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Here we report dynamics of 1,3-butadiene molecules adsorbed in Na-Y zeolite as studied using molecular
dynamics �MD� simulations. The results showed that the translational motion of the guest molecule exists in
three different time scales one of which matches well with the quasielastic neutron scattering �QENS� mea-
surement reported earlier. The translational motion in the component, which has been measured by QENS, is
found to occur through discrete jumps, in agreement with the analysis of the experiments. The diffusion
coefficients obtained from the correlation functions are compared to those obtained earlier for other hydrocar-
bons in Na-Y zeolite from MD simulation studies. The diffusion of 1,3-butadiene is found to be slower than
that of acetylene but faster than that of propane. The rotational motion is found to be isotropic in nature.
Rotational diffusion coefficient of 1,3-butadiene is found to be smaller than that of propane in Na-Y as
expected due to the larger inertia of the former.
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I. INTRODUCTION

Diffusion of hydrocarbons in zeolites has attracted a great
deal of attention in research because of both fundamental and
applied interests. The well ordered porous structure of zeo-
lites makes them an ideal model to experimentally study the
phenomenon of molecular dynamics in confined geometries.
Because of their pores with typical sizes of the order of a few
angstrom, zeolites have found a variety of applications as
molecular sieves. Several properties of zeolites, such as se-
lective adsorption of host molecules and acid strength, make
them very good catalysts. They are therefore used in the
petrochemical industry �1,2�. The catalytic property of the
zeolites depends upon, in addition to several other factors,
the approach of the adsorbed molecules toward the reaction
sites and also the ease with which the reactants and the prod-
ucts can be separated because of the difference in their dif-
fusivities. This implies that in order to understand the cata-
lytic properties of zeolites it is imperative to study the
diffusion of molecules adsorbed in zeolitic cages. This de-
pends upon many factors that include the host-zeolite inter-
action, the shape of the host, the volume of the cages, and
their potential energy landscape, temperature, etc. All of this
makes the study of diffusion of hydrocarbons in zeolites in-
dispensable.

Studies of diffusive dynamics have been reported using a
variety of formalisms and techniques including quasielastic
neutron scattering �3–10�, molecular dynamics �MD� simu-
lations �6,7,10–14�, percolation theory �15�, nuclear mag-
netic resonance �NMR� �16�, and recently neutron spin-echo
�NSE� �17,18�. A widely used zeolite is the Na-Y zeolite,
which has especially large cavities called supercages. These
supercages have a diameter of 11.8 Å and are intercon-
nected by 12-member oxygen rings with a diameter of 7 Å.
Quasielastic neutron scattering �QENS� studies on diffusion
of propane �6,7�, acetylene �8,10�, and 1,3-butadiene �9� in

Na-Y zeolite cages have been reported. The studies on pro-
pane and acetylene were supplemented by MD simulation
studies �6,7,10,12�. A comparison of diffusivities of these
three molecules in the zeolitic cages has also been attempted
�9�. It was suggested that the dynamics observed in the
QENS experiments on 1,3-butadiene in Na-Y zeolite might
be just a part of a more complex dynamics as was found to
be the case in earlier studies on propane and acetylene. This
could be resolved by the MD simulation studies of 1,3-
butadiene in Na-Y zeolite. In addition to this, more insights
are expected to be gained from a simulation study. We report
here the MD simulation studies of 1,3-butadiene in Na-Y
zeolite.

II. COMPUTATIONAL DETAILS

Na-Y zeolite atomic positions as reported by Fitch et al.
�19� were used in the simulation. One unit cell of Na-Y
zeolite in a cubic simulation cell of length 24.8536 Å was
used. Butadiene molecules were loaded with a concentration
of four molecules per zeolite cage, which is also the satura-
tion value, and attempts for any further loading were futile.
A simulation time step of 1.0 fs was used. This yielded good
energy conservation. The temperature was scaled to 300 K at
every calculation step up to the first 300 ps followed by an
equilibration for 100 ps during which no storing of the con-
figurations was done. This was followed by a run for 1.3 ns
during which configurations were stored at intervals of 0.02
ps and averages for various quantities were calculated from
them. 1,3-butadiene molecules were considered to be rigid
and were modeled in the united atom model where one 1,3-
butadiene molecule is considered to be made up of two CH2
sites connected to two CH sites separated from each other by
a distance of 1.451 Å. The CH2-CH distance taken was
1.335 Å. The molecule was taken to be planar as shown in
Fig. 1 with CH2-CH-CH angles measuring 123.4° each. The
zeolite framework atoms were kept fixed throughout the
simulation. Ghorai et al. �11� have shown that the presence
of extra-framework cations has only a marginal effect on the
diffusivities of the adsorbed species although the adsorption
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properties are affected to a considerable extent by their pres-
ence as shown by Calero et al. �20�. Therefore, the extra-
framework cations were also kept immobile in the present
simulation. All simulations were carried out using leapfrog
form of Verlet algorithm in microcanonical ensemble �21�.
Cubic periodic boundary conditions were used and all
Lennard-Jones interactions were truncated at 12.0 Å. Rota-
tional motion was accounted for by following the change in
the orientations of the molecule specified by quaternion pa-
rameters.

The guest-guest as well as the guest-zeolite interactions
were modeled by the �6-12� Lennard-Jones potential given
by

��rij� = 4�ij���ij

rij
�12

− ��ij

rij
�6� , �1�

where �ij is the well depth, �ij is the diameter, and rij is the
distance between the interacting sites i and j. As the bulkier
oxygen’s surround the Si and Al atoms, the close approach of
guest to Si and Al atoms is not possible. Therefore, interac-
tions of the guest molecules with Si and Al are not consid-
ered. The potential parameters �Table I� were taken from the
literature �11,22�. In the present work we have chosen to
neglect the polarization interaction between the guest mol-
ecules and the zeolitic atom because this interaction contrib-
uting typically only a few percent of the total interaction
energy, may not alter the self-diffusivity significantly �11�,
on the other hand, its inclusion can make the simulation
rather costly.

In Fig. 2 we show the potential energy landscape as seen
by a CH site due to the zeolite in the z=10 Å plane. The two
landscapes show the potential energy due to the zeolitic at-
oms at different resolutions. Because of very high potential
energies at some points the potential is plotted in logarithmic

scale in Fig. 2�a�. However, this conceals several interesting
features that are to be seen at points with lower potential
energy values. To overcome this limitation, the same land-
scape is replotted in Fig. 2�b� by making all positive energies
equal to 0. As can be seen, from Fig. 2�a� there are several
very-low-energy �shown hatched� regions. These are cross
sections of the supercages. On resolving these regions fur-
ther, a structure can be seen in Fig. 2�b� where within the
same cage, several regularly arranged favorable positions
could be found for a guest molecule where the potential en-
ergy is minimum �shown as darkened regions�. Indeed as can
be seen in Fig. 2 the sites of minimum energy in the potential
energy landscape looks very well ordered. This ordering
plays an important role in the mechanism of diffusion, as we
shall see shortly.

III. RESULTS AND DISCUSSION

Translation as well as rotational motion can be present in
the case of molecular systems. For a molecular system the
translational motion pertains to the motion of the center of
mass and rotational motion is accounted for by following the
motion of the constituent atoms about the center of mass.
Often these motions appear as dynamically independent
when their time scales are very different. As we shall see
later, this assumption is fairly valid in the present case.

Correlation functions calculated from an MD simulation
reveal a lot of information about the system under study.

TABLE I. Intermolecular potential parameters for molecule-
molecule and molecule-zeolite interactions.

Interaction �ij�Å� �ij�K�

CH2-CH2 3.85 70.462

CH2-CH 3.825 63.8616

CH-CH 3.8 57.8795

CH2-O 3.2 104.2861

CH-O 3.175 94.5173

CH2-Na 3.61 18.3889

CH-Na 3.585 16.6663

FIG. 1. A schematic of 1,3-butadiene molecule with united atom
model as used in the simulation.
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FIG. 2. �a� A cross section of
the potential energy landscape of
Na-Y zeolite as seen by a CH site.
The hatched regions indicate the
cages. �b� shows the potential en-
ergy within the cage where a
darker region indicates highly
negative potential. Four distinct
regions of regularly arranged po-
tential minima could easily be
seen.
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Their integration can be related to macroscopic transport co-
efficients while their Fourier transforms can be related to the
experimentally measured data. One such correlation func-
tion, which gives information about the translational motion
of the molecules, is the velocity autocorrelation function
�VACF� for the center of mass of the molecules. Figure 3
shows the velocity autocorrelation function calculated for the
center of mass of 1,3-butadiene molecules in Na-Y zeolite
cages. The VACF is found to have a negative region, which
is indicative of the rebounding motion of molecules due to
collision with the neighbors. The correlation function dies
down to zero practically within a time of a few picoseconds,
which is a good indication of the ergodicity of the system
�23�. As noted earlier, the diffusion coefficient can be ob-
tained from the VACF by integrating the function up to infi-
nite time,

D =
1

3
	

0

�


vi�t� · vi�0��dt . �2�

Here vi�t� and vi�0� are the center-of-mass velocities of the
ith 1,3-butadiene molecule at times t and t=0, respectively,
and the angular brackets denote ensemble average. In prac-
tice the upper limit of integration can be a few picoseconds
by which time the correlations have all died out. The diffu-
sion coefficient for 1,3-butadiene molecules inside Na-Y zeo-
lite cages has been obtained by integrating the velocity au-
tocorrelation function yielding a value of �2.67�0.02�
�10−5 cm2 /s for the diffusion coefficient.

In an MD simulation, the autocorrelation functions are
known to have large statistical errors especially at longer
times because of the limited sample size. Another math-
ematically equivalent way to obtain the diffusion coefficient
is from the slope of the mean-squared displacement with
respect to time at sufficiently long time using the Einstein
relation

2tD =
1

3

�ri

c.m.�t� − ri
c.m.�0��2� , �3�

where ri
c.m.�t� and ri

c.m.�0� are the position vectors of center of
mass of the ith molecule at times t and t=0, respectively, and

the angular brackets denote ensemble average �21�. The
quantity in the angular brackets is the mean-squared dis-
placement. The diffusion coefficient calculated from a plot of
mean-squared displacements vs time �Fig. 4� for 1,3-
butadiene in Na-Y zeolite is �2.5�0.2��10−5 cm2 /s which
is significantly close to the value obtained from VACF im-
plying that the small size effects are negligible.

The diffusion coefficients of propane and acetylene re-
ported earlier from simulation are �1.3�0.1��10−5 cm2 /s
and �9.4�0.3��10−5 cm2 /s, respectively. Compared to
these the value of diffusion coefficient calculated above
comes as an intermediate value. The QENS experiments also
showed that the diffusion coefficient of 1,3-butadiene is mar-
ginally larger than that of propane in Na-Y zeolite �9�. As
discussed in Ref. �9� it may be explained on the basis of
planar nature of the butadiene molecule, which makes it
more mobile as compared to propane, which is a smaller
molecule.

Another correlation function which reveals information
about the molecular motion is the intermediate scattering
function I�Q , t� �24�. The temporal Fourier transform of this
function is the scattering law, which is proportional to the
measured intensity in a neutron scattering experiment. The
intermediate scattering function is thus related to the ob-
served spectra in a neutron scattering experiment. The spatial
Fourier transform of the intermediate scattering function is
the van Hove correlation function G�r , t� which gives the
probability of finding a particle at r at a time t given that a
reference particle was present at r=0 at time t=0. Moreover,
this correlation function can then be divided into two parts.
When one is interested in studying the motion of an indi-
vidual particle, then one essentially talks about the probabil-
ity of finding a particle at r at a time t given that the same
particle was present at r=0 at time t=0. This is the self-part
of the correlation function in contrast to the distinct part
where the reference particle and the particle under consider-
ation need not be same. This division of the correlation func-
tion gives rise to a division of the scattering law into coher-
ent and incoherent parts. In case of quasielastic neutron
scattering �QENS� by hydrogenous samples it is the incoher-
ent part that dominates because of a large incoherent scatter-
ing cross section of hydrogen. In an incoherent QENS ex-
periment thus, the observed intensity is due to the dynamics
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FIG. 3. Variation of center-of-mass velocity autocorrelation
function with time. A negative region is indicative of the rebound-
ing motion due to collisions of the molecules.

0 100 200 300 400 500
0

200

400

600

800

M
S

D
(Å

2 )

Time (ps)

FIG. 4. Variation of mean-squared displacement �MSD� with
time as obtained from the simulation.
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of a single particle as against the collective motion of mol-
ecules. This relation of the I�Q , t� function with the observed
spectra in a quasielastic neutron scattering experiment has
resulted in a large number of comparisons made between
QENS and MD simulation studies �25�.

The intermediate scattering function can be calculated
from the trajectories of a particle obtained in an MD simu-
lation as

I�Q,t� = 
expiQ · �ri�t + t0� − ri�t0���� , �4�

where ri�t+ t0� and ri�t0� denote the position vectors of the ith
particle at times t+ t0 and t0, respectively.

The position vector of the ith site of the 1,3-butadiene
molecule in a space fixed coordinate system, ri can be writ-
ten as a sum of the position vector of the center of mass of
the molecule with respect to a space fixed reference frame,
ri

c.m. and the position vector of the site with respect to the
center of mass of the molecule di,

ri = ri
c.m. + di. �5�

To obtain information about the geometry of translational
motion, the intermediate scattering function for center of
mass Ic.m.�Q , t� was calculated as

Ic.m.�Q,t� = 
expiQ · �ri
c.m.�t + t0� − ri

c.m.�t0���� . �6�

It may be noted that to compare with the experimental data
from powder samples, one must take average over all direc-
tions �24�. Usually the decay of the intermediate scattering
function is describable by an exponential function of time. A
single exponential function could not describe the behavior
of the intermediate scattering function, which was the case in
earlier studies also �6,12�. A linear combination of exponen-
tials and Gaussian functions was considered. We have found
that in the present case of 1,3-butadiene molecules in Na-Y
zeolite cages, a combination of three exponentials gives a
good fit to the intermediate scattering functions over the en-
tire range of Q and t. The model we have used is given as

Ic.m.�Q,t� = A1�Q�e�−t	1�Q�� + A2�Q�e�−t	2�Q�� + A3�Q�e�−t	3�Q��.

�7�

It is important to note here that QENS experiments on a
given spectrometer measure the dynamics corresponding to
the resolution of the spectrometer. The QENS spectrometer
at Dhruva has an energy resolution of 200 
eV, which ef-
fectively measures time correlations of the order of 10 ps. It
turns out that this dynamics corresponds to only one or more
of the various components in Eq. �7�. Other components may
be observable at another instrument with appropriate reso-
lution.

Figure 5 shows the fit of the Ic.m.�Q , t� functions obtained
from the simulation using Eq. �6� with the model given
above in Eq. �7�. The behavior of the weight factors, A�Q�’s,
with Q is shown in Fig. 6. At lower Q values the second
exponential component �II� is dominating whereas at higher
Q it is the first component �I� that dominates. The third com-
ponent �III� is more or less insignificant over the entire Q
range. The behavior of the widths of the three exponential
functions with Q is shown in Fig. 7. Also shown in the figure
is the data obtained from the QENS experiment reported
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FIG. 5. The plot of the intermediate scattering function corre-
sponding to the motion of the center of mass of the molecule
�Ic.m.�Q , t�� with time. The solid lines are the fit as obtained using
the model function given in Eq. �7�.
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earlier �9�. It can be seen that two exponentials �	1 and 	3�
are either too slow or too fast as compared to the time win-
dow of the QENS experimental data �9�. The weight factor
corresponding to the faster component �A1� dominates at
larger Q values �Fig. 6� or equivalently at shorter length
scales. A similar fast component was observed in the case of
propane in Na-Y zeolite and it was attributed to the short-
range rapid rattling motion at an adsorption site �6�. The
second component �A2�, which has a significant contribution
at short Q values or longer length scales, is the one that is
responsible for the diffusive motion as observed in the
QENS experiment. In case of acetylene it was the slowest
component that was observed in the QENS measurement
whereas in the case of propane the intermediate component
of translational motion correspond to the experimental data.
Since 1,3-butadiene is more akin to propane rather than
acetylene, it is expected that the behavior of the component
that is observed in the QENS experiments would be similar
in propane and 1,3-butadiene. Indeed it is the intermediate
component in the case of 1,3-butadiene just as that in pro-
pane, which is observed in the present QENS instrument at
Dhruva. The weight factor associated with the third compo-
nent is almost insignificant. This component represents very
slow motion of molecules akin to the ones observed by Jobic
et al. in case of xylene adsorbed in X-type zeolites from their
NSE experiment �D�10−8–10−9 cm2 /s� �17�.

To investigate the geometry of the diffusion process, the
widths of the intermediate component �II� that corresponds
to the experimental data were fitted with three different jump
diffusion models referred to in Ref. �9�, as shown in Fig. 8.

As can be seen from the figure the Chudley-Elliott �CE�
model, which describes jump diffusion with a constant jump
length explains the data better than the other two. The other
two models considered here are the Hall-Ross �HR� model
which corresponds to Gaussian distribution of jump length
and Singwi-Sjölander �SS� model which represents random
distribution of jump lengths. As shown in the potential en-
ergy landscapes earlier, the distribution of energy minima is
very well ordered, the nearest-neighbor distance for the
minima being constant. This gives rise to a constant jump
length for the molecules jumping from one minimum to the
next. The diffusion coefficients, the residence times and the
jump lengths obtained from the foresaid fitting are shown in
Table II. Also shown in Table II are the parameters obtained
from experimental data. The fact that the jump lengths ob-
tained from the experiments as well as from the simulation
are much smaller than the cage size in all the models con-
sidered implies that the diffusion process is mainly intracage.
This fact can be readily seen in Fig. 9 where the trajectories
of the center of mass of a single molecule have been plotted.
It can be seen that the trajectory is made up of intermittent
localized regions akin to the cage structure. Within a local-
ized region of size about 9 Å the molecule can be seen to
have undergone a vigorous shuttling.

The diffusion coefficient corresponding to the
component-II as obtained from the fit �CE model� is 3.2
�10−5 cm2 /s, which is close to the overall diffusion coeffi-
cient value of 2.55�10−5 cm2 /s obtained from the mean-
squared displacements. This indicates that the overall trans-
port of the molecules in the zeolite is largely described by
the above component-II and the CE model.

TABLE II. Comparison of the diffusion parameters obtained for 1,3-butadiene in Na-Y zeolite cages. The values of parameters obtained
from a fit of all three jump diffusion models, Hall-Ross �HR�, Chudley-Elliott �CE�, and Singwi-Sjölander �SS�, are listed for both the
present simulation work and an earlier reported experiment �9�. The simulation results correspond to only the component-II in Eq. �7�, which
is close to that observed in the QENS experiment.


l2�1/2�Å� ��ps� D�10−5 cm2 /s�
HR CE SS HR CE SS HR CE SS

Simulation 4.1 3.9 4.4 7.0 7.9 6.0 4.1�0.5 3.2�0.3 5.4�1.0

Experiment 2.3 2.5 2.2 3.7 4.8 2.7 2.4�0.3 2.2�0.2 3.0�0.4
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FIG. 7. Variations of the widths �	1, 	2, and 	3� corresponding
to the three regimes of the translational motion with Q. Error bars
are smaller than the symbols.
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In a molecular system both translational as well as rota-
tional motions can be present. The two motions are decou-
pled if the intermediate scattering function corresponding to
the net motion of all the atoms in a molecule can be ex-
pressed as a product of the intermediate scattering functions
corresponding to the center of mass or translational and ro-
tational motion, respectively �26�, i.e.,

I�Q,t� = Ic.m.�Q,t�Irot�Q,t� . �8�

The intermediate scattering function for the net motion is
calculated with Eq. �4� above whereas the center-of-mass
intermediate scattering function is calculated as in Eq. �6�.
The intermediate scattering function for rotational motion is
calculated as

Irot�Q,t� = 
expiQ · �di�t + t0� − di�t0���� . �9�

Figure 10 shows the behavior of the various intermediate
scattering functions described above for Q=1.01 Å−1. Also
shown in the figure, the product of the intermediate functions
corresponding to the center of mass and rotational motion,
IP�Q , t�, is matching very well with the net intermediate scat-
tering function I�Q , t�. This shows that the assumption that

the translational or the center-of-mass motion and the rota-
tional motion are decoupled is valid.

Intermediate scattering functions corresponding to rota-
tional motion have been calculated using Eq. �9�. However,
since the molecule is assumed to be rigid, the information
about the rotational motion obtained by following the motion
of a single site would be the same as that obtained by aver-
aging over all the atoms constituting the molecules. We have
therefore followed the motion of one CH site which is at a
distance of d=1.84 Å from the center of mass. The Irot�Q , t�
functions were calculated for this CH site only using Eq. �9�.
The geometry of the rotational motion can be revealed by the
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that calculated for isotropic rotational motion. Errors in the simula-
tion data are smaller than the symbols.
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FIG. 12. Typical intermediate scattering functions, Irot�Q , t�, fit-
ted with isotropic rotational diffusion model at different Q values.
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long-time behavior of these functions. The fact that these
functions decay to nonzero values at long times indicate the
fact that rotation is a localized motion. This nonzero value of
the rotational intermediate scattering functions at long times
is identical to the elastic incoherent structure factor �EISF�
used in the analysis of QENS experimental data �24�. The
behavior of EISF can be studied to gain information about
the nature of rotational motion. The variation of EISF can be
compared with the different models of rotational motion
�24�. In case of 1,3-butadiene adsorbed in Na-Y zeolite
cages, the variation of EISF is found to match very well with
that corresponding to the isotropic rotational diffusion model
�Fig. 11�.

In isotropic rotational diffusion model the rotational mo-
tion of the molecule is assumed to occur through random
discrete jumps in all possible directions. As a result, after a
certain interval of time no preferred orientation of the mol-
ecule exists. The EISF in case of isotropic rotational diffu-
sion can be expressed as j0

2�QR� where j0 is the zeroth-order
Bessel function, and R is the radius of gyration �27�. The
intermediate scattering function in case of isotropic rota-
tional diffusion can be written as

Irot�Q,t� = �
l=0

�

�2l + 1�jl
2�QR�exp�− l�l + 1�DRt� , �10�

jl’s are Bessel functions, and DR is the rotational diffusion
coefficient. The factor �2l+1�jl

2�QR� in the present case has a
significant contribution only up to l=6 for the largest Q
value of 1.99 Å−1 and so the summation over infinite terms
in Eq. �10� can be truncated at l=6. The parameters �R and
DR� were obtained by least-squares fitting �Fig. 12� of the
model Irot�Q , t� �Eq. �10�� with that obtained from simula-
tion. From the fit average values of DR=0.12 meV and ra-
dius of gyration R=1.84 Å are obtained. The variation of DR
is shown in Fig. 13. The result that DR does not change with
Q indicates that the isotropic rotational diffusion model is a

good representation for the system. This value of diffusion
coefficient is smaller than that obtained earlier for propane.
This is to be expected because of the smaller moment of
inertia of propane molecules as compared to 1,3-butadiene
molecules.

In order to examine whether the rotational motion is truly
isotropic, we traced the trajectory of one of the CH sites of
the molecule with respect to the center of mass. The trajec-
tories in the X-Y and X-Z planes are shown in Fig. 14. It is
clearly seen from the two figures that the path traced by the
CH site with respect to the center of mass of the molecule
forms the surface of a sphere thereby showing that the mol-
ecule has had all of the possible orientations during the time
interval of the simulation. In other words, the rotational mo-
tion is isotropic. Moreover, since the rotational motion of
propane as also that of acetylene inside Na-Y zeolite has also
been reported to be isotropic it seems that the large pore size
of the host plays an important role in determining the nature
of rotational diffusion.

IV. CONCLUSION

Molecular dynamics simulation of 1,3-butadiene in Na-Y
zeolite has been done. The simulation results show that the
translational diffusion in butadiene adsorbed in Na-Y zeolite
is faster as compared to propane but slower than that in the
case of acetylene. The translational motion is found to be
composed of three different time regimes. One of these is
observable in the QENS spectrometer installed at Dhruva
reactor in Trombay. The nature of the motion in this regime
is found to match with the experimental results obtained ear-
lier. The motion in this regime of translational motion is
found to occur through discrete jumps with a constant jump
length. Moreover, the diffusion process is found to be mainly
intracage. Rotational motion is found to be isotropic as ob-
served earlier in the case of propane and acetylene. The dif-
fusion coefficient obtained for rotational motion is found to
be smaller than that in propane, which is to be expected
because of larger mass and size of 1,3-butadiene molecule.
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FIG. 13. Rotational diffusion coefficient as obtained from a fit
of the intermediate scattering functions with the isotropic rotational
diffusion model.
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FIG. 14. Trajectory of a CH site with respect to the center of
mass of the molecule for the first 100 ps of the simulation produc-
tion run. The trajectory is evidently a sphere in three dimensions
confirming that the rotational motion indeed is isotropic.
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