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Diffusion of acetylene inside Na-Y zeolite: Molecular dynamics simulation studies
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Dynamics of acetylene molecules adsorbed in Na-Y zeolite cages is investigated using molecular dynamics
simulation. The translational motion of the acetylene molecules is shown to involve three different time scales.
“Free particle” type diffusion is observed in short time and small length scale. At long time and large length
scale, center of mass motion of acetylene is determined by the zeolitic pore topology. Rotational motion of the
acetylene is found to be very fast. Detailed analysis of the intermediate scattering function corresponding to the
rotational motion showed large-angle jumps that could be described by an m-diffusion model.
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I. INTRODUCTION

Zeolites are a group of hydrated microporous crystalline
aluminosilicates containing exchangeable cations from group
1A and 2A elements. They are useful in a number of indus-
trial processes due to their characteristic properties like low
density, high void volume in the form of cages, selective
sorption, high stability over a large range of temperatures,
and their catalytic properties. Because of their property of
selective adsorption, zeolites can be used as molecular sieves
for the purification of air. They have been widely used in
separating nitrogen and oxygen from air as also for removing
water from natural gases. Zeolites offer a wide range of cata-
lytic applications especially in the petrochemical industry be-
cause of their acid strength and shape selectivity [1,2]. Zeo-
lites have been under intense investigation due to their
usefulness in a variety of applications [3-9]. An understand-
ing of the molecular sieving property as also that of catalytic
properties of the zeolites requires an understanding of diffu-
sivity of the adsorbed molecules. This depends upon a num-
ber of factors like the shape of the molecule, pore character-
istics, the volume of the cages, the molecule zeolite
interaction, and temperature. A diffusion anomaly as a func-
tion of molecular length in hydrocarbons adsorbed in Na-Y
zeolite was reported earlier [9]. NMR [10,11] and quasi elas-
tic neutron scattering (QENS) [12,13] have been used to
study molecular motions. MD simulation is a useful tool to
study molecular motion [14,15], which not only provides
insight on the details of the possible different types of motion
but also does not suffer limitations of the experimental setup.
Earlier we reported on a QENS study of the dynamics of
acetylene molecules adsorbed in Na-Y zeolite cages that
showed that the translational motion of acetylene molecules
could be described by the Hall and Ross model [16] in which
the molecules move through discrete jumps with a Gaussian
distribution of jump lengths. To gain deeper insight into the
dynamics of acetylene in Na-Y zeolite, we report in this
paper on molecular dynamics (MD) simulations and compare
the results with those obtained by the earlier QENS tech-
nique [17].

PACS number(s): 51.20.+d, 02.70.—c, 51.90.+r, 66.20.+d

II. SIMULATION DETAILS

A widely used zeolite is the Na-Y zeolite, which has es-
pecially large cavities called supercages. Moreover it is
known to be highly organophillic because of its high Si/Al
ratio (more than 2.5). These supercages have a diameter of
11.8 A and are interconnected to each other in a tetrahedral
manner through 12 membered oxygen rings with a diameter
of 7.8 A [18]. MD simulation studies were carried out on a
cubic cell of length 24.8536 A. Si/Al ratio taken was o.
Although the effect of extra framework cations is significant
for adsorption phenomena [19], but for self-diffusivity of the
adsorbed species, the effect is only marginal [9]. Therefore,
we used extra framework cation free zeolite for our simula-
tion.

It is known that both self- and collective diffusivities
strongly depend on the loading of the hydrocarbons inside
zeolitic cages. Simulation [20] and experiments [21,22] have
shown this. Our aim in this paper is to investigate the details
of various time correlation functions with a loading at which
our earlier experiment [17] was performed. Since the experi-
ment was performed on samples with saturation loading
which amounts to six molecule per zeolitic cage, the same
concentration is used for the simulation.

Acetylene molecules were considered to be rigid. Posi-
tions of zeolitic atoms were held fixed in the simulation.
Equations of motion were solved using a leapfrog form of
the Verlet algorithm in microcanonical ensemble [14]. Cubic
periodic boundary conditions were used and all molecular
interactions at a distance greater than 12.0 A were neglected
for being insignificant. Rotational motion was monitored by
following the change in the orientations of a unit vector
along the molecular axis [14].

The interaction between the guest-guest as well as the
guest-zeolite molecules was modeled by the Lennard-Jones
potential given by:

12 6
B
ij ij

where g;; is the well-depth, o;; is the diameter, and r;; is the
distance between the interacting atoms i and j. Acetylene
molecules were modeled with a united atom model where the
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TABLE 1. Potential parameters for acetylene-acetylene and
acetylene-zeolite interaction [24].

Interaction a(A) &K)
CH-CH 3.800 57.879
CH-O 3.173 46.316

oxygens surround the Si and Al atoms, the close approach of
guest to Si and Al atoms is not possible. Therefore short-
range interactions are included between the guest and oxy-
gens only [23]. The potential parameters were taken from the
literature [9,24] and are listed in Table I. A calculation time
step of 0.6 fs yielded good energy conservation. Equilibra-
tion was performed over a duration of 300 ps, during which
velocities were scaled at every step to obtain the desired
temperature of 300 K. This was followed by a production
run for 1.3 ns during which configurations were stored at
intervals of 0.02 ps for translational motion and 0.002 ps for
rotational motion and averages for various quantities were
calculated from them.

III. RESULTS AND DISCUSSION

In the case of molecular systems, different kinds of sto-
chastic motions namely translations and rotations are present
simultaneously. As we shall see later, the present MD simu-
lation shows that the rotational motion of acetylene is much
faster than the translational motion. Therefore we assume
that these motions are dynamically independent and can be
analyzed separately.

A. Translational motion

In a molecular dynamics simulation, diffusion coefficient
for translational motion, D, can be obtained from the mean
square displacement of molecules using Einstein’s relation:

2D = 1%<|r(t + 1)~ £, 2)

where r is the position vector of the center of mass of the
molecule, N, is the number of degrees of freedom associated
with translational motion (in the present case N,=3) and ()
denotes ensemble average. The diffusion coefficient was cal-
culated from the slope of mean squared displacements vs
time (Fig. 1). A value of 9.35X 10> cm?/s was obtained for
the translational diffusion coefficient for acetylene adsorbed
in Na-Y zeolite. Information about the geometry of motion
can be obtained from the intermediate scattering function
which is the Fourier transform of S(Q,w)—the dynamic
scattering function which in turn is proportional to the mea-
sured intensity in an inelastic neutron scattering experiment.
w is the angular frequency corresponding to energy transfer
fio=E;—E; where E; is the initial energy of the neutrons
before scattering and Ey is the final energy of the neutrons
after scattering. The intermediate scattering functions corre-
sponding to translational motion of the molecules can be
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FIG. 1. Variation of mean square displacement with time.

calculated from the trajectories of center of mass obtained
from the simulation and can be written

1(Q.1) = {expliQ - (r(z +19) = r(19))]) 3)

where r is the position vector of the center of mass of the
scatterer and Q(=k;—k;, where k; and k; are the wave vec-
tors of neutron before and after scattering) is the wave vector
transfer; the angular brackets indicate ensemble average. To
calculate the powder averaged I(Q,t) functions, an average
over all @ vectors with a given magnitude has to be taken.
This is useful to make comparison with the experimental
data taken with the powder sample. Thus the powder aver-
aged intermediate scattering function for translational motion
can be written as,

Itmns(Q,I) - (exp[zQ . {r(l + tU) - l'(to)}]>, (4)

where bar denotes the average over all Q vectors with the
same magnitude allowed by periodic boundary conditions.

The I"*"(Q,t) functions calculated from the present MD
simulation data and using Eq. (4) above were fitted using the
following equation:

175(0,1) = Ay (Q)elTHOL4 4,(Q)el- M40
+A3(Q)el "3, (5)

Figure 2 shows the I'"**(Q,) functions as obtained from the
MD simulation and the least squares fit using Eq. (5).

Generally, the intermediate scattering functions are ex-
pected to behave differently in two different regimes—(i)
short time and small length scales and (ii) large time and
long length scales. At very short time intervals, the particle
sees no interactions and behaves like a free particle. The
behavior of the intermediate scattering function for free par-
ticles (noninteracting and therefore behaving as a perfect
gas) can be represented by a Gaussian function [15,25] as
follows:
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FIG. 2. The I"*(Q,t) vs ¢ plots for the different Q values. The
dotted line plot is the one obtained from the simulation whereas the
solid curve is the fit with Eq. (5).
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1(Q,1) = exp(—
2m

Here, kz and T are the Boltzman constant and temperature,

respectively, and m is the mass of the particle.

Further, this Gaussian-like behavior of the intermediate
scattering function becomes more pronounced at higher QO
values since at small distances the particle also behaves as a
noninteracting free particle. However, at large times and
longer distances, the particle experiences several interactions
and is no longer free. In the case of bulk liquid, the interme-
diate scattering function in this regime can be approximated
by an exponential function. However, in the case of a porous
medium, the motion of the particles and therefore the inter-
mediate scattering function is expected to be influenced by
its pore topology. In case of Na-Y zeolite, the pore topology
consists of supercages and windows and this contributes to
two distinct exponential functions corresponding to the mo-
tion of acetylene molecule within the supercages and win-
dow regions. Thus, in all, for a wide range of Q and ¢, the
intermediate scattering function is approximated by a sum of
a Gaussian and two exponentials. The behavior of respective
weight factors (A, A,, A;) obtained from the least square fit
of simulated I"**(Q,r) with Eq. (5) is shown in Fig. 3 as a
function of Q. It can be seen from the plot that the weight
factor for the Gaussian component, A; increases with in-
creasing Q values. This suggests that as the Q value in-

PHYSICAL REVIEW E 74, 041202 (2006)

1.0
I —0—A,
0.8} —A—A,
) A —0— A
o
§0.6— A .‘J
2 oal I3 w
_904—
o |
=
0.2+
[ O O O&O%O@O@@@

0.0
00 04 08 12 16 20
Q (A"

FIG. 3. The behavior of weight factors A(Q) in Eq. (5) corre-
sponding to the three components of the intermediate scattering
function I"*"(Q,t) with Q. Errors in the fitted weight factors are
smaller than the size of the symbols.

creases, the “free particle” regime is approached. As can be
seen from Fig. 3, at small Q, the value of weight factor
corresponding to one of the exponential functions (A,) is
small while the other one (As) is relatively large. At high Q
values, both the exponential components will be small since
at this length scale free particle type behavior dominates as
discussed earlier.

The obtained values of I';(Q),I',(Q), and I';(Q) are in the
range of ~0.7-3.4, ~0.1-1.7, and ~0.02-0.27 meV, re-
spectively. Variations of these parameters with Q are shown
in Fig. 4.

Comparing the first term in Eq. (5) with Eq. (6) one gets,

k
re=y"%0 (1)

Therefore, the variations of I'; is linear with Q for a free
particle dynamics. The solid line in Fig. 4 is the calculated
line using Eq. (7) for acetylene molecule at 300 K.

A QENS experiment on acetylene in Na-Y zeolite per-
formed using a QENS spectrometer that was designed to
probe the dynamics at the energy scale of 0.2 meV has been
reported earlier [17]. HWHM of quasielastic component is
also plotted in Fig. 4. As it is evident from the figure, experi-
mental width is closely following I"; obtained from the simu-
lation that is close to the energy scale of the experiment. The
other two components are too fast to contribute to that QENS
spectra and only I';, corresponding to slowest motion con-
tributed to the QENS spectra.

Trajectory of the center of mass of a single acetylene mol-
ecule over the entire period of simulation is shown in Fig. 5.

B. Rotational motion

Rotational motion in acetylene inside Na-Y zeolite cages
is relatively faster and therefore the intermediate scattering
functions for rotational motion decay much faster than that
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FIG. 4. The behavior of T" values in Eq. (5) corresponding to the
three components of the intermediate scattering function I"“*(Q, 1)
with Q. Errors in the fitted I' values are smaller than the size of the
symbols. Filled diamond symbols show half width at half maximum
(HWHM) of the quasielastic width obtained from the earlier experi-
ment that was designed to probe dynamics at the energy scale of
0.2 meV. The line corresponds to the width as expected from free
particle diffusion [Eq. (6)].

of translational motion. The rotational diffusion coefficient,
Dy, can be obtained by integrating the angular velocity au-
tocorrelation function (AVACF) defined

AVACF =(w,(1 + ty) @,(t))), (®)

where () denotes the ensemble average and w, is the angular
velocity. Therefore,

Z (A

FIG. 5. The trajectory of the center of mass of an acetylene
molecule saved from a production run of 1.3 ns. The particle starts
its journey from the origin (0,0,0) at time 7=0.
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FIG. 6. Variation of angular velocity autocorrelation function
with time.

DR=]% f (o1 + 1g) w,(1y))dt, 9)
rJ0

where N, is the number of degrees of freedom associated
with rotational motion (for a linear molecule like acetylene,
N,=2). The angular velocity autocorrelation function calcu-
lated using Eq. (8) is shown in Fig. 6. Integration was carried
out up to =50 ps to take care of the possible long tail effect
of the angular velocity autocorrelation function. For the
present system a value of ADR=8.5 meV was obtained for
the rotational diffusion coefficient for acetylene molecules.
The intermediate scattering functions for rotational motion,
I'*'(Q,r) were calculated, as in the case of translational mo-
tion, for different Q values as follows:

I""(Q,1) = (expliQ - {d( + to) — d(tp)}]), (10)

where d is the position vector of a CH site with respect to the
center of mass of the acetylene molecule. I''(Q,1) as calcu-
lated using Eq. (10) for some typical Q values are shown in
Fig. 7.

In the QENS experiment, the most convenient way to
extract the information about the rotational geometry is to
analyze the behavior of the elastic incoherent structure factor
(EISF), which is defined as the fraction of the elastic com-
ponent to the total QENS spectra and can be given by

Ie/(Q)
[eZ(Q) + Iqe(Q) '

where 1,,(Q) and 1,,(Q) are the elastic and quasielastic inten-
sities, respectively. A plot of EISF vs Q can be compared
with that predicted by various rotational diffusion models. In
simulation, EISF can simply be found out as the value of
I'*'(Q,1) at long times. Therefore, EISF was obtained from
different simulated I"*/(Q, ) functions, as the value they take
at long times. Figure 8 shows the variation of EISF obtained
from the simulated I"°'(Q,t) with Q. It is found that the iso-

EISF=
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FIG. 7. The I"(Q,1) vs t plots for the different Q values. The
dotted lines are the ones obtained from the simulation whereas the
solid curve is the fit with m-diffusion model.

tropic rotation model [as discussed later and in which EISF
can be represented as j(z)(QR), where j, is spherical Bessel
function of zeroth order and R is radius of rotation] fits the
EISF quite well. This suggests that the rotational motion in
acetylene molecules trapped in Na-Y zeolite cages is isotro-
pic. The fit of EISF with the isotropic rotational model
yielded a value for the radius of rotation of 0.6 A. This is
exactly the distance of one CH site from the center of mass.

In the isotropic rotational model, molecular reorientation
is assumed to take place through random rotations in all
directions. Then, on a time average, no most probable orien-
tation exists. In an isotropic rotation, the rotational interme-
diate scattering function can be written in terms of the Leg-
endre polynomials of time correlation functions of a unit
vector fixed to the molecular axis [26]

Q.0 = >, 21+ 1)/ (QR)(P[u(r) -u(0)]),  (11)
=0

where P, is a Legendre polynomial of order /,R is the radius
of rotation and u is a unit vector fixed to the molecular axis.
The first term with /=0 will give the EISF which is indepen-
dent of the behavior of Legendre polynomials since
Polu(z)-u(0)]=1. In the present case, R can be identified

PHYSICAL REVIEW E 74, 041202 (2006)

1.0 O Simulation Data
' Isotropic rotational diffusion
0.8¢
L 06 B
<2,
W 04t
0.2f
0.0 N 1 N 1 N 1 N 1
0 1 2 3 4

FIG. 8. Variation of EISF with Q. Open circles show the simu-
lation data points whereas the solid curve is the fit with isotropic
rotational diffusion model.

with d, the distance of one CH site from center of mass of
the acetylene molecule. An average is taken over all initial
times r=0. A detailed analysis of rotational correlations re-
quired considerations beyond EISF as discussed below.

1. Rotation through small angles

Assuming isotropic rotational diffusion comprising ran-
dom small angle jumps in all directions, the expression for
the intermediate scattering functions can be obtained from
Eq. (11) by putting the Legendre polynomials as [26]

(Pu(®) - u(0)]) =exp[— (I + 1)Dgt], (12)

where Dy, is the rotational diffusion coefficient.

The I"'(Q,1) functions calculated using simulation data
show a dip (Fig. 7), which could not be fitted with a function
having monotonic decay as in the small angle isotropic dif-
fusion [Eq. (12)]. These functions were therefore fitted with
another isotropic rotation model—the m-diffusion model as
described below.

2. Rotation through large angles (m-diffusion model)

This is an isotropic rotational model where large rota-
tional jumps are included. It was found that for small mol-
ecules, the random rotations are not restricted to small angles
only [27,28]. Gordon suggested a model [29] involving rota-
tional jumps of arbitrarily large angles where the direction of
the angular momentum vector J changes but its magnitude
remains the same. Since this rotational motion is also isotro-
pic in nature the intermediate scattering function is again
given by Eq. (11). However, the behavior of the Legendre
polynomials here are different from those in the case of small
angle rotational diffusion. As shown by Barojas and
Levesque [30], the average of Legendre polynomials for m
diffusion can be calculated as follows:
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0

where 7 is the time spent by the molecule between two suc-
cessive collisions, w, is the angular velocity of rotational
motion, and

1,

oo 1 t "
Givl(t) = E ; dtnf[M([ - tn)’ J dtn—lf{M(tn - tn—l) T
0 (

n=0 )
szdtlflM(t2_tl)fild(tl)- (14)
0

Here,

Fu(t)=Pl,).

Equation (14) is equivalent to the Volterra equation

Time (ps)

FIG. 10. The first four Legendre polynomials calculated for
m-diffusion in acetylene molecules adsorbed in Na-Y zeolite.
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FIG. 11. Snapshots from molecular dynamics to show the trans-
lational and rotational motion. The two CH sites are numbered in

order to distinguish them from each other. The acetylene molecule
is shown to be moving in a cubic box of size 5 A.

Gy(1) = f1, () + (1/7) J filt=9)Gyy(s)ds.  (15)
0

This equation can be solved numerically [31]. It is seen that
with Q,,,R equal to 2.43, structure factor (2/+1);7(QR) has
a significant contribution only up to /=4 as seen from the
plot of (2/+1) j,z(QR) vs OR for different values of I (Fig. 9).
The Legendre polynomials of different order (up to [=4)
were calculated using simulation data. Simulated Legendre
polynomials are shown in Fig. 10. The first order Legendre
polynomial can be written

(Pi[u(®) - u(0)]) = (u(®) - u(0)). (16)

This is a dipole correlation function. As can be seen in Fig.
10, this function goes to negative, suggesting that it is more
probable to find a dipole in the hemisphere opposite to that in
which it began at a time ¢ earlier. In other words the molecule
has turned through a large angle. This confirms the occur-
rence of large angular jumps in the case of the rotation of
acetylene.

I"'(Q,1) were then fitted with the m-diffusion model with
7 as a parameter. While fitting I"/(Q,t) with Eqgs. (11) and
(13), up to [=4 terms are found sufficient to be considered in
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the expansion. Equation (13) was integrated up to a w,
=10 ps~'. A value of 7=0.55 ps gave the best fit to I"°/(Q,1)
functions. It can be seen from Fig. 9 that the contribution
from the first order Legendre polynomial is dominant. This
mainly gives rise to the unusual dip in the I"/(Q, ) functions.
The I"°'(Q, t) functions fit well with the m-diffusion model as
shown in Fig. 7.

MD snapshots of a single acetylene molecule in a cubic
box of side 5 A are shown in Fig. 11.

IV. CONCLUSIONS

We have carried out molecular dynamics simulation stud-
ies of acetylene molecules adsorbed in Na-Y zeolite. From
the MD simulation, it was observed that the translational
motion in acetylene molecules adsorbed in Na-Y zeolite oc-

PHYSICAL REVIEW E 74, 041202 (2006)

curs at three different time scales. At short time and small
length scales, acetylene molecules perform free particle mo-
tion inside Na-Y zeolite whereas at longer time and larger
length scales the center of mass motion is found to be de-
pendent on the pore topology. Translational motion corre-
sponding to slowest motion contributes to the quasielastic
neutron scattering experiment performed earlier. It has been
observed that the rotational motion in acetylene adsorbed in
Na-Y zeolite is very fast. This might be attributed to the
small moment of inertia of the acetylene molecules. The ro-
tational motion of acetylene adsorbed in Na-Y zeolite cages
has been found to occur through large angle jumps between
successive steps during which the magnitude of the angular
momentum remains conserved as in the m-diffusion model
of rotational motion. Diffusion coefficients have been ob-
tained using correlation functions in the case of translational
as well as rotational motion.
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