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Molecular dynamics investigations of methane in one-dimensional channel systems of AlPO4-5 and
the carbon nanotube are reported. Methane shows contrasting orientational preference over 113 and
212 orientations inside AlPO4-5 and the carbon nanotube. In AlPO4-5, 212 orientation is
preferred in narrow parts of the channel while 113 orientation is predominant in the wider part of
the channel. In the carbon nanotube 212 is preferred over 113 orientation throughout the channel.
Thus, the orientation of methane can yield insight into methane–host interactions. Simulations with
and without allowing for rotation of methane suggest that rotation aids translational mobility of
methane in both the channel systems studied. It is shown that molecules with certain orientations are
associated with lower mobility, both in AlPO4-5 and carbon nanotube. Further, translational motion
exhibits diffusive behavior for methane in AlPO4-5 and superdiffusive behavior in the carbon
nanotube. These results suggest that particular orientation or rotation in general can strongly
influence translational mobility of methane in one-dimensional channels. It is seen that levitation
effects influence rotational motion in addition to the translational motion.
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I. INTRODUCTION

In recent years there has been an increasing intere
studying properties of confined fluids in microporo
solids.1,2 In particular there have been many studies direc
towards understanding properties of hydrocarbons
zeolites.3,4 This is primarily due to the importance of zeolite
in the petrochemical industry for cracking of long chain h
drocarbons and separation of mixtures. In both these
cesses mobility of molecules inside the microporous h
plays a crucial role. This necessitates the study of influe
of confinement on self-diffusivity of molecules.

In the case of polyatomic molecules in addition to tran
lational degrees of freedom, rotational motion is also pres
This prompts some questions: In what manner the rotatio
diffusivity of a molecule changes in confinement? How do
the translational motion of a molecule get effected by
rotational motion in confinement? Answers to these qu
tions can give a better understanding about the mobility
polyatomic molecules in confinement. This in turn can h
in the designing of better separation procedures.

In an attempt to answer the abovementioned and o
related questions we have studied methane in o
dimensional channels. While methane is the simplest m
ber of the hydrocarbon series, one-dimensional channels
resent the simplest topology of interconnected pores wh
are devoid of complications associated with the complexi

a!Also at Condensed Matter Theory Unit, Jawaharlal Nehru Center for
vanced Scientific Research. Author to whom correspondence shoul
addressed.
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of higher dimensional channels. One-dimensional chan
systems studied in the present work are AlPO4-5 and the
carbon nanotube. These have a varying degree of sur
roughness and modulation of channel diameter along
channel. AlPO4-5 hasroughor structuredchannel walls and
it shows modulation in diameter along the channel. As o
posed to this the wall of the carbon nanotube issmoothor
structurelessand it has a constant diameter throughout. A
sorption of methane in one-dimensional channel system
aluminophosphates5 and carbon nanotubes6,7 has been stud-
ied experimentally and through simulations by the grand
nonical Monte Carlo method.8,9 Dynamics of methane in
AlPO4-5 has been studied by the pulsed field gradient~PFG!
NMR technique10 which suggested the existence of sing
file diffusion for methane in AlPO4-5. Single file motion
implies that sorbates cannot pass one another inside a c
nel. However, PFG-NMR~Ref. 11! studies by others as we
as quasielastic neutron scattering12 ~QENS! studies of meth-
ane dynamics in AlPO4-5 observed ordinary diffusive be
havior suggesting thereby that sorbates can, in fact, pass
other. A plausible explanation of this difference in the obs
vations is that the time over which the system was probe
different in the two cases. Yet another possibility is that t
samples of the host materials used in different studies w
slightly different. This has been pointed out by Jobicet al.12

The passing frequency of methane molecules ins
AlPO4-5 has been calculated by molecular dynamics~MD!
simulations.13 This study showed that methane undergo
normal diffusion inside AlPO4-5. The adsorbate passage h
also been characterized by the free energy barrier exp

-
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enced by methane molecules when they pass each othe
side an AlPO4-5 channel.14 MD study of methane in the
carbon nanotube15 suggested that methane exhibits norm
diffusive behavior for nanotubes having different diamete
Results from experimental and simulation studies mentio
above raise an important question: Are the results hig
sensitive to slight changes in the potential parameters
channel dimension? The present work attempts to unders
this by studying the dependence of orientational prefere
methane on channel dimension vis-a`-vis potential param-
eters.

The present study has been carried out in the dilute li
to bring out the effect of confinement on dynamics of ads
bates in an unambiguous manner. To understand the ene
ics and dynamics we have calculated static potential ene
along and across the channel. Also we have tried to corre
the orientation of methane with its position inside a chann
The effect of rotation of methane on translational mobility
studied by calculating mean squared displacement of m
ane in two cases: First, by observing mobility in simulati
where both translational and rotational motion is allowed a
in the second case, by freezing only rotational degrees
freedom. These properties are compared with experimen
observed values where available as well as simulation res
of bulk methane.

II. STRUCTURE OF HOSTS

The two structures, namely,~i! AlPO4-5 and~ii ! carbon
nanotube have one-dimensional channels along thec-axis.

AlPO4-5 crystallizes in hexagonal space group P6/m
with a513.77 andc58.38 Å.16 There are 72 atoms in on
unit cell. The channel does not have a uniform diame
throughout@Figs. 1~a! and 1~b!#, it is narrow nearz'0.25c
and 0.75c ~diam'10.02 Å! but broader in the rest of th
region ~diam'11.37 Å!.

The carbon nanotube structure is constructed by
method of the armchair mode of rolling the graph
sheet17,18@see Fig. 1~c!#. It is possible to have a carbon nan
tube with different diameters. Here, we have chosen~8,8! a
single walled carbon nanotube which contains 640 car
atoms. Unlike AlPO4-5 the carbon nanotube has a unifor
diameter and the wall issmoothandhomogeneousthrough-
out.

Thus, these one-dimensional channels represent s
tures with different channel diameters and differences in s
face roughness and homogeneity of channel walls.

III. INTERMOLECULAR POTENTIAL

Methane is modeled as a five site rigid molecule. T
Lennard-Jones-type potential is considered for sorba
sorbate and sorbate–host interactions,

f i j ~r i j !52
Ai j

r i j
6 1

Bi j

r i j
12 . ~1!

The potential parametersAi j 54e i j s i j
6 andBi j 54e i j s i j

12

for the sorbate–sorbate interaction are taken from Mu
et al.19 These are listed in Table I. Methane is assumed
in-
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FIG. 1. Schematic view of different hosts and their channel diameters.
AlPO4-5 dark spheres correspond to oxygens.~a! A cross-sectional view of
the AlPO4-5 channel. There are two diameters, the narrow~10.02 Å! and
the broad~11.37 Å! which correspond, respectively, to the 12-ring windo
plane and region connecting two such window planes.~b! Vertical view of
the AlPO4-5 channel with the different regions indicated along the chann
~c! Carbon nanotube.
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interact only with the oxygen atoms of AlPO4-5. The
methane–host interaction parameters for AlPO4-5 and the
carbon nanotube are also listed in Table I.

IV. COMPUTATIONAL DETAILS

All the MD simulations have been carried out in a m
crocanonical ensemble (NVE), with cubic periodic bound-
ary conditions. The system consists of 1631636 unit cells in
case of AlPO4-5 which makes in all 256 channels along t
c direction with each channel 6 unit cells long. For the c
bon nanotube 256 tubes are considered arranged in a hex
nal fashion with all tubes parallel to thec-direction. Two
channel centers are separated by a distance of 14.28 Å.
methane molecules reside in each channel which corresp
to a total of 512 molecules in each host. This correspond
a concentration of 0.33 molecule per unit cell of AlPO4-5
and 0.040 molecule/Å inside the carbon nanotube. T
methane–methane interaction is minimal and therefore
role of the methane–host interaction is dominant. The sph
cal cutoff radius measured from the center-of-mass of m
ane for both methane–methane and methane–host int
tion is taken to be 12 Å for aluminophosphates and for
carbon nanotube. Thus, interactions extend to molecules
host atoms in neighboring channels as well. For bulk me
ane, calculations are carried out at a density of 0.29 g/cm3 for
a total of 108 molecules. This density corresponds to b
liquid density of methane19 which is higher than the densit
of methane considered in AlPO4-5 and carbon nanotube i
the present study. The spherical cutoff radius is taken to
11 Å for bulk methane calculations.

The gear predictor–corrector algorithm20 is used for in-
tegration of translational and rotational equations of mot
for methane molecules. For studying the dynamics of me
ane moleculeswithout rotation the rotational degrees of fre
dom are not allowed. In this case, each molecule is assig
to a random orientation which remains the same through
the MD run.Without rotation MD of methane is carried ou
in both host structures, AlPO4-5 and carbon nanotube a
well as in bulk methane. The host structure is kept rigid
time step of 1 fs has been used. This gives conservatio
total energy of 5 in 105. Different properties are calculate
using positions and velocities stored at every 20 fs. The s
tem is equilibrated for 100 ps in each case. At the beginn
of the equilibration phase, methane molecules are place
the center of the channel with initial velocities chosen ra
domly from a uniform distribution. During equilibration

TABLE I. Potential parameters for CH4– CH4 and CH4–host interaction.

Ai j 3103 ~kJ/mol! Å6 Bi j 3106 ~kJ/mol! Å12

C–C 2.2920 3.2396
C–H 0.5440 0.3926
H–H 0.1354 0.06711
AlPO4-5
C–O 2.0189 1.3024
H–O 0.4663 0.1693
Carbon nanotube
C–Cn 1.8161 2.6839
H–Cn 0.4533 0.4074
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phase the scaling of velocities is performed. This is follow
by a production run of 150 ps. All runs have been carried
at a temperature of 200 K.

For the methane molecule, the C–H bond length is ta
to be 1.1 Å. The mass of C and H is taken to be 12.01 a
1.008 amu. In what followswith rotation MD is termed as
simulation Aand without rotation MD is termed assimula-
tion B.

V. RESULTS AND DISCUSSION

A. Energetics and structure

This section contains results from the calculations
simulation A. The energetics and structure related results
not appear to be effected significantly by freezing of ro
tional degrees of freedom.

Figure 2 shows the average methane–host interac
energy^Ugh& as a function of thez-coordinate of the center
of-mass of methane over one unit cell length along
c-axis. Note that in all figures,z is shown scaled byc, the
unit cell length along thec axis for respective channels. I
AlPO4-5 there are peaks atz/c'0.25 and 0.75 with a barrie
of height'3 kJ/mol. The positions of peaks correspond to
region near the constriction of the channel in a unit cell
AlPO4-5. In the carbon nanotube there are no signific
variations in^Ugh& as a function ofz. This shows that in the
narrow part of the channel in AlPO4-5 the repulsive part of
the potential contributes more to^Ugh& than in the wider part
of the channel. While in the carbon nanotube the contribut
of the repulsive and dispersive part of the interaction ene
remains almost constant along the channel.

Figure 3 shows a plot of̂Ugh& as a function ofr, the
distance of the center-of-mass of methane from the cha
axis. Note that in all figuresr is scaled byR, the radius of the
respective channel defined from the van der Waals’ free
ameter. They are listed in Table II. In Table II,dw is obtained
by subtractingsO–O52.529 Å andsCn– Cn

53.4 Å from sw

values of AlPO4-5 and the carbon nanotube, respectively.
the case of AlPO4-5 a simple arithmetic average over bo
narrow and wide regions yieldedR. The radius values are
4.08 and 3.7 Å for AlPO4-5 and the carbon nanotube, re

FIG. 2. Variation of^Ugh& as a function of thez coordinate of the center-
of-mass of methane atT5200 K. z is scaled by the unit cell length o
AlPO4-5 along thec-direction and by 49.294 Å for the carbon nanotube
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spectively. As can be seen from Fig. 3, the minimum in
methane–host interaction is near the wall of the channel
both hosts. Table III lists the heat of adsorptionDHadsvalues
calculated fromDHads5^Ugh&2RT, whereR is the gas con-
stant and temperatureT5200 K. Experimentally determined
heat of adsorption values are listed in parentheses in T
III. The experimentalDHads value was determined over th
temperature range of 303–473 K for AlPO4-5 ~Ref. 5! and
78–110 K,6 155–195 K~Ref. 7! for the carbon nanotube. I
can be seen from the table that calculated values are clo
the experimentally determined values of heat of adsorpt
It should be noted that experiments of methane adsorptio
nanotubes were performed on tubes that were capped at
ends. Hence, methane adsorption takes place on the ext
surface of the nanotube. These values are tabulated for c
parison and need not represent adsorption of methane in
a ~8, 8! nanotube which is studied in the present work. Ta
III also lists ^Ugg& values which are much smaller than th
correspondinĝUgh& values.

Orientation of methane with respect to the channel a
is described by calculating the angle that each of the C
bonds~C3 axes! subtends to the channel axis. The minimu
of these four angles,umin , is found out. The tetrahedral sym
metry of the molecule limits the range of variation ofumin

between 0 touTd
/2, whereuTd

is the tetrahedral angle.umin

helps in identifying two orientations of methane with resp
to the channel axis. Whenumin5uTd

/2 or aC2 axis of meth-
ane is parallel to channel axis, we term this orientation
perfect 212 orientation and whenumin50 or aC3 axis par-
allel to the channel axis we term this orientation as a per
113 orientation. In a perfect 212 orientation two of the

FIG. 3. Variation of ^Ugh& as a function ofr perpendicular distance o
center-of-mass of methane from the channel axis atT5200 K. r is scaled by
the radiusR of the respective channel.

TABLE II. Dimension of the narrowest and the widest part of the h
channel.

sw ~Å! dw5sw2shost ~Å!

AlPO4-5 10.02 7.49
11.37 8.84

Carbon nanotube 10.80 7.4
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C–H bonds are symmetrical with respect to the channel a
and in a perfect 113 orientation one of the C–H bonds
parallel to the channel axis. A schematic representation
113 and 212 orientations of methane with respect to
channel are as shown in Fig. 4. Orientations were classi
as 113, intermediate and 212 if 0,umin,uTd

/6, uTd
/6

,umin,uTd
/3 and uTd

/3,umin,uTd
/2, respectively. Any

methane molecule inside the channels is in either of th
three orientations.

We have calculated the number of methane molecule
each of the above orientationsn(z) andn(r ), wherez is the
position of the center-of-mass of methane along the chan
andr is the radial distance of the center-of-mass of meth
from the channel axis. In Figs. 5 and 6 the ratiosn(z)/N(z)
andn(r )/N(r ) are plotted.N(z) is the total number of meth
ane molecules having their center-of-mass atz along the
channel andN(r ) is the total number of methane molecul
having their center-of-mass at a distancer from the channel
axis. Figure 5 shows that theintermediatestate is the most
populated state at all values ofz in both AlPO4-5 and the
carbon nanotube. In the carbon nanotube the 212 state is
dominating over 113 throughout the length of the channe
However, in AlPO4-5 the modulation of the diameter of th
channel gives rise to contrasting behavior. At the narr
parts of the channel,z/c'0.25 and 0.75, the 212 state is
more populated than the 113 state, while at wider parts o
the channel it is the 113 state that is more populated than t
212 state.

Figure 6 shows that the intermediate state of the ori
tation of methane is most populated among all orientat
states for all values ofr for both hosts. In the carbon nano
tube the 212 state is populated more as compared to
113 state for all values ofr. In AlPO4-5 near the center o
the channel the 212 state is populated more than the 113
state while near the wall of the channel it is the 113 state
that is populated more than the 212 state.

The above results suggest that there exists a correla
between channel diameter and the orientation of meth
with respect to the channel axis. Table IV lists the diame

FIG. 4. A schematic representation of orientation of methane with respe
the channel in the~a! 212 state and~b! 113 state.

TABLE III. Average interaction energy.

DHads ~kJ/mol! ^Ugg& ~kJ/mol!

AlPO4-5 213.34~214.3a! 20.074
Carbon nanotube 219.19~218.3,b 221.4c! 20.086
Bulk methane 24.1

aReference 5.
bReference 6.
cReference 7.

t
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of the channel in AlPO4-5 and the carbon nanotube alon
with the levitation ratio21 defined as

g5
2~21/6sgh1 l !

sw
, ~2!

wheresgh is the hydrogen–host interaction parameter,sw is
the window diameter defined as the distance between ce
of diagonal atoms of a channel, andl is the C–H bond
length. From Table IV it is clear that for values ofg close to
1 ~in close fitting parts of AlPO4-5 or in narrow channel-like
carbon nanotube! more methane molecules have 212 orien-
tation than 113 orientation. Similarly, in an earlier study o
methane in NaCaA,22 it was observed that methane assum
212 orientation at the 8-ring window connecting two cag
as it passes from one cage to another. The present s
suggests under what conditions~g→1! a preference will be
observed in the orientation of tetrahedral molecules. Furt
earlier work on benzene in one-dimensional channels s
gests that anisotropy in rotational diffusivity observed in t
bulk is likely to be reversedin confinement wheng→1.23

These results when viewed together suggest that the le
tion effect canalter drasticallynot only translational motion
but also rotational motion.

The methane–host interaction energy for the 212 and
113 orientation as a function ofz and r and averaged ove
the whole MD trajectory, are shown as insets in Figs. 5 a

FIG. 5. The ration(z)/N(z) as a function of position of the center-of-mas
of methane along the channel.n(z) is the number of methane molecules
a given state of orientation atz andN(z) are the total number of molecule
at z. Inset in ~a! shows the variation of̂ Ugh&, in units of kJ/mol, with
respect toz for the ~113! and~212! orientation.z is scaled by the unit cell
lengthc for AlPO4-5 and byc549.294 Å in the case of the carbon nan
tube.
ers

s
s
dy

r,
g-

ta-

d

6, respectively. The inset to Fig. 5 shows that in the narr
part of the AlPO4-5 channel repulsive contribution to th
methane–host interaction energy in 113 orientation is more
than that in the 212 orientation. While in the wider part o
the channel in AlPO4-5 methane can maximize its intera
tion better in 113 orientation than in 212 orientation. As a
function of the radial distance from the axis of the channer
~see inset to Fig. 6! methane maximizes its interaction wit
the host near the wall of the channel in 113 orientation in
AlPO4-5 and in 212 orientation in the carbon nanotube.

Figure 7 shows the average value of the radial dista
of the center-of-mass of methane from the channel axis
function of its position along the channel. It can be seen t
in AlPO4-5 methane is closer to the wall in wider parts
the channel and nearer to the center of the channel in na
parts of the channel. In the carbon nanotube the aver

FIG. 6. The ration(r )/N(r ) as a function of radial distance of the cente
of-mass of methane from the channel axisr. n(r ) is the number of methane
molecules in a given state of orientation atr andN(r ) are the total number
of molecules atr. Inset in~a! and~b! shows the variation of̂Ugh&, in units
of kJ/mol, with respect tor for ~113! and~212! orientations.r is scaled by
the radiusR of the corresponding channel.

TABLE IV. Dimension of the narrowest and the widest part of the ho
channel.

sw ~Å! 2(21/6sgh1 l ) ~Å! g

AlPO4-5 10.02 8.196 0.817
11.37 8.196 0.720

Carbon nanotube 10.80 9.832 0.910
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radial distancê r& of each of the orientations of methan
remains almost constant along the channel. Among the
orientations, in the carbon nanotube, methane in the 212
orientation is farther from the channel axis than the 113
orientation. In AlPO4-5, in the narrow part of the channel th
same behavior as the carbon nanotube is seen. The beh
is reversed when the channel diameter increases in the w
part of the channel; 212 orientation is closer to the chann
axis than the 113 orientation.

These results suggest that the orientation of methane
side a one-dimensional channel is sensitive to the cha
diameter. In these simulations the Lennard-Jones param
s of the host atom determines the diameter of the chan
Pellenq and Nicholson24 recently made an accurate determ
nation of Lennard-Jones parameters between rare gase
silicalite-1 host atoms. Similar studies are desirable
hydrocarbon–zeolite interactions. We hope that results h
provide a sensitive and crucial test of these parameters.
periments which can distinguish between 212 and 113 ori-
entations will be able to yield valuable insight into the acc
racy of parameters between CH4 and zeolite.

B. Dynamical properties

1. Translational motion

Figure 8 shows the mean squared displacement of m
ane in AlPO4-5 and the carbon nanotube and in bulk, f
simulation Aandsimulation B. The mean squared displac
ment of methane varies linearly with time for bulk case a
in AlPO4-5. But in the case of the carbon nanotube it do

FIG. 7. The average radial distance of the center-of-mass of methan^r&
from the channel axis as a function of position of center-of-mass of meth
along the channelz. ^r& vs z is plotted for 113 and 212 orientations of
methane.r is scaled by the radius of the respective channel andz is scaled
by the unit cell lengthc in AlPO4-5 and byc549.294 Å in case of the
carbon nanotube.
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not go over to the diffusive regime. The exponenta in the
relation ^u2(t)&'ta can be obtained from the log–log plo
For methane in the carbon nanotubea51.811 and 1.749 for
simulation A and simulation B, respectively.a51 corre-
sponds to the case of diffusive motion whilea52 corre-
sponds to the ballistic or free particle motion. Methane m
tion along thez-direction in the nanotube, unlike in AlPO4-5,
experiences almost uniform potential energy surface al
the channel~see Fig. 2! which leads to nearly free particle
like motion. When this is coupled with nonballistic motio
along radial directions, one obtains a value between 1 an
for the exponenta. The motion is expected to go over to th
diffusive regime as the number of methane molecules
tube are increased.15

The self-diffusion coefficient is calculated in the case
bulk methane and methane in AlPO4-5 by Einstein’s rela-
tion,

Dt5
^r 2&
6t

. ~3!

The Dt values are reported in Table V. The straight line
fitted over the range of 10–40 ps. The error bars inDt for
methane in AlPO4-5 are 2.7% and 2.2% for the case
simulation Aand simulation B, respectively. The error bar
for bulk methane self-diffusivity are 1.3% and 2.4% for th

ne

FIG. 8. Mean squared displacement of methane in AlPO4-5, carbon nano-
tube, and bulk for the case ofsimulation Aandsimulation Bat T5200 K.
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case ofsimulation Aandsimulation B, respectively. As can
be seen from Fig. 8 and Table V there is a difference
mobility of methane for the two cases ofsimulation Aand
simulation B. Methane is less mobile insimulation Bin all
the three systems studied. This indicates that rotation
hances translational motion of methane in the bulk state
well as in confined systems like AlPO4-5 and the carbon
nanotube. Self-diffusion coefficientDt, in general, depend
on the density of sorbates inside a porous host.1 It is gener-
ally expected that with the increase in density the value ofDt

decreases. Table V indicates that even though densit
methane is lower in the channels of AlPO4-5 than the bulk
density, the diffusivity of methane is also lower than the bu
methane diffusivity value. This reduction in mobility can b
due to the presence of constrictions in AlPO4-5 which hinder
the motion of methane along the channel.

The motion of methane insimulation Bin AlPO4-5 and
the carbon nanotube is further analyzed by considering
mean squared displacement of each molecule separa
This provides information about the relationship between
mobility of a molecule and its orientation. This is easier f
simulation B as each molecule has a different orientati
which does not change throughout the MD run. Figure

TABLE V. Self-diffusion coefficient.

Dt, simulation A
(1028 m2/s)

Dt, simulation B
(1028 m2/s)

density,r
g/cm3

AlPO4-5 0.867 0.669 0.02
Bulk methane 2.23 1.74 0.29

FIG. 9. For the AlPO4-5 value of the mean squared displacement at the
of 12 ps, calculated for each methane molecule insimulation Band averaged
over molecules that have theirumin values in a given interval of width 5°
Also plotted is the distribution of methane molecules overumin by dividing
the range into intervals of width 5°.
n

n-
as

of

e
ly.
e
r

9
and 10 show the plot of the mean squared displacement
function of umin and the distribution function ofumin for
AlPO4-5 and the carbon nanotube, respectively. The dis
bution function is calculated by dividing the range 0 touTd

/2

into intervals each of 5° width. The number of methane m
ecules in each of these intervals are calculated. For eac
the methane molecules in a given interval mean squared
placement is calculated for 12 ps. The value of mean squa
displacement at the end of 12 ps is averaged over all m
ecules in that interval and is reported here. These value
^u2& are plotted in Figs. 9 and 10 as a function ofumin .

The definition of the three states of orientation of me
ane, as defined earlier, can be used to analyze the re
from Figs. 9 and 10. Figures 9 and 10 indicate that theinter-
mediatestate of orientation for methane contributes subst
tially to the translational mobility in AlPO4-5 and the carbon
nanotube. In AlPO4-5, the 113 state does not contribut
significantly to the mobility forumin,10°. The 212 state
contributes significantly to translational mobility as com
pared to other orientations of methane in AlPO4-5. In con-
trast, the carbon nanotube 212 state does not have signifi
cant contribution to mobility as compared to other states
orientation of methane.

The x- andy-components of the velocity autocorrelatio
function for methane in AlPO4-5 and the carbon nanotub
decay in the expected manner~not shown!. Thez-component
of methane in AlPO4-5 decays to zero. In the carbon nan
tube this does not happen. Therefore, the mean squared
placement exhibits nondiffusive behavior.

d

FIG. 10. For the carbon nanotube value of the mean squared displacem
the end of 12 ps, calculated for each methane molecule insimulation Band
averaged over molecules that have theirumin values in a given interval of
width 5°. Also plotted is the distribution of methane molecules overumin by
dividing the range into intervals of width 5°.
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2. Rotational motion

The angular velocity correlation function calculated
the body-fixed frame of methane~data not shown! indicated
that correlations in angular velocity components decay
identical fashion for bulk as well as confined methane. T
difference is in the time the correlations take to decay to z
for each system. This is reflected in the rotational diffusiv
calculated by,

Di
r5E

0

`

^v i~0!v i~ t !&dt, ~4!

where i 5x,y,z. The integration is performed up to 10 p
The rotational diffusivity calculated is listed in Table VI. Th
rotational diffusivity values indicate that methane rota
faster in confinement which corresponds to low density
compared to bulk~at r50.29 g/cm3! which is as expected
And in confinement it rotates faster in the carbon nanot
than in AlPO4-5. Angular velocity autocorrelation functio
can be calculated in space fixed frame also. This is plotte

TABLE VI. Rotational diffusivity of methane.

Dx
r ~ps21! Dy

r ~ps21! Dz
r ~ps21!

AlPO4-5
Body-fixed frame 16.26 16.38 16.38
Space-fixed frame 4.69 4.77 4.3
Carbon nanotube
Body-fixed frame 25.99 26.99 27.04
Space-fixed frame 5.62 6.08 7.32
Bulk methane
Body-fixed frame 9.04 8.86 9.85

FIG. 11. Angular velocity autocorrelation function for methane in the spa
fixed frame in AlPO4-5, carbon nanotube and bulk atT5200 K.
n
e
o

s
s

e

in

Fig. 11. Angular velocity in the space-fixed frame gives
formation about the rotation of the molecule about the sp
fixed directions. From an integration of angular velocity a
tocorrelation function in the space-fixed frame one can
tain rotational diffusivities. These values are listed in Tab
VI. From the table it can be seen that in AlPO4-5 and in the
carbon nanotube there exists a significant amount of r
tional motion around all the space fixed axes.

VI. CONCLUSIONS

The properties of methane are strongly dependent on
nature of the one-dimensional channel as well as on the r
of size of the molecule to the channel diameter. The orien
tion of methane with respect to the channel axis shows in
esting properties in AlPO4-5. In narrow parts of the channe
in AlPO4-5 the orientation in which aC2 axis of methane is
directing along the channel axis~212 orientation! is pre-
ferred over the orientation in which aC3 axis of methane is
directed along the channel axis~113 orientation! and vice
versa in the wider part of the channel. This preference fo
particular orientation is also seen when methane is close
the channel wall in AlPO4-5. In the wider region, near the
channel wall, methane assumes a 113 orientation while in
narrow regions the 212 orientation is preferred by methan
when it gets closer to the channel wall.

The effect of correlation between orientation and po
tion of methane inside a channel extends to dynamical pr
erties as well. It is seen that the mean square displaceme
methane as probed over the first 12 ps depends strongl
its orientation. In AlPO4-5, it is seen that whenumin,10°,
u2(t) is small and in the carbon nanotube, large values
umin have lower values ofu2(t). These suggest the stron
dependence of translational mobility on the orientation
methane. It follows that a single site model of methane m
not be able to reproduce all the properties of methan
AlPO4-5 and methane–carbon nanotube system.

These results are consistent with our results of ru
where diffusivities have been calculated with and witho
rotation; simulation Band simulation Ashow that rotation
aids in translational motion and enhances translational di
sivity in bulk as well as in confinement. Note that metha
shows nondiffusive behavior in the carbon nanotube. Si
lattice vibrations in AlPO4-5 and the carbon nanotube a
not expected to be large, we expect that the results prese
here would not alter significantly when the host atoms
also included in the dynamics. It is also seen that rotatio
diffusivity of methane is the highest in carbon nanotu
which has smooth channel walls as compared to rotatio
diffusivity of methane in AlPO4-5 and in bulk.
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