal pore spaces arise because the approximation of assuming
lattice and a guestguest term,Ug, which is a pairwise complete shielding of the sorbate from direct interaction with
Lennard-Jones interaction between the sorbate atoms. The framework silicon atoms breaks down when the sorbate size is
silicon atoms in the framework are assumed to be completely small. The effect is small for helium, and the MD dynamics is
shielded from interaction with the sorbate by the tetrahedrally not affected provided the simulation is initiated with the sorbates
coordinated oxygen atoms. Since silicalite contains no frame- located in the channel regions. For very small sorbate sizes,
work cations, it is not necessary to postulate compensating however, the distortion of the channel geometry is substantial.
partial charges on the framework oxygens, and the only In previous work on the levitation effect in silicalite, sorbates
contribution to the guesthost interaction energy is due to the with Lennard-Jones size parameters as small as 1.5 A were
dispersion interaction between the sorbate and the frameworkconsidered? Our analysis of contour plots of such small
oxygens. The functional form of the potential is then given by: sorbates indicates that the channel structure of silicalite is
severely distorted in such cases, and we have therefore not

no N 0gs 09 considered any sorbates witlsless than 2.28 A in this studly.
Ugh= Z deg o 2 2.3 Molecular Dynamics. 2.3.1 Computational Details.
== i ry Molecular Dynamics (MD) simulations were carried out in the

microcanonical (NVE) ensemble using the velocity Verlet
where no and N are the number of framework oxygen and algorithm3435The simulation program developed by us has been

sorbate atoms respectivels, is the distance between tljig tested against results available in the literature and used in
framework oxygen and thith sorbate atom andso and oso previous work2%27 |nitial velocities were sampled from a
are the LennardJones parameters for the sorbateygen Maxwell—Boltzmann distribution corresponding to some preset

interaction. Table 1 shows the Lennatdbnes parameters for temperature and then temperature scaling was carried out during
the sorbate sorbate as well asorbatramework oxygen in- the equilibration period. The reference temperature was taken
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to be 300 K; actual temperatures during a run were with?®
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Dy are analogous. In all the cases studied here, the time period

K of this value. Concentrations ranging from 2 to 24 sorbates until approximately 1 ps can be definitely classed as in the
per unit cell were studied. Orthorhombic periodic boundary ballistic regime while beyond 10 ps, the system may be classed

conditions were imposed. A simulation cell containing two unit
cells of silicalite along the-axis in conjunction with a spherical
cutoff radius of 12 A for sorbatesorbate and sorbateeolite
interactions was found to be sufficient to converge the guest
host potential energy to better than 29647 The zeolite

framework was assumed to be rigid. The time step for each

as in the diffusional regime. A least-squares fitting procedure
was used to obtain straight line fits in the two regions using
the expression:

InOx(t) — x(0)’C= In(2D,) + n In t 7)

system was chosen to ensure energy conservation to better thagnd its analogues in theandz directions. The three-dimensional
the third significant figure. Instantaneous normal modes were generalization is

calculated at intervals of 100 time steps. Further convergence
details and choice of time steps, run lengths, and equilibration

periods are discussed in Section 2.3.4.

Indr(t) — r(0)°C= In(6D) + nin't (8)

Itis useful to consider at this stage the possible implications |deally, the values of,, ny, N, andn should be 2 and 1 in the
with regard to our simulation results of the choice of a rigid, as pallistic and diffusional regions, respectively, but in practice
Opposed toa ﬂeXIb'e, zeolite lattice. Previous studies comparing deviations from integer power dependence are observed due to

diffusional behavior of methane in rigid and flexible zeolite

the effects of the confining potenti#l.Since such deviations

frameworks indicate that the inclusion of lattice vibrations has from unity contain interesting information on the degree of

a relatively small effect on diffusion constarifs38 The reason

subdiffusional character, we have used eqs 7 and 8 to fit our

for this is that the force constants for the zeolite framework data rather than eqs 5 and 6 which enforce a linear dependence
bonds are very large, and as a result, the zeolite lattice vibrationspn time. The intercept of the plot of |ix(t) — x(0)|2 against In

are relatively weakly coupled to the sorbate motion. While the t is taken to be R, in the one-dimensional case anb & the
presence of lattice vibrations assists the equilibration processthree-dimensional case. An order-N algorithm was used to
in the NVE ensemble simulations, it is by no means essential compute the mean-square displacement as a function oftime.

provided equilibration times are sufficiently lodgMoreover,
our primary interest in this work is the effect of channel
geometry and connectivity on the diffusional behavior of

The ballistic to diffusional crossover time,, is taken to be the
point of intersection of the straight line fits to the data in the
ballistic and diffusional regimes.

sorbates. In this context, we cite several recent works on the  Since the purpose of this study is to study diffusional

effect of geometrical correlations on diffusional behavior in
silicalite?~10 as well as on single-file diffusioft > which use

anisotropy in silicalite, we summarize the different parameters
that have been used in the literature to characterize the relative

the rigid lattice assumption. Therefore, we feel that for an magnitudes of the direction-dependent diffusion coefficients.
exploratory study of the type presented in this work, the rigid The relative rates of diffusion in the straight and zigzag channel

lattice approximation is adequate provided appropriate care isscan be simply characterized by the rddigD,. The anisotropy
taken with regard to equilibration. To ensure the latter, we have parameter,A, which indexes the rate of diffusion in the

followed an equilibration protocol in which the system is first

direction as a result of correlated motions in tkeand y

thermalized at a high temperature of 500 K and then cooled to girections is defined as

300 K in steps of 50 K, ensuring thermalization at intermediate

temperatures.
2.3.2 Diffusion Coefficient§.he mean squared displacement
(MSD), A?%r(t), may be defined as

A?r(t) = Or,(t) — r,(0)1°0
N
=1/N

®)

> % L It + o) — @ (4)

max

wheretnaxis the duration of the simulation. A plot of the mean-
squared displacemem?r(t), versus timet, can be subdivided
into two distinct regimes: (i) the initial ballistic regime for which
A?r(t) O t2 and (ii) the diffusional regime witi\2r(t)t.36 The
Einstein relation in the diffusional regime defines the diffusion
coefficient,D, to be

Or(t) — r(0)|°C= 6Dt (5)

wherer (t) is the N-dimensional position vector for the sorbate

atoms at timet. The direction-dependent diffusion coefficient
in the x direction, Dy, is defined as

AX(t) = [x(t) — x(0)]*C= 2Dt (6)

wherex is anN-dimensional vector. The definitions 8% and

A= (D, + D,)/2D, 9)
The randomization parametet, is defined as:
¢/,
(10)

ﬂ_£m+wq

A value of unity for thefs-parameter indicates that the basic
assumption of Keger's model is exactly obeyed, i.e., the
probability of a sorbate to move in any one of four directions
on reaching a channel intersection is the sgthe.1 indicates
a tendency for the sorbate to continue in a channel of the same
type, whereag < 1 indicates a tendency to alternate between
straight and zigzag channels.

2.3.3 Time-Correlation Functiong.he velocity autocorrela-
tion function is defined as

~ I(t)v(0)D

va (t) - E}’Z(O)D (1 1)

and is related to the diffusion coefficierd, by the relation:
D = (1/3) [."C,,(t)dt (12)

We have, however, not used the integral of the velocity
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TABLE 2: Convergence Tests for CH, in Silicalite at Different Concentrations Measured in Sorbates Per Unit Ceh

(kJ mol?) (108 m?s ™) diffusional

conc  tpoa(NS) tequil(NS) T (K) WgnD Wy Dy Dy D, D Ny ny n, n
2 5.3 5.3 305 —-15.76  —0.09 0.62 0.60 0.19 0.43 0.89 1.05 0.83 0.99
5.3 26.4 301 —-15.75  —0.09 0.49 0.74 0.13 0.45 0.95 0.96 0.94 0.98
26.4 26.4 305 —15.76  —0.09 0.49 0.56 0.15 0.39 0.95 1.02 0.91 0.99
8 53 5.3 305 —-1535 —0.49 0.49 0.63 0.23 0.43 0.93 0.99 0.81 0.96
5.3 26.4 299 —-15.37  —-0.49 0.47 0.63 0.23 0.43 0.94 0.97 0.80 0.95
26.4 26.4 298  —15.38 —0.49 0.48 0.59 0.20 0.41 0.93 0.99 0.83 0.90
12 5.3 5.3 303 —1525 -0.78 0.36 0.51 0.15 0.34 0.91 0.94 0.84 0.92
5.3 26.4 299 —-1526  —0.78 0.31 0.49 0.22 0.32 0.95 0.95 0.74 0.93
26.4 26.4 299  —1526  —0.79 0.30 0.47 0.16 0.31 0.95 0.96 0.82 0.94
16 53 5.3 300 —15.14 -1.04 0.22 0.36 0.19 0.23 0.89 0.96 0.68 0.92
5.3 26.4 304 —-15.12 -1.04 0.26 0.39 0.15 0.25 0.89 0.98 0.77 0.93
52.8 26.4 317  —15.08 -1.04 0.20 0.41 0.12 0.24 0.95 0.96 0.81 0.95
24 5.3 5.3 291 —-457  —-0.98 0.15 0.14 0.15 0.11 0.74 0.98 0.55 0.89
53 26.4 299 —-451  —-0.96 0.08 0.14 0.15 0.10 0.97 0.96 0.59 0.92
52.8 26.4 298 —-451  -0.97 0.08 0.14 0.09 0.09 0.94 0.95 0.69 0.93

aA time step of 5.3 fs was used for all the runs. Temperature scaling was carried out during the equilibrationtg@riadd switched off
during the production run of lengttyoq

autocorrelation function to compute the diffusion coefficient of 16/u.c. to 24/u.c. indicates that a concentration of 24 atoms
since the relation using the mean square displacement as ger unit cell exceeds the maximum packing density for sorbates
function of time proves to be computationally more efficient. of this size33 Therefore, for CHHand Xe, we have not considered
The directional analogues are defined as: the results for concentrations above 16/u.c. Convergence of the
D values with increasing equilibration and production times is

(v, (00 much slower, as expected for a transport property, specially at
Cvxvx(t) B NZ(O)D (13) the lowest concentration of 2/u.c. This is expected given the
X slow thermalization for very low sorbate concentrations in a
9, (v, (0)[] rigid lattice in the NVE ensemble. A comparisc_)n with the resu_lts
c, ()= PARARS' (14) of Jost et al. who used an NVT ensemble with weak coupling
Uy Eys(o)u to the thermal bath shows that the agreement between their
results and ours is much better at higher concentrafiddis.
[v,(t)-v(0)0 the basis of previous wor,2"“%we estimate an error a£10%
C,,0= 5 (15) for the diffusion coefficients obtained from the longest runs.
o W;(0)00 We also show the convergence behavior for the exponegts,

ny, Nz, andn in the diffusional regime (see eqs 7 and 8). The

The structure of the velocity autocorrelation function can provide convergence behavior of, ny, andn is more robust than that
information on the short and intermediate time dynamics of the of n,. As mentioned in the introduction, the motion in the
system. The timeg,, at which C,,(t) first turns negative  direction is a consequence of correlated motions alongxthe
represents the average time at which the sorbate first encountergndy directions. The variation in the, values may therefore
a repulsive barrier and is often closely related to the crossoverpe due to two reasons: (i) slower diffusional motion along the
time from ballistic to diffusional motion. The position of the  zaxis and (ji) slow restoration of Fickian behavior in the very
first minimum in C,,(t) indicates the average time at which |ong-time limit. These points are discussed further in Section
the sorbate is likely to reverse its direction of motion. As 3 |t should be noted, however, that despite a relatively higher
collisions with the wall and other sorbates increase, the yariation in n, as compared tay and ny, the n, exponent is
correlation function decays to zero. _ B always lower than the exponents in thandy direction.

2.3.4 Conergence TestsThe statistical error in quantities Convergence tests, similar to those reported above for CH

such as the d|ﬁgS|on coefficient, which are bOt.h Flme-depend.ent and Xe, were carried out for the other four sorbates. The results
and expressed in terms of a mean square deviation, are relatively

much areater than for simole averages. such as the IT]eanreported here are for the longest run length simulation for each
potentigl energ# A detailedestudy ofthge e’rror in the diffusion concentration. The corresponding simulation parameters are

- ' . . summarized in Table 3. On the basis of our convergence tests,
coefficient of sorbates |n.zeol|tes d‘?pe”ds on the nature of thewe expect our diffusion coefficients to be correct to withihO
system and the underlying potential energy surfic8ince

. ? s . to +20% for the longest runs.
results reported in the literature vary significantly in terms of . ) )
run lengths, equilibration protocols, and potential energy pa- 2.4 Instantaneous Normal-Mode Analysisin this section,
rametrizations, we have performed a fairly detailed set of W& first summarize those aspects of instantaneous normal mode
convergence tests. The results for CH silicalite are sum-  (INM) analysis which have been found useful in understanding
marized in Table 2. We have considered five different concen- the short-time dynamics of simple sorbates in zeofités\We
trations of 2, 8, 12, 16, and 24 atoms per unit cell as well as then discuss the simple extensions necessary to study the effect
three different sets of equilibration timeis,i, and production ~ Of anisotropy of the confining potential on the INM spectrum.
run lengthstyoq for each concentration. As expected, a simple  An instantaneous normal-mode analysis is performed by
statistical average such as the gudsist interaction energy, is  expanding the potential energy function to second order in the
very well converged even for the smallest concentration and displacement;(t) — r(0), wherer(0) andr(t) are the configura-
Il d for th llest trat d displ t(t 0), wh 0) andr(t th f

run length. The sharp rise ilg,[lon going from a concentration  tions of the N-particle system at tim¢ = 0 and at timet,
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TABLE 3: Molecular Dynamics Simulation Parameters the short time behavior of the translational autocorrelation
Used for Different Lennard—Jones Sorbates function is well reproduced by the above formula provided
mass ISIE?J (sgr%r;es/ t t T (kJ mol™) 's not too large.
il d EE—— ]
sorbate (amu) (fs)  u.c.) (erg‘g') (‘;{g) ) gl Uggd To define the components of the INM spectrum along the

three Cartesian directions, an eigenvector representingtithe

He 4 024 2 120 2.40 318-2.40 0.002 ) . . S
12 120 120 309 —2.31 002 mode associated with some configuration is denoted by
16 120 240 301 —2.33 0.03 N
24 120 240 304 —2.31 0.06
Ne 20 048 2 480 19.20 299-3.89 —0.007 Y= Z Z Upipl&ipU] 19)
12 240 2.40 308 —3.76 —0.03 =
16 240 4.80 299 —3.76 —0.04
24 2.40 4.80 306 —3.64 —0.03 where&js is the mass-weighted displacement of ftieatom in
Ar 40 1.20 2 1176 0.24 294-11.47 —0.08 the -direction with3 = x, y, or z. In the case of orthorhombic
g 2:88 2:88 ;gg:ﬁ:gg :8:28 zeolites, projections along Cartesian directions are equivalent
16 6.00 12.00 285-11.07 —0.82 to projections along the crystallographic axes. We wish to
24 6.00 12.00 288-10.95 —1.20 separate the INM density of states into the direction-dependent
CH; 16 530 2 26.4 264 305-15.76 —0.09 densities of states’(w) such thap’(w) indicates the probability
8 264 264 298-15.38 —0.49 of finding a mode with frequency with a projection in the
12 26.4 26.4 299-15.26 —0.79 o . . .
16 264 528 317—15.08 —1.04 p-direction. Following earlier approaches for computing trans-
Xe 131 12.0 2 116.40 3.60 305-27.97 —0.30 lational and rotational components of INMs in molecular liquids,
12 60.00 60.0 304-26.61 —2.93 we define the projection matrix
16 60.00 120.00 313-26.35 —4.00
respectively. The short-time classical Hamiltonian can then be Pﬁ' = BhuIPgBy 1 0 (20)
written as where
3N 1 [dg)? N
H~ 5 S \ge) V)~ Fo(a — a0) + 0560 BIVIE= S Ui (21)
=

q(0))"™D-(a(t) — a(0)) (16)

where the first and second derivative matrices of the potential,
F andD, respectively, are constructed with respect to the mass- pf N 2
weighted coordinates, The Hessian matrix can be diagonalized kk = Z Uiis (22)
to give the eigenvalues{,w?, i =1, 3}, and eigenvectors =
U(r(0)). The elgenvalugs correspond to thq 'squares of Fhe SinceP}, + P, + P, = 1, we can write
normal-mode frequencies and may be positive or negative
correqunding to re_al ar_ld imaginary_frequt_encies, respectivgly. p(w) = () + () + pi(w) (23)
Conventionally, the imaginary branch is depicted on the negative
frequency axis. where
The INM spectrum or the normalized INM density of states n
is obtained by averaging the INM frequencies over a set of . B
configurations sampled from the equilibrium distribution in any ¢ (w) = QU3N) kZ Pld(@ — my ()0 (24)
ensemble. Mathematically, it may be represented as B

and the diagonal elements of the projection matrix are

~ Each of the direction-dependent densities of states will have a

p(w) = [{L/3N) 8w — w )0 17) fraction of imaginary modes;; and given our definitionk; =
£ Fix + Fiy + Fiz.

The fraction of imaginary modes;;, indicates the extent to 3. Results and Discussion

which the system samples regions of negative curvature, 31 piffusional and Ballistic Regimes.The separation
including barrier and shoulder regions of the PES. Previous petween the ballistic and diffusional regimes is most clearly
studies indicate that; is generally correlated with the magnitude  shown in log-log plots of the mean square displacement against
of the self-diffusion coefficient. The Einstein frequenay, is time. As an illustration, Figure 2 compares the direction-
defined as:wg = [ w?p(w)dw wherep(w) is the normalized  dependent mean square displacemexde(), A2y(t), andA2z(),
INM spectrum. The Einstein frequency is a measure of the against time for CHlin silicalite. The slopes for all three curves
average force constaril/"[I3N, of the system. in the ballistic region from O to approximately 0.5 ps are very
For a classical system, it is possible to obtain an approxima- close to 2. The transition to the diffusional regime is marked
tion to the short-time dynamiCS in terms of the kinematics of by a crossover period rather than a Sharp crossover ﬁme’
the normal mode coordinates. On the basis of the time evolution \More interestingly, the slopes in the diffusional regime are close
of the classical normal modes, it has been shown that theto unity but are by no means identiegthe n, andn, values are

velocity autocorrelation function is given by: 0.95 and 0.96, respectively, while is 0.82. The net mean
square displacemenmt?r(t) grows ag%°4 Thus, sorbate motion
C,, b= freap(w) cost)dw (18) along thez direction, corresponding to theaxis of the unit

cell, is distinctly subdiffusional. From Table 4, it can be seen
where the integration is restricted to only the real branch of the that this subdiffusional behavior for tizedisplacement is present
INM spectrum. For simple liquids and for rare gases in zeolites, for all the sorbates studied here, although it is least pronounced
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Figure 2. Logio—log plot of mean square displacements in e,
andz directions as a function of time for Ghh silicalite at 300 K and
a concentration of 12 particles per unit cell.

TABLE 4: The Exponent of the Time Dependence of the
Mean Square Displacement in the Ballistic and Diffusional

Regimes for Different Lennard—Jones Sorbates in Silicalité

conc ballistic diffusional
sorbate (sorbates/u.c)n, n, n, n n N N n
He 2 1.93 1.94 1.92 1.93 0.99 0.93 0.93 0.96
12 1.91 1.92 1.90 1.91 0.98 1.02 0.87 0.99
16 1.91 1.92 1.90 1.91 1.00 1.03 0.93 1.01
24 1.90 1.90 1.89 1.90 1.01 1.00 0.90 1.00
Ne 2 1.91 1.91 1.90 1.91 0.98 1.01 0.81 1.00
12 1.93 1.94 1.93 1.90 0.96 1.09 0.83 1.02
16 1.93 1.93 1.92 1.93 1.00 0.95 0.89 0.96
24 1.91 1.91 1.91 1.91 0.94 0.99 0.90 0.96
Ar 2 1.96 1.96 1.95 1.96 0.99 1.02 0.79 1.00
12 1.94 1.94 1.94 1.94 0.92 0.96 0.73 0.92
16 1.93 1.93 1.93 1.93 0.93 0.98 0.78 0.94
24 1.90 1.89 1.89 1.90 0.88 0.93 0.70 0.87
CH, 2 1.95 1.95 1.93 1.94 0.95 1.02 0.91 0.99
8 1.93 1.93 1.92 1.93 0.93 0.99 0.83 0.90
12 1.90 1.90 1.90 1.90 0.95 0.96 0.82 0.94
16 1.90 1.90 1.90 1.90 0.95 0.96 0.81 0.95
Xe 2 1.94 1.93 1.91 1.93 0.91 0.93 0.76 0.91
12 1.89 1.89 1.89 1.89 0.92 0.97 0.78 0.94
16 1.87 1.86 1.87 1.87 0.89 1.01 0.76 0.98

2The exponentsy, ny, n, andn corresponds to tha2x(t), A%y(t),

A?z(t), andA?r(t) displacements, respectively. Simulation parameters,
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TABLE 5: Ballistic to Diffusional Crossover Times (in ps)
for Lennard —Jones Sorbates in Silicalite at a Temperature
of 300 K and Concentration of 12 Particles Per Unit Cell

sorbate Tex Tey Tez Tc
He 0.29 0.31 0.11 0.23
Ne 0.40 0.28 0.21 0.26
Ar 0.29 0.31 0.24 0.26
CH,4 0.24 0.37 0.23 0.26
Xe 0.20 0.35 0.18 0.21

anisotropy and subdiffusional character manifested bynthe

ny, and n, exponents. For a given sorbate, increasing the
concentration promotes subdiffusional behavior along zhe
direction, relative to the other two directions. Exceptions to these
trends do arise which must be accounted for by a more detailed
analysis of factors influencing diffusion. For exampigyalues

for CH4 are somewhat higher than the corresponding values
for Ar. From Table 1, it can be seen thagsis very similar for

both sorbates, butssis about 10% greater for CHIt may be
conjectured that the larger sorbate is forced to occupy positions
close to the channel centers and therefore may show different
diffusional behavior. Other factors that may play a role are the
number of lowest energy sorption sites available for a sorbate
of given size.

Since the greater tendency to subdiffusional behavior along
thezdirection is a very distinct feature of diffusional anisotropy
that emerges from our study, it is worthwhile to examine it more
carefully. Previous studies of the time dependence of the MSDs
of sorbates in zeolites have not considered anisotropic effects.
The diffusion of CH in silicalite has, however, been reported
as being subdiffusional with an exponent of 0.78 at a temper-
ature of 298 K36 We find, however, that the exponent for the
total MSD is 0.94. The differences between their study and ours
may stem from different potential energy surfaces as well as
much shorter run lengths (0.2 ns as opposed to 2.6 ns). Our
study finds distinctly subdiffusional behavior only along the
direction. Then, exponent for different run lengths is fairly
similar and therefore is unlikely to be an artifact of a simulation
that is too short. It would therefore appear that this type of

as well as the mean temperature and potential energy, are given insubdiffusional motion is a consequence of the correlated nature

Table 3.
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Figure 3. Logio—log plot comparing mean square displacements in
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thez direction,A%z(t), versus time for different Lennardlones sorbates

in silicalite at 300 K and a concentration of 12 particles per unit cell.

for helium. Figure 3 also illustrates this by comparing the mean

square displacements in tlzedirection as a function of time

for all the five sorbates studied here. The general result that

of diffusion along thez-axis which can take place only if the
particle alternately diffuses through straight and zigzag channel
segments. However, the geometry of the channel network is
clearly not the only determining factor since the very small,
light, and weakly bound helium atom does not display such
pronounced diffusional anisotropy. It is also clear that the
subdiffusional behavior is more pronounced at higher concentra-
tions indicating that avoided crossings of sorbates in zhe
direction may play a role, as in the case of single-file diffusion.
It would appear therefore that a combination of the potential
energy landscape within a channel, the packing density as well
as the geometrical connectivity is necessary to produce this
subdiffusional behavior. On the basis of this, one can predict
that similar direction-dependent subdiffusional behavior will be
present in other two-dimensional networked channel zeolites,
such as ZSM-11, and the effect will be attenuated with
increasing temperature and accentuated by increasing concentra-
tion. In future work, it will be of interest to examine if there is

a slow approach to Fickian behavior in the long-time limit, as
has been suggested in the case of single-file systéms.

The crossover time from ballistic to diffusional motion has

emerges from the results in Table IV is that the relative values been computed as the point of intersection of the straight line
of ny, ny, andn; are influenced by the size, polarizability, and
concentration of the sorbate. At a given concentration, the per unit cell, are given in Table 5. The crossover times are found
smaller and less polarizable the sorbate, the smaller theto be fairly similar for all the systems and the most notable

fits to the MSDs in the two regions. The results, for 12 particles
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TABLE 6: Diffusion Coefficients of Different 12 T . . . T
Lennard—Jones Sorbates in Silicalite at a Temperature of a |
300 K at Different Concentrations
S 1
sorb- (2?(;5/ (kJ mol1) (108m2s? o, - :nggmggi e o
ate u.c.) Ug Un Dx Dy D, D A p Dy & .
He 2 —240 0.002 7.08 11.21 1.65 6.61 554 1.18 1.58 .
12 -231 0.02 6.28 7.22 1.97 510 3.43 0.76 1.15
16 —2.33 0.03 519 6.03 1.55 4.21 3.62 0.81 1.16
24 —231 0.06 429 5.74 157 3.13 3.19 0.70 1.34 : .
Ne 2 —3.89 —0.007 2.29 2.55 1.02 1.86 2.37 0.53 1.11 04 . . " . .
12 —3.76 —0.03 1.89 1.60 0.80 1.33 2.18 0.49 0.85 0 0.5 1 15 2 25 3
16 —3.76 —0.03 1.38 2.07 0.58 1.32 2.97 0.64 1.50 tps
24 —364 —0.03 1.32 1.36 0.45 1.03 2.98 0.67 1.03
Ar 2 —11.47 —0.09 0.76 0.94 0.38 0.65 2.24 0.50 1.24 ' T T ' ' b
12 —11.08 —0.60 0.66 0.73 0.31 0.55 2.24 0.50 1.11 08 - <(0)v(t)> ]
16 —11.07 —0.82 0.44 0.47 0.26 0.37 1.75 0.39 1.07 <vx{0;vx8> ———————
24 —-10.95 -120 022 0.19 0.22 0.19 0.93 0.21 0.86 06 iz
CH; 2 -—1576 —0.09 0.49 056 0.15 0.39 3.50 0.78 1.14 04 b = ]
8 -—15.38 —0.49 0.48 0.59 0.20 0.41 2.68 0.60 1.23 = \
12 —15.27 —0.79 0.30 0.47 0.16 0.31 2.41 0.51 1.57 S o2} .
16 —15.08 —1.04 0.20 0.41 0.12 0.24 2.54 0.50 2.05 ol 3\ N
Xe 2 —27.97 -0.30 0.11 0.16 0.05 0.10 2.70 0.59 1.45 i T
12 —26.61 —2.93 0.14 0.29 0.12 0.17 1.79 0.35 2.07 02 N A 1
16 —26.35 —4.00 0.06 0.18 0.05 0.09 2.40 0.40 3.00 04 R
feature is that the crossover time for the MSD in #dérection 0 o8 ! he 2 25 3

IS dls’_ﬂnctly lower _than the crossover t|me_s in th.e other two Figure 4. Short-time behavior of time correlation functions for (a)
directions. There is, however, some ambiguity in the exact yenon and (b) neon in silicalite at 300 K and a concentration of 12
location ofz because of the extended nature of the crossover particles per unit cell.

region. An examination of Figure 2 also indicates that the above

method of locatingre will generally result in values that are  nard-Jones sorbates, Xe and G Have been studied from the
lower than the time at which the MSD begins to show a point of view of understanding diffusional anisotropy in

deviation from ballistic behavior on a ledog plot. Intuitively, silicalite. Our potential energy parameters for Gife identical
our results for a reduced value fog, as compared tacy or to those used by Jost et al. Their results Bye= 0.5, D, =

Tcy, dO appear to be reasonable since the range of ballistic motiong 6 D, = 0.1, andD = 0.4 in units of 108 m2 s, which may
in the z direction is strongly confined by the channel walls. be compared with our results in Table 6. The agreement is

Table 6 shows the direction-dependent diffusion coefficients reasonable given that the values quoted from ref 8 have been
as well as the anisotropy parametéy, the randomization read of the graph and therefore are approximate. Results for
parameterf3, and the ratioD,/Dx. As expected, the diffusion  xenon show poorer agreement partly because of small differ-
coefficients decrease with increasing binding energy and sizeences in potential energy parameters. In general, we find that
of the sorbate. Th®,/Dy ratio is most sensitive to the specific D, values are overestimated and fhparameters underestimated
nature of the sorbate. This must reflect differences in the straightwhen compared with previous work. This may be due to
and zigzag channel architecture experienced by the differentdifferences in run lengths. A more important reason, in our
diffusing particles. Increasing concentration results in lowering opinion, is that we have allowed the exponent of the time
the diffusion coefficients, as well as the anisotropy and dependence of the MSD to deviate from unity, whereas in past
randomization parameters. The assumption of complete ran-work, a linear dependence on time has been assumed.
domization which underlies eq 1 appears to be most closely 3.2 The Velocity Autocorrelation Function. We have looked
obeyed by the He sorbate which is entirely expected given theat the short-time behavior of the velocity autocorrelation
small size, weak binding, and high diffusion coefficients for function,C,(t), and its directional counterpart, ;, (t), Cu,u(t),
this system. For all concentrations of helium in silicaljtex andC,,,(t). Figure 4 shows the four correlation functions for
1 andA =~ 4. The simple random walk model of Kger predicts neon and xenon in silicaliteC, () and C,,(t) are indistin-
# =1andA > 4.4, Clearly, the motion of the helium atoms is guishable on the scale of the plos,,(t) differs from its
very rapidly randomized in the channels so that at the channelcounterparts in th& andy directions in having a much deeper
intersection the probability of moving in any four of the first minimum. In the case of xenorC,,.(t) also has a
available channel segments is essentially equal. The other fourpronounced second maximum (also seen in methane and argon)
sorbates, on the other hand, hg¥ealues very close to 0.5,  which is absent for helium and neon. All the four velocity
indicating a propensity for the sorbates to alternate betweenautocorrelation functions for each system are almost identical
straight and zigzag channels on reaching an intersectionuntil a timer, when they first turn negative. While the location
presumably due to greater influence of the local nature of the of the first minimum occurs for smaller times for the more
potential energy surface. The anisotropy paramefer,is mobile sorbates, the location of for four larger sorbates is
approximately 2 for the larger sorbates, instead~o# for between 0.4 and 0.5 ps. Earlier work on diffusion in faujasite
helium. The results fof andA are consistent with our results  indicated thatz, is strongly correlated with the ballistic to
for the exponent of the time dependence which also indicate diffusional crossover time,.2 In silicalite, howeverr, is found
that helium is clearly a sorbate that closely obeys the assump-to be significantly larger than the values which lie between
tions underlying the simple random walk model. 0.2 and 0.4 ps.

It is important at this point to make an explicit comparison 3.3 Instantaneous Normal-Mode AnalysisTable 7 sum-
with previous work on diffusional anisotropy. Only two Len- marizes the key features of the INM spectra. As expected on
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TABLE 7: Key Features of the Instantaneous Normal Mode behavior in specific directions for sorbates in other zeolites
Spectra for Lenrflarg—Jor]els Sorbates in S|:|Ica2|te ata which can display geometrical correlations in diffusional
Concentration of 12 Particles Per Unit Cell and a behavior, e.g., ZSM-11 and chabazite. The PES dependence
Temperature of 300 K ) e -

would imply that such subdiffusional behavior would become

sorbate Fi Fix Fiy Fiz we (cm™) less prominent with increasing temperature. The anisotropy in
He 0.50 0.16 0.16 0.17 67.7 the short-time dynamics has been examined by studying the
Ne 0.46 0.15 0.15 0.15 41.3 velocity autocorrelation functions and the instantaneous normal
é:-i 8-?3’2 g'g g'ﬁ 8&? ggj mode spectra. For very short-times of less than 0.5 ps, the
Xe“ 0.28 0.10 0.09 0.09 229 velocity autocorrelation function and its directional analogues

are virtually identical but divergences are seen by times of the
order of 1 ps. The motion along tlzeirection is clearly more
correlated than along theor y directions. The instantaneous
modes, F;, and the Einstein frequencye. The fraction of normal mode spectra show the expected correlation between

imaginary modes for the projections of the INM density of states tr;g diﬁu§ion coefgcient,r;[he E.instein.fre.?.uency, e}nd the frgctiﬁn
on thex, y, andz axes is essentially identical. This is consistent of imaginary modes. There is no significant anisotropy in the

with the isotropy in the short-time dynamics that is displayed INM spectra_which is qonsistent with th_e behavior of the velocity
by the velocity autocorrelation functions. On the basis of our autocorrelation functions for short time scales. Our results
previous work, the time scales for which the INM approach suggest that there are several aspects to diffusional anisotropy,
can be expected to be useful can be estimated from the valudh addition to the relative magnitudes of the direction-dependent
of 7, the time at which the velocity autocorrelation function diffusion constants, which may be worth exploring further.
first turns negative. Since this is of the order of 0.5 ps, and at 1hese include the extent of subdiffusional behavior and the
thermal velocities at 300 K corresponds to distances of a few short-time dynamics. The qualitative difference in behavior of
angstfans, it is not surprising that the INM spectra are not helium and xenon as sorbates in silicalite may be of interest
L . . 2 . .
sensitive to the geometrical connectivity of the silicalite lattice expgnmentall)k/] sincé>XeNMR spectroscopy is widely urzgd!
which manifests its anisotropy over longer length scales. 21d°He NMR has been suggested as a probe in porous rfiedia.

Moreover, the INM spectrum can be thought of as displaying One can also predict that similar direction-dependent subdif-

the local curvature of the PES as sampled by the system. A fusional behavior will be present in other two-dimensional
diffusional property, such as the levitation effect, which is networked channel zeolites, such as ZSM-11 and gismondine,

closely connected with the curvature distribution of the potential @1d that the effect will be attenuated with increasing temperature

will be mirrored by changes in the INM spectrum. Geometrical ar_1d accentuatgd by increasing .con_centratiqn. In future work, it
correlations in the principal components of the diffusional tensor will ‘_"‘ISP be of Interest to examine i t_he_re is a slow approach
are not, however, expected to have a close connection with thel® Fickian behavior in the long-time limit for such systems.
PES. The anomalous levitation peak for sorbates in silicalite
has been observed for sorbates in the size range from 1.5 to 2.%\1
A; as discussed in section 2.2, we believe the Kiselev potential
energy parametrization to be somewhat problematic in this size
regime, and we have therefore not studied the levitation effect
in this zeolite.

the basis of previous studies, there is a strong correlation
between the diffusion coefficienD, the fraction of imaginary
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