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Rotational motion of methane within the confines of zeolite NaCaA:
Molecular dynamics and ab initio calculations
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Molecular dynamics simulation of a five-site model of methane within zeolite Na&eal ab initio calcu-
lations have been reported. Methane shows a preferential orientation during its passage through the eight-ring
window. Partial freezing of certain rotational degrees of freedom is observed during the passage of methane
through the eight-ring window, which acts as a bottleneck for diffusion of methane. Both the orientation and
the rotational motion of methane and its experimental verification can indicate the accuracy of the intermo-
lecular potential between methane and zeolite employed in this study. Intracage motion of methane shows that
methane performs a rolling motion rather than a sliding motion within the supercage.
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I. INTRODUCTION II. STRUCTURE OF ZEOLITE NaCa A

Zeolites are porous aluminosilicates consisting of SiO

Diffusion in gases, liquids, and solids has been studiedind AlQ, tetrahedra interconnected through shared vertices:
widely for more than a centurjl]. But there has been an the oxygen atoms. The structure of zeolite N&Caeported
increasing interest in the diffusion of fluids in porous mediaby Pluth and Smith[8] has been used in the present
for the last decade and a h4#,3]. Porous materials are of work. The space group isFm3c with a unit-cell
considerable practical importance in catalytic and separatiodimensiom=24.555A. The unit-cell composition is
processes mainly due to their high specific area and sizBag,Cas Al g6SigeO384. The sodium and calcium ions occupy
selective adsorptiofd4]. Transport through porous materials positions close to the center of the six-ring windows. There
mainly occurs through diffusion and often affects and con-are eight supercages in one unit cell of NACGand these are
trols the reaction and its produdi§]. So a detailed under- connected to each other in an octahedral fashion. The ap-
standing of the complexities of diffusional behavior in po- Proximate diameter of the supercages is 11.4A. They are
rous media is essential for the development and design dfterconnected through eight-ring windows of diameter
catalytic and adsorption processes. 4.5 A

Zeolites are a class of crystalline porous materials with a
uniform micropore size. Experimental and theoretical inves- lll. COMPUTATIONAL DETAILS
tigations reveal a variety of interesting and surprising prop-
erties of fluids confined in zeolitd$]. The study of adsorp-

tion of hydrocarbons within zeolitic pores are of fined | f h b ied in the mi
considerable importance to the petrochemical industryf:on Ined In zeolite NaGa have een carried out in the mi-
rocanonical ensemble. The simulation cell consists of

Among other uses, zeolites are used in chemical transforma: . . ;
tion of hydrocarbons including alkanes and aromatics. 2x22) unit cells of zeolite NaGawith 64 methane mol-

Cracking of linear and branched alkanes is one of the impor(-ECUIes at a loading of one molecule per supercage. Cubic

tant licati ¢ lites. Another | ant lication periodic conditions are used in all three directions. Zeolite
antappiications of zeolites. Another important application 1S, 15 5re not included in the integration scheme. The rota-

that of separation of mixtures of hydrocarbons. Methane igjo of the molecules are modeled using quarternion formal-
the simplest prototype of the alkanes in spite of the fact thajsm Both translational and rotational equations are inte-
it lacks the torsional degrees of freedom that become imporgrated using the Gear predictor-corrector algorithm. An
tant as the chain length increases. Recently, the existence ﬁlﬁegration time step of 1 fs was found to be adequate. The
translational-orientational coupling during the passage Ofemperature of the run is 150 K. A production run of 1 ns
methane through the bottleneck provided by the eight-ringjuration has been used in obtaining averages after an initial
window of zeolite A was reported 7]. Here, we report a equilibration period of 200 ps. The intermolecular potential
detailed molecular dynamiddID) study in zeolite NaC&  parameters between methane and zeolite atoms are taken
and anab initio study of methane in the dealuminated cagefrom the literature[9,10]. The Lorentz-Berthelot combina-
of zeolite A. The analysis of the MD trajectories is carried tion rule is used to get the cross or mixed terms. The poten-
out to understand the reasons for strong orientational prefetials are of thd6—12] Lennard-Jones form
ence during the passage of methane through the bottleneck 1 6

ag g

7[5

reported recently and to look at the role of rotational motion
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A. Classical simulations

Molecular dynamics simulations of methane molecules

P(r)=4e

especially during the motion of methane inside theage.
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TABLE |. Potential parameters for GHCH, and CH,-NaCaA

interactions. e
(8]
Type o (A) € (kJ/mol)
C-C 3.350 0.4054
H-H 2.813 0.0683
C-0 2.950 0.7229
C-Na 3.360 0.1261
C-Ca 3.350 1.9671
H-0 2.682 0.2968 99 PO
H-Na 3.092 0.0517
H-Ca 3.082 0.8076

A five-site model was used for methane. The methane mol
ecules were assumed to interact only with the oxygen atom
of the zeolite framework. The Si and Al atoms in the zeolite @
host are largely shielded by the surrounding oxygens, thu
making the short-range interaction of these with the gues
molecules insignificant. Table | lists the potential parameter:
for the methane-methane and methane-zeolite interactions.

FIG. 1. (Color Zeolite Sp,04g cage used for the mixed-basis
B. Ab initio calculations calculations; the methane molecule is in {2e-2) position at the
) ) ) center of the cage; it is moved in 10 steps toward the window center
Calculations were carried out using the all-electron full-ong the thick gray line. Color coding for atoms: Si, red; O, light
potential mixed-basis methdd 1] within the local density pjue; C, yellow; and H, dark blue.

approximation of density functional theory. In this method

wave functions are represented on a basis of truncated 4] have reported neutron scattering studies of methane in
atomic orbitals and plane waves. The cutoff energy of 28&eolite A where they found that around 200 K the region near
eV corresponding to 20479 plane waves was employeghe periphery of the cage is populated predominantly. At
while the number of atomic orbitals was 465. The one-pigher temperatures, the region near the center of the cage
electron picture was attained by using the Perdew-Zungeg|so begins to get populated.

exchange-correlation potentid?2] with self-interaction cor- The guest-guest r.d.f. between the center of mass—center
rections. A standard cage size of 12.2775A, as given byy masgc.0.m-c.0.m of methane is shown in Fig.(8).
x-ray diffraction [8], consisting of 24 Si atoms and 48 O There is a prominent peak at 4.1 A. This indicates that even
atoms was used; see Fig. 1. The reciprocal space integratiogs the low concentration of one molecule per cage pairs of
were carried out using the point only because the cage is methane molecules exist. There is no second peak observed

large and because there is a large band gap. The C-H dig the c.0.m-c.0.m r.d.f, which suggests that no clusters in-
tance employed for methane is the experimentally deteryolving more than first shell neighbors exist.

mined value of 1.09 A13]. The mixed-basis method gives a
C-H distance with about 2.6% error that is acceptable in
view of the local density approximation. These calculations o o ] o ]
are computer intensive and were carried out on the Hitachi Earlier investigationg15] into diffusion of sorbates in
SR8000 supercomputer. Calculations were performed fof€olites such as zeolit# and faujasite suggest that the dif-

both (2+2) and (1+3) orientations in ten intervals from the fusion process may be subdivided into two subprocesges:
cage center to the window positions. intercage diffusion andii) intracage diffusion. The latter

consists of motion within the supercage and primarily in-
volves hopping from one physisorption site to another. The

B. Dynamical properties

IV. RESULTS AND DISCUSSION

A. Energetics and structure TABLE Il. Average properties of Cllin NaC& from the mo-

The average values of the thermodynamic properties arlé"CUIar dynamics run.

listed in Table 1. .
e A N

The center of mass-center of cage radial distribution func- verage property Chiin NaCaA
tion (r.d.f.) is shown in Fig. 2a) as a function of the distance (Tyrans) (K) 151.31
from the cage center. As is clear from the figure a predomi- (Trot) (K) 151.16
nant peak is observed at 3.7 A from the cage center. This
peak is due to the strong interaction between the sorbate and  (u, ) (kd/mol) —15.0464

the inner surface of the-cage. Cohen de Lara and Khan
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FIG. 2. (a) Center of mass—center of cage radial distribution 60
function as a function of the distance from the cage center(and o
the center of mass—center of mass radial distribution function of X
methane. 40
\ /
v/
other subprocess is the intercage diffusion that consists of 20 N
hops from one supercage to another through the narrower
window. This subprocess is often the rate determining step . . ‘ ‘ . . .
for diffusion. Recent investigationg] reveal that methane 94 3 2 1 o0 1 2 3 4
preferentially orients itself before passing through the eight-
ring window in zeoliteA. d(&)

FIG. 3. (a) The average value of casas a function of perpen-
dicular distanced from the window plane andb) percentage of

If 6 is the angle between, the vector perpendicular to molecules in(2+2) (solid line) and (1+3) (dashed ling orienta-
the eight-ring window, and the -CH bond, then 6@  tions.

<Ory Here, 6r,=109.5°. The smalles:c of the fouf’s, the percentage of molecules (2+2) (solid line) and (1+3)
Omin, between the four &-H bonds andh is indicative of  (dashed ling orientations. Strong preference f(2+2) is
the orientation methane has with respecntof,;, should ~ seen at the window plane.

necessarily lie in the interval (@ /2). If 0 <0< 67 /4, the Figure 4a) showsU, obtained from simple calculation

methane orientation is said to k&+3) and if 6y /4<6 of interaction energies along a straight line cor_mecting the
d centers of two cages and passing through the window center.

< er/Z’ it is said to be(2+2), since in the former case one These are termed static calculations since they are not aver-
hydrogen gets past the narrow window and this is followedaged over MD trajectories. Further, the methane orientation
by three other hydrogens or vice versa. In the cas@®®) s such that one hydrogen points towards the eight-ring win-
orientation two hydrogens get past the window and these argow instead of three hydrogens pointing towards the win-
fo”OWed by two Other hydrogens. It was found tNZH-Z) iS dOW. When the particle approaches W|th|n 2 A Of the Win_
the preferred orientatiof80%) when the c.o.m. of methane gow plane, the2+2) and(1+3) orientations begin to differ

is in the plane of the eight-ring window. In order to obtain anin y , , with the former having a more favorable interaction.
estimate of =(costy,,), we averaged this quantity over all  Figure 4b) shows a plot ofU, averaged over all MD
intercage crossover events. This is shown in Fi@) 8s a  trajectoriesduring cage-to-cage migratiofThere were 1013
function of the distancel from the plane of the eight-ring  crossover events during the 1 ns simulation yuhis seen
windqw. d is defined to be negative before it passes throughnat the energy for2+2) and (1+3) differs only for d|

the window. Note that al= 0Td/4, cos§=0.888. Ahorizon- g gA. The difference in the two curve§igs. 4a) and

tal dashed line has been shown in Figg)Xorresponding to  4(b)] arises from the difference in the trajectories between
this. It is seen that the average valuelofs ~0.8 or 6,,;,  the static(a) and MD averaged calculatiorf). This is be-
~36.8° suggesting &+2) orientation. Figure ®) shows cause in an MD run the trajectory of methane in close prox-

1. Intercage diffusion and orientation of methane
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-4 - y . - . mode). According to the optimized potentials of Jorgensen
for liquid hydrocarbong16], the Lennard-Jones parameters
-6r for the united atom model arevcy,=3.73 A, ocy,
sl =3.775-3.91A, andrcy,=3.85-3.905A. The eight-ring
= window has a diameter closely comparable to thesalues.
E 101 Some recent studies by Sahimi and co-workers have at-
2 tempted to look at the influence of variation éinvalue for
D‘Sﬂz methane (united atom model on the separation factors
_al [17,18. It is interesting to note that these studies of Sahimi
and co-workers did reveal the strong influence of the choice
_16h of o on separation factors. It is clear, however, that a single-
site model will be inadequate in studies such as the present
_18 one, where orientations influence the guest-zeolite energy

and other dynamics.

We, therefore, focus on the five-site models for methane,
but these arguments are equally applicable to various hydro-
carbon groups such as GHCH,, and CH. The results for
methane, namely, whethd2+2) or (1+3) is preferable
might depend crucially on the choice of the Lennard-Jones
parameters, especially tlevalue (oyo andocg) that is the

I
S
T

2 used in these simulations. In the literature there have been
3 few accurate estimates of parameters between the guest spe-
Tg cies and zeolite except that of Pellenq and Nicholson for rare
v sl gases within silicalite-1 zeolitEl9]. There have been some

attempts to distinguish between different choices forahe
and oo parameters between methane, methyl, and methyl-
ene on one hand and oxygen of the zeolite on the other. But
these methods are indire€17,1§. If experimental tech-

0 1 2 a niques such as nuclear magnetic resonghddR) can dis-
d(A) tinguish between th€2+2) and (1+3) orientations and the

observed results agree with the present study, it might mean

FIG. 4. (a) The variation of the guest-host intermolecular inter- that the values ofr between the hydrogens and carbons on
action energy along a straight line connecting the centers of Wehe one hand and the oxygen on the other are reasonably
cages and passing through the window center vs perpendicular dige. - rate Any disagreement will call for refinement of these
tanced from the window plane. For thel+3) orientation, a single arameters. One way of checking the validity of the choice
hydrogen was pointing towards the eight-ring window. Note that thegf the o values employed by us in the classical MD simula-
force on methane al=0 is nonzero for(1+3) orientation as ex- tions in this study is to estimate the energy difference be-

pected.(b)A plot of Uy, averaged over all MD trajectories during . . L
cage-to-cage migration. Here, we do not distinguish between Sween the(2+2) and (1+3) orientations fromab initio cal-

single hydrogen pointing towards window and the other orientatiorfqlf?‘t'ons' Th? clus_ter of the_zeo_llte employed by us inabe

in which a single hydrogen is pointing away from window and, INitio calculations is shown in Fig. 1. The valuesfand e

therefore, the force at=0 is zero. parameters that are appropriate may depend on the environ-
ment in which a guest molecule is placed, as pointed out by

imity to the inner surface of the-cage. This is not the case Derouane[20]. Such behavior necessitates mae initio

for a line connecting two cage centdiig. 4@a)]. Further, ~MD studies.

here the dot product does not distinguish between the orien-

tation in which one hydrogen points towards the window and 3. Ab initio mixed-basis calculations

three hydrogens point towards the window. As a result the

curve is essentially symmetric with respectde=0 plane

(the window plang In case of MD averaged y, both (1+3)

Ab initio calculations of van der Waals systems such as
the adsorption of small hydrocarbon molecules in zeolite are
S ) . very challenging. Local density calculations do not generally
a'gd (i(j;))z) exhibit a Iogatl maximum atf(t&i;\;lntljow }:t):]ane provide highly accurate estimates of van der Waals interac-
[Fig. ] as compared to a minimum along €~ tions  because errors in  the approximated exchange-

line interconnecting the two cage cen_ter.s.. The difference orrelation potential are not dwarfed by electronic overlap or

Ugn between(1+3) and(2+2) is also significantly lower. Coulombic terms as is the case in covalent, metallic, and

ionic interactions. Fortunately, the self-interaction correction

[12] was found to give reasonable results for the zeolite-
Methane as well as the methyl group and methylenanethane interaction.

groups of hydrocarbons are approximately similar in size Figure 5 shows the potential energy of a methane mol-

when they are modeled in terms of a single sitrited atom ecule in a zeolite supercage along a straight line path from

2. Intermolecular potential and alkane-zeolite system
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TABLE IIl. Average value oflw[q—o, |wc,|a=0, and|wc,|a=o

8 242 ——
x 148 o for all cage to cage crossovdtstal), (2+2) orientation, and1+3)
sb” . 3 orientation.
_ 4T lolg=0 loc,la=o loc,la=o
g2l (fs™h (fs™h (fs™h
2
<0 Total 3.013%« 1074 2.379x 1074 1.848<10°*
(=]
=)
2r (2+2) 2.981x10°* 2.634<10°* 1.396x 104
-4}
(1+3) 3.138<107* 1.883<10°* 2.511x10°4
6}
3 ) 5 0 p) ) 6 _ o .
d A agree reasonably: for tH&+3) orientation, in particular, the

FIG. 5. Potential energy of a methane molecule along a straigr%b initio and the classical result are, respectively, 10 and 13

line connecting the centers of two cages and passing through th J/imol, while for the(2+2) orlentathn the resul'gs are 7 ar]d_
window center vs perpendicular distarttérom the window plane 3 kd/mol. ThIS_ supports the cIaSS|c§1I calculgtlons and indi-
for the (2+2) and (1+3) orientations(solid and dashed lines, re- cates that the 'ntermc’lec,mar potential functions anga-
spectively. For the(1+3) orientation a lone hydrogen atom points fameters for the interaction between the methane and the

towards(away from the window for positivenegative distances.  2€olite Na\ are at least predicting the trends correctly.

cage center to cage center through a window as computed 4. Partial freezing of certain rotational degrees of freedom
with the mixed-basis method. The trajectory is identical to
that shown for Fig. &). The energy of a methane in the
(2+2) orientation at the cage center is selected as the refe
ence point. Clearly thé2+2) orientation is favored over the
(1+3) position at all positions along this path. Even at thecan only rotate along @, rotation axis if its orientation with

cage ce_nter, _the energy difference betw&h2) and(1+3) respect to the window is to remain unchanged; any rotation
orientations is found to be large, about 5.5 kJ/mol. Thearoundc will immediately alter the orientation of methane
(2+2) orientation features a wide potential well of about 7 3 y

kd/mol with a width of about 2 A on either side of the win- With réspect ton, the unit vector perpendicular to the win-
dow. It should be noted that while tH&+2) orientation is dOW plane. Similarly, only a rotation around tlg axis that
symmetric with respect to the window, tkie+3) orientation  is nearly parallel ton will not alter the(1+3) methane with

is not. For positivegnegative distances, the single hydrogen respect ton. It is, therefore, expected that for tH@+2)
atom points towardgaway from the window. A potential orientation at the window plane the rotational component
well exists for the(1+3) orientation as well, but it has a along any direction except th@, axis closest ta needs to
minimum that does not coincide witd=0, the position freeze or at least slow down. In other words, f@ig axis
where the window is located. It occurs when the single hy\yhose angle with is smallest should show the largest com-
drogen atom is right at the window while the carbon andponent of the angular velocity. Table Il lists the magnitudes
remaining three hydrogen atoms are farther removed fromaf total angular velocity and some of its components for
the window. The bottom of thél+3) potential well is not  methane whose center of mass is withinZ A) from the
flat like the(2+2) well, but rather pointed and lies about 2.4 \indow plane. The components are along @eaxis closest

ki/mol above the bottom .Of the+2) W(.a"' . . ton, wc, and along theC; axis closest ton, wc,, for
These results agree with the classical calculations in re- 2 . . .3
ethane in th€2+2) and (1+3) orientation. It is seen that

gard to their most important feature, the occurrence of a deeﬁ:e magnitude is indeed larger aloGg axis (than along the

potential well in the vicinity of the window center with a X _ 4 )

deeper and wider well for the€-+2) than for the(1+3) ori- ~ Cs @i for methane in the2+2) orientation and theC,

entation, as can be seen by comparing Fig. 5 with Fig). 4 axis (in comparison to th€, axis) for methane in thé1+3)

However, in the details there are some differences: aihe Orentation. This suggests that methane passing through the

initio calculation gives a single minimum for tiig+3) ori- ~ Window prefers to maintain the symmetry with respect to the
window plane(or the vector perpendicular to).itThis is

entation, and it also gives that tli2+2) is always favored . .
over the(1+3) orientation. At the cage center the classicalP€cause the energy cost associated with such a change would

potential gives an insignificant energy difference between th&€ Significant.
two orientations, while theb initio result favors thg2+2)
by about 5.5 kJ/mol. When the carbon of £I8 located at
the window center, the difference in energies betwdern3) We did not find any preferential orientation for methane in
and (2+2) is about 4 kJ/mol fromab initio as well as clas- the supercage. In order to look at the nature of motion within
sical static energy calculations. The well depths defined athe cage we analyzed trajectories that were at least 2 A away
the difference in energy between the cage and the windowrom the window plane.

During the passage of methane through the bottleneck,
P_referential orientation observed earlier and the difference in
energy betweel2+2) and(1+3) would necessitate that the
corresponding symmetry be maintained(2+-2) methane

5. Intracage diffusion: Rolling or sliding methane?

011203-5



KUMAR, YASHONATH, SLUITER, AND KAWAZOE PHYSICAL REVIEW E 65011203

First, we computed the dot produdis v, -1, ando-r,  [22] in zeolite NaY. Methane being globular in shape and

velocity, velocity of c.0.m. and the vector from the residentcrystalline state, can easily roll rather than slide. Benzene
cage center to the center of mass of methane. They aMhose molecular geometry is highly anisotropic cannot eas-

&-0=0.499 (9=60.06°), @-71=0.388 (9=67.11°), and Y "Il
v-r=0.228 (#=76.79°). This shows that there is a large
component of angular velocity perpendicular to the linear

velocity. The radial vector is more or less perpendicular to ~ The diffusion of methane within zeolite NaSaconsists
both linear velocity and angular velocity. Now consider theOf two parts: intercage and intracage motion. In the former,
vectors: methane shows preferential orientation during its passage
through the bottleneck, the eight-ring window interconnect-
uVH:{,_ (v-0)r, ing two supercages. Both mixed-baais initio and classical
empirical Lennard-Jones potential suggest that24€2) ori-
- entation has a lower energy at the eight-ring window by
about 3.5-5.8 kJ/mol. It is also seen that partial freezing of
~ A A rotational degrees of freedom occurs along directions that
Note thatr, uy , and u, now form three vectors that cpange the symmetry of methane with respect to the vector
are mutually perpendicular to each other. We have calcunormal to the eight-ring window plane. During intracage mo-

lated the angular velocity components along these three diion, it is seen that methane rolls rather than slides along the
rections:w,=0.000 130 5/fs,w,, =0.0002749/fs, ana,, inner wall of the supercage.
Ul UH

=0.000 141 4/fs. It is seen thatuv is the largest in magni-

tude. This suggests that rolling motion contributes signifi-
cantly to the motion of methane. Earlier simulations have Financial support from Department of Science & Technol-
shown that methane exhibits a large preference for the pesgy, New Delhi for purchase of computers is gratefully ac-
riphery of the supercad@1]. The inner surface of supercage knowledged. We wish to acknowledge JSPS for financial
of NaA zeolite has a reasonable surface roughness. Thisupport to S.Y. to visit IMR Sendai where part of this work
gives a picture of methane rolling on the surface of the suwas carried out. The authors also gratefully acknowledge the
percage rather than sliding. This may be compared with thetaff at the Computer Center at IMR-Tohoku University for
skating (creeping motion of benzene found by Auerbach time on the Hitachi SR8000 supercomputer.

V. CONCLUSIONS
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