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Structural and dynamical properties of ethane in one-dimensional channels of-Bl&@ carbon nanotube

have been investigated at dilute concentration with the help of molecular dynamics simulation. Density
distributions and orientational structure of ethane have been analyzed. Repulsive interactions seem to play an
important role when ethane is located in the narrow part of the APhannel. In AIP@5, parallel orientation

is predominant oveperpendicularorientation except when ethane is located in the broader part of the channel.
Unlike in the case of single-file diffusion, our results in carbon nanotube show that at dilute concentrations
the mean squared displacemen{(t) ~ t*, oo = 1.8. The autocorrelation function for thecomponent of
angular velocity of ethane in space-fixed frame of reference shows a pronounced negative correlation. This
is attributed to the restriction in the movement of ethane along-thady- directions. It is seen that the ratio

of reorientational correlation times does not follow the Debye model for confined ethane but it is closer to
the predictions of the Debye model for bulk ethane.

1. Introduction modulation of channel diameter along the channel: AHSO
has rough or structured channel walls and it also shows

In recent years, there has been an increasing interest "modulation in diameter along the channel. As opposed to this,

studying properties of confined fluids in microporous sofids. . -
In particular, there have been many studies directed toward the wall of carbo_n nanotube &moothor structurelessand it
understanding properties of hydrocarbons in zeofiteBhis is has a constant diameter throughout.
primarily due to the importance of zeolites in the petrochemical ~Adsorption and dynamical properties of ethane in one-
industry for cracking of long-chain hydrocarbons and separation dimensional channels of AIR&b and carbon nanotube have
of mixtures. In both of these processes, mobility of molecules been studied earlier experimentally, as well as by computer
inside the microporous host plays a crucial role. This necessitatesSimulations. Recent molecular dynamics (MD) simulations of
a study of the influence of confinement on self-diffusivity of €thane in carbon nanotube and AlP®address different aspects
molecules. of ethane motion. Demontis and co-workdisund no evidence

In the case of polyatomic molecules, in addition to transla- for concerted diffusion of an ethane cluster inside a flexible
tional degrees of freedom, rotational motion is also present. This framework of AIPQ-5, and their study ruled out any single-
prompts some questions: In what manner does the rotationalfile behavior of ethane inside AIR&. A method of calculation
diffusivity of a molecule change in confinement? How does of minimum free energy paths has been used by Sholl
the translational motion of a molecule get affected by its characterize passage of ethane molecules inside AF?A MD
rotational motion in confinement? Answers to these questions study of Mao and Sinnottfound that the nature of diffusive
can give a better understanding about mobility of polyatomic motion of ethane in carbon nanotube changes with the diameter
molecules in confinement. This in turn can help in designing of the nanotube. Experimentally, the dynamics of ethane in
of better separation, as well as catalytic, processes. AIPO4-5 has been studied by quasi-elastic neutron scattering

To answer the above-mentioned and related questions, we(QENSY and pulsed-field gradient (PFG) NMR measurenfent.
have studied ethane in one-dimensional channels. While ethaneThe heat of adsorption of ethane in AIR® has been
represents one of the simplest of the polyatomic molecules, determined by the gas chromatography pulse tech#icare
namely, a linear molecule composed of two {4loups, one- by adsorption calorimetrt Ethane adsorption isotherms have
dimensional channels represent the simplest topology of inter- peen studied by the grand canonical Monte Carlo (GCMC)

connected pores, which are devoid of complications associatedmethod!2 More references to earlier simulation and experimental
with higher-dimensional channels. One-dimensional channel stydies of ethane can be found in ref 5.

systems explored in the present study are AHB@nd carbon

- In the above-mentioned simulation and experimental studies,
nanotube. These have varying degrees of surface roughness 3”91 b

e properties of ethane are influenced by intermolecular
interactions, in addition to the interactions of ethane with the
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2. Structure of Hosts

The two structures, namely, (i) AIR and (ii) carbon
nanotube, have one-dimensional channels alongctlais.
AIPOy-5 crystallizes in hexagonal space grde@/mccwith a
= 13.77 anct = 8.38 A3 There are 72 atoms in one unit cell.
The channel does not have uniform diameter throughout (Figure
la,b); it is narrower neax ~ 0.2% and 0.78% (diam~ 10.02
A) but broader in the rest of the region (diam11.37 A).

The carbon nanotube structure is constructed by the method

of arm-chair mode of rolling the graphite sh&¥éf (see Figure
1c). It is possible to have carbon nanotube with different

diameters. Here, we have chosen an (8,8) single-walled carbon
nanotube. The length of a single carbon nanotube is taken to

be ¢ = 49.29 A, which contains 640 carbon atoms. Unlike
AIPO4-5, the carbon nanotube has uniform diameter, and the

wall is smooth and homogeneous throughout. Thus, these one-
dimensional channels represent structures with different degrees

of undulations in channel diameters and differences in surface
roughness and homogeneity of channel walls.

3. Intermolecular Potential

Ethane is considered as a diatomic molecule within the united
atom model approximation. Lennard-Jones potential is employed
for sorbate-sorbate and sorbaténost interactions,
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The potential parametersy; = 4¢jj0;® and By = 4e0412, for

sorbate-sorbate interaction are taken from Jorgensen &% al.
The parameters for sorbatbost interactions can be obtained
from Lorentz-Berthelot combination rules once the interaction

parameters of host atoms are known. Ethane is assumed to

interact only with oxygen atoms of AIP&b. The parameters
for oxygen have been taken from earlier work on adsorption of
hydrocarbons in zeolites and aluminophosphatéglt will be

seen that these parameters are able to reproduce the experimental

value of AHags In the case of carbon nanotube, no experimental
data onMAHygsfor ethane is available. We have therefore chosen
the C-C parameters of Steeld. These have been used
subsequently, among others, by Ayafg@ar study of binary
mixtures in carbon nanotubes and by Zh&rgr simulation of

linear alkanes in carbon nanotubes. These parameters are listed

in Table 1.

4. Computational Details

All molecular dynamics (MD) simulations have been carried
out in the microcanonical ensemble (NVE) with cubic periodic
boundary conditions. The system consists ofxL&6 x 6 unit
cells in the case of AIP$5, which makes in all 256 channels
along thec direction with each channel being six unit cells long.

In the case of carbon nanotube, 256 tubes are arranged in &

hexagonal fashion with all tubes parallel to theirection. In
the plane perpendicular to tleeaxis, two channel centers are
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Figure 1. Schematic view of different hosts and their channel
diameters. For AIP@5 dark spheres correspond to oxygens. Panel a
hows a cross-sectional view of the AIR® channel. There are two
diameters, the narrow (10.02 A) and the broad (11.37 A), which
correspond, respectively, to the 12-ring window plane and region
connecting two such window planes. Panel b shows a vertical view of

separated by a distance of 14.28 A. Two ethane molecules residehe AIPQ:-5 channel with the different regions indicated along the

in each channel, which corresponds to a total of 512 molecules

channel. Panel ¢ shows a carbon nanotube.

in each host. This corresponds to a concentration of 0.33 ethane

molecules per unit cell in AIPE5 and 0.04 ethane molecules
per angstrom in carbon nanotube. Because ethati@ne
interaction is minimal, the role of the ethanleost interaction

is dominant. The spherical cutoff radius, measured from the
center of mass of ethane for both ethae¢hane and ethare
host interaction is taken to be 12 A. Thus, a given ethane

molecule interacts with molecules and host atoms in neighboring
channels as well. For bulk ethane, calculations are carried out
at a density of 0.544 g/chfor a total of 108 molecules. This
density corresponds to the bulk liquid density of eth&nehich

is higher than the density of ethane considered in AB(D.038
g/cf) and carbon nanotube (0.046 gfrim the present study.
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TABLE 1: Lennard-Jones Potential Parameters -15
o (R) € (kd/mol) - (a)
CH3—CHs 3.775 0.8660 20 - /’”“\\ PN
s / \
AIPO,-5 /
0-0 2.529 1.51 ’s 4 o N
carbon nanotube N — apous
Cr-C, 34 0.2328 - - - Carbon nanotube
30 - i
The spherical cut off radius is taken to he= 11 A for bulk I R T
ethane calculations.

The Gear predictercorrector algorithr#f is used for integra- -35 0 : : —
tion of translational and rotational equations of motion for ethane ' '
molecules. The host structure is kept rigid. A time step of 1 fs
has been used. This gives conservation in total energy of 5 in
10°. Different properties are calculated using positions and
velocities stored every 20 fs. The system is equilibrated for 100
ps in each case. At the beginning of the equilibration phase, o éﬁﬁ;jmme
ethane molecules are put at the center of the channel with initial -10
velocities chosen randomly from a uniform distribution. This —
is followed by a production run of 150 ps. All runs have been o0 e ,
carried out at a temperature of 200 K. S~ A

For the ethane molecule, the bond lendthbetween CH T ’
groups is taken to be 1.53 A. The mass of thes@bup is -30 -
taken to be 15.034 amu.

<U> (kJ/mol)

-40 | : :
0 0.2 04 0.6 0.8
r/R

5. Results and Discussion

In recent MD investigations of benze®ea planar molecule, ) ]
and methané® a globular molecule having tetrahedral shape, Figure 2. Panel a showsUglof ethane as a function of the

. . - . . coordinate of its center of mass Bt= 200 K. z is scaled by unit cell
diffusing within the Qne—dlmensmnal ChanneI§ of AI.E!Dand . lengthc for AIPO4-5 and byc = 49.294 A for carbon nanotube. Panel
carbon nanotube, it was found that the orientation and its ) spowsiy,Jof ethane as a function of the perpendicular distance
rotational motion were drastically affected by confinement. In of the center of mass of ethane from the channel axi, =at200 K.

the case of benzene, for example, anisotropy in rotational motionr is scaled by the radius of the respective chanRel,
inside one-dimensional channels is not what one expects from
its molecular geometry. Methane exhibited strong inclination
toward scissors or 2 2 orientation with respect to the channel

TABLE 2: Dimension of the Narrowest and the Widest Part
of the Channel

axis as opposed to inverted umbrella ok B orientation. Ethane ow (A) dw = 0w — Ohost (A) R(A)
is a linear molecule of which the equilibrium structural AIPO,-5 10.02 7.49 4,08
positional as well as orientatioraproperties and dynamical 11.37 8.84

translational as well as rotatioramotion are investigated here. ~ carbon nanotube 10.80 7.4 3.7

5.1. Energetics and Structure Figure 2a shows the average 1apLE 3: Average Interaction Energy
ethane-host interaction energfUgiCJas a function of thez
coordinate of the center of mass of ethane alongcttais.

AHaas (kd/mol) Wyg(kJ/mol) P (kPa)

Note that in all figuresz is shown scaled bg. In AIPO,-5, AIPO,-5 —24.04 (-18.710 —241) —0.2941 3.13
[Wgnatz/c = 0.25 and 0.75 is higher by4 kJ/mol as compared Eﬁ{ﬁ’%’t‘hr;i?t“be_sz'% —_12%220 10.98

to Wgnvalues at the wider parts of the channel. These positions
correspond to a constriction of the channel. In carbon nanotube, , . . .
there are no significant variations iblg,as a function ot In the van der Waals’ free diameter. They are listed in Table 2.

general, careful analyses of Derouane and co-wotkshewed ~ Chostin the present case ifp—o = 2.529 Aandoc, ¢, =3.4 A
that for a molecule of a given size, its attractive interaction with for AIPO,-5 and carbon nanotube, respectively. For AIRD
the host increases as the pore dimension becomes smaller or a& SiMPle arithmetic average over both narrow and wide regions
the curvature increases. This suggests flisgshould be yieldedR. As_can be_segn from Figure 2b, the minimum in the
greater in magnitude in the narrow part of the AlP®channel ethane-host interaction is near the wall of the channel for both
than in the wider part of the channel. But, Figure 2a shows the of the hosts.

opposite: the wider part interacts more strongly with ethane. ~ Table 3 lists heat of adsorptiakHagsvalues calculated from
This is because a decrease in void size beyond the sorbate siz&Hass = Wghd — RT, where R is the gas constant and
leads to overlap of electron clouds of the guest and the hosttemperatureT = 200 K along with the experimental values
zeolite, which causes repulsive interaction. As a result, the within parentheses. The experimentsHags value has been
magnitude ofUg,[decreases with a decrease in void size. This determined over the temperature range of 333 K for

implies that in the narrow part of the channel in AlP®the  AIPO,-5.1911 Table 3 also listsUggvalues, which are much

repulsive part of the potential contributes moreltig,"than in smaller than the correspondifijg,Cvalues. The pressure values

wider part of the channel. as calculated from the virial are also listed in Table 3. It is seen
Figure 2b shows a plot dlUg,[as a function of, the radial that the pressures are low, which is to be expected from the

distance of the center of mass of ethane from the channel axis.concentrations (0.2049 mmol/g for AIRG and 0.26 mmol/g
r is scaled byR, the radius of the respective channel defined as for carbon nanotube).
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Figure 3. Panel a shows the rati(z)/N(2) as a function of position o
of center of mass of ethane along the channg) is the number of 02+ 1
ethane molecules in a given state of orientatio, &ndN(2) is the )
total number of molecules at z is scaled by the unit cell lengthfor 0 7Oy ‘
AIPO,-5 and byc = 49.294 A in case of carbon nanotube. Panel b 0 02 04 06 08 1
shows the ratio(r)/N(r) as a function of radial distance of the center /R

of mass of ethane from the channel axis)(r) is the number of ethane
molecules in a given state of orientation aandN(r) is the total number
of molecules at. r is scaled by the radius of respective chanifel,
Also plotted is a line { - —) parallel to the ordinate indicating the

Figure 4. The ration(r)/N(r) as a function of radial distance of the
center of mass of ethane from the channel axis AIPO,-5. n(r) is
the number of ethane molecules in a given state of orientatian at

. - . andN(r) is the total number of molecules atPanel a represents the
value ofr/R at which[Wgn[is minimum and therefore the total density Wider(r()egion of the AIP@5 channel; panel b represenE[)s the narrow

IS a maximum as a function of The fra_ctlon Qf moleculgs in the three region of the AIPQ-5 channelr is scaled by the radius of the channel,
orientation intervals for ethane, the orientations of which are randomly R

distributed, are indicated by lines-(- —) parallel to the abcissa &k

and¥e in both panel a and panel b. See text for discussion. ) . .
that the orientational preference in these two parts of the channel

is different. The following observations can be made: (a) At
larger/R, the preference in the narrow part of the channel is
for parallel orientation, while in the wider part, the perpendicular
15 < 6 < 75°, and6 > 75, which are termed aparallel, .orie'n.tation is preferred. The Iatter is surprising and counter
intermediateandperpendicula respectively. Any given ethane intuitive. (b) At smallr, the pe_rpend_lcul_ar orientation is alwa_ys
molecule inside a channel has one of these three orientationsPreferred over the parallel orientation in both narrow and wider
Figure 3a shows the ratia(2)/N(2), plotted as a function of. parts of channel.
n(2) is the number of ethane molecules lying in one of the above  Also shown in Figure 3 is the fraction of ethane molecules
three groups and their center of mass betweandz + dz in parallel, intermediate, and perpendicular orientations when
N(2) is the total number of molecules having their center of the orientations are completely random. In such an instance,
mass betweem andz + dz From Figure 3a, it is evident that the populations will be proportional to the width of the interval
the intermediate orientation is the largest fraction, partly because(0°—15°, 15—75°, and 75—90°), and therefore, the fraction
of its wide range. However, for the purposes of our discussion, Of molecules in each interval atés, 4/, and /e, respectively.
it is the other two orientations that are of importance. In carbon It is seen that the population of perpendicular orientations is
nanotube, the perpendicular orientation is populated more thanenhanced in wider regions of AIRG and in carbon nanotube
the parallel orientation. In AIP£5, the important point to note ~ @s compared to the population in random orientation. The
is that the fraction of ethane molecules with perpendicular Population of parallel orientation however is reduced as
orientation is higher in the wider region as compared to that in compared to the random orientations as a function of channel
the narrow region. To understand these, we look at the length. The intermediate orientations are lower in the wider
orientations as a function of region of AIPQ-5 and greater in the narrower regions relative
Figure 3b shows the ratio(r)/N(r) plotted as a function of o the random orientations. As a functionrofthe populations
r. n(r) is the number of ethane molecules having one of the in both AIPQ-5 and carbon nanotube show significant devia-
three orientations and having their center of mass between tions from the random orientations.

The orientation of ethane can be represented by the @hgle
made by the Cgt-CH3 bond with respect to channel axis. We
classify the orientation of ethane into three groupss 15°,

andr + dr from the channel axis, whild(r) is the total number To understand these results, we have looked at the dependence
of molecules. In carbon nanotube, near the channel wall, the of the guest-host interaction energy as a function of the radial
parallel orientation is populated the most, while in AlP®) distance within the AIP@5 channel in the narrow and wide

the perpendicular orientation is preferred by ethane moleculessections. Figure 5 shows a plot of the variatiorugf with r in

near the channel wall. Why are there different dependencies innarrow and wide parts of the AIR& channel for perpendicular
the two channel systems? For this purpose, we show the ratioand parallel orientations. These have been obtained by calculat-
n(r)/N(r) for different orientations of ethane in narrow and wider ing sorbate-host interaction energyJqn, for each value of at

parts of the channel in AIP£b (see Figure 4). It can be seen narrow and wider cross-sections of the channel under specified
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"R Figure 7. The average radial distance of the center of mass of ethane,
Figure 5. Variation ofUg, as a function of radial distance of the center  [i[] from the channel axis as a function of the position of the center of
of mass of ethane from the channel axis in narrow and wide parts of mass of ethane along the chanrel[fvs z is plotted for parallel,
the channel for parallel and perpendicular orientations. intermediate, and perpendicular orientations of ethane scaled by
the radius of the respective channel, ansl scaled by unit cell length,
¢, in AIPO4-5 and byc = 49.294 A in the case of carbon nanotube.

closest to the channel wall, while perpendicular orientation is
closest to the channel axis. In narrow parts of AlIPQparallel

orientation is assumed by ethane away from the channel axis,
while perpendicular orientation is closer to the channel axis. In
(2 (b) (©) wider parts of the channel in AIR&b, parallel and intermediate
Figure 6. Schematic diagram of ethane inside a channel illustrating Ofiéntations are at the same distamceom the channel axis,
(a) why a perpendicular orientation is preferred at smaila narrow while perpendicular orientation is slightly closer to the channel
channel, (b) why a perpendicular orientation is not accommodated at wall. These results suggest that the precise orientation of ethane
larger in a narrow chanpel, and (c) why a perpendicular orientation is js g function of the distance of the molecular center of mass
preferred at any in a wide channel. from the channel axis and the diameter of the channel. In the

orientation ¢ = 0° and 90). These results are, therefore, not €aSe of AIPQ@-5, the orientation undergoes large changes as a

from MD simulation. It is seen that only in narrow parts of the function ofr as well asz.

channel the preferential orientation changes from perpendicular 5.2. Dynamical Properties.Translational Motion Figure 8

at smallr to parallel at large. These results provide insight ~shows the mean squared displacement of ethane in A0
into the nature of orientation and therefore diffusion in narrow carbon nanotube, and bulkl?(t)Oshows linear behavior in
and wide channel systems. In the wide part of the channel, asAIPOs-5 and bulk liquid. In carbon nanotub&y(t)Udoes not
can be seen from Figures 3 and 4, perpendicular is the preferredd0 over to a diffusive regime. For ethane in carbon nanotube,
orientation at large. Hence reorientation of the molecule does ~ the exponentt in [(t) I~ t* obtained from the loglog plot

not play an important role in the diffusion within these wider s 1.8. This value is closer to the ballistic motian € 2) than
channels.In wide channels, movememiong and acrosshe diffusive motion ¢« = 1). Ethane motion along thedirection
channel can be accomplishedthout reorientationby a large in nanotube, unlike in AIPQ5, experiences an almost uniform
angle. Figure 6 exhibits schematically the overlap that is potential energy surface along the channel (see Figure 2a), which
expected from perpendicular orientation in a narrow channel at eads to nearly free particle-like motion. When this is coupled
larger along with those expected within a wide channel. From With nonballistic motion along radial directions, one obtains a

Figure 4, it is seen that in thearrow region at smallr, value between 1 and 2 for the exponentAt higher loadings,
perpendicular is preferred over parallel, while at larggarallel ~ the motion of ethane can be single-file or diffusizepending
is preferred over perpendicular. on the diameter of the nanotube. In a simulation in which the

A further analysis to see where the parallel and perpendicular framework of the carbon nanotube is flexible, the randomness
orientations are predominantly located is necessary. For this,associated with the sorbate motion is expected to increase. This
we have shown the average radial distarféeof the center of ~ can lead to a lower value of the exponentMore detailed
mass of the different orientational types from the channel axis investigations of motion within carbon nanotube are in progress.
as a function of position along the chanzeThis is shown in Earlie®® MD and QENS studies of ethane in AIR® pertain
Figure 7. In carbon nanotube, parallel orientation of ethane is to high loading. The present result that ethane at dilute
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Figure 8. Mean squared displacement of the center of mass of ethane 0

plotted for (a) bulk and AIP®5 and (b) carbon nanotube &t= 200
K.

TABLE 4: Characteristic Dimensions of the Host Channel

ogh (R) 2(2Yogn+112) (R)  y (#(deq)
AIPO4-5 narrow part  3.152 8.606 0.858 ~48
AIPO,-5 wider part 8.606 0.757 ~64
carbon nanotube 3.588 9.585 0.887 ~50

TABLE 5: Self-Diffusion Coefficient
D, (1078 m?/s)

0.337
0.525

density o (g/cnT3)

0.038
0.544

AIPO;-5
bulk ethane

concentration shows simple diffusive behavior is in agreement

with those of Demontis et &lat higher loading.
The self-diffusion coefficient for ethane in bulk and in
AIPO;-5 is obtained from Einstein’s relation,

DI—KD

& @)
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Figure 9. VACF plotted for the center of mass of ethane in (a) a space-

fixed frame of reference for ethane in ARG, carbon nanotube, and

bulk at T = 200 K and (b) a body-fixed frame of referenceakis

coincides with the molecular axis) for ethane in AP®) carbon
nanotube, and bulk a = 200 K.

is seen to be relatively more facile than that in the other two
directions. Note that the ratio of molecular dimensions perpen-
dicular and parallel to th€, axis is 5.3 A/3.775 A~ 1.4. In
confined systems, all of the components of VACF show
oscillations suggesting the presence of obstructions. Note that
in both AIPQ-5 and carbon nanotube the anglés far from

zero (see Table 4). As a result, motion along all three directions
is more or less identical.

Rotational Motion. The angular velocity autocorrelation
function (AVACF) in the body-fixed frame is shown in Figure
10a. It is seen that rotation around thandy directions shows
more oscillations in carbon nanotube as compared to those in
AIPO4-5. This is again because a predominant fraction of ethane

and is listed in Table 5. These values have been obtained fromjs present in the wider part of the AIRG channel. Therefore,

the slope of the straight line fitted to data in the intervat-10
40 ps. The error irD! for ethane in AIP@5 and in bulk is
2.4% and 2%, respectively.

The velocity autocorrelation function (VACF) of ethane in
the space-fixed frame is shown in Figure 9a for AlP)carbon
nanotube, and bulk. It is seen that motion in AlP®along the
channel g direction) is more facile than that in the other two
directions though all exhibit negative correlation. A negative
minima is seen arountd= 0.5 ps forzcomponent in AIP@5.
This is due to the narrow part of the channei/at= 0.25 and
0.75. Within carbon nanotube, it is seen that the VACF of the
z component of the velocity does not decay leading to
nondiffusive motion. For motion in bulk, it is seen that the
correlations persist over longer times despite its high density.
In AIPO4-5 and carbon nanotube, the oscillations arotsdl
ps along thex andy directions are due to the confinement.

VACEF of x, y, andz components in the body-fixed frame of
reference (the axis of which coincides with the molecular axis)
is shown in Figure 9b. In bulk ethane, motion along #exis

the AVACF in AIPOy-5 shows less oscillations suggesting lower
hindrance to rotation of ethane than that in carbon nanotube.
The AVACF shows smooth decay in bulk. It is to be noted that
the oscillations in AVACF in carbon nanotube and AlP®
occur at or arountl= 1 ps. Rotational diffusivity is calculated
from

D[ = [, [, (0);() (3)

wherei = X, y. Integration of the AVACF is performed up to
12 ps. The rotational diffusivity values are listed in Table 6.
First, we note that confined ethane has a higher valuB'of
than that in bulk. From the tabulated values, it is clear that ethane
has a rotational diffusivity in carbon nanotube abou#3imes
greater than that in AIP£5. However, it is surprising that
ethane in AIP@5 has lower value oD" than ethane in carbon
nanotube. As already mentioned, the wider part of the channel
of AIPO,4-5 (where ethane resides most of the time) has a larger
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t (ps) t (ps) for | =1, 2 for ethane in AIP®5, carbon nanotube, and bulk &t=
200 K.
Figure 10. Angular VACF plotted (a) in a body-fixed frame of
reference for ethane in AIR&5, carbon nanotube, and bulk &t= TABLE 7: Reorientational Correlation Time of Ethane
200 K and (b) in a space-fixed frame of reference for Al0and
carbon nanotube & = 200 K. 71 (ps) 72 (ps) vl
. o AIPO4-5 0.82 0.64 0.78
TABLE 6: Rotational Diffusivity of Ethane carbon nanotube 0.29 0.97 3.34
bulk ethane 0.49 0.25 0.51
D, (ps?) Dy (ps?)
AIPO,-5 2.85 2.87 ; ;
carbon nanotube 10.76 11.00 in the case of carbon nanotube as a consequence of its narrow

bulk ethane 1.39 1.38 diameter when compared with the wider part of AlP8channel
where, as already noted, ethane resides most of the time.
diameter than carbon nanotube. The present result seems to Figure 11 shows the reorientational correlation functi@n,
suggest thab' is higher in channels of smaller diameter (cos (1)), plotted forl = 1, 2. ¢(t) is the angle between the
AVACFs calculated in the space-fixed frame are shown direction of the unit vector along the GHCHg bond at some
Figure 10b. An oscillatory pattern similar to that observed in initial time t = 0 and timet. From the plot, it can be seen that
the body-fixed frame is seen farandy components. Because after the initial inertial decay of correlations € 0.5 ps) the
the angled is nonzero, it is to be expected that theomponent long time decay of reorientational correlations in bulk is different
is nonzero and finite. However, what is surprising is thatzhe from that in confinement. This can be seen from reorientational
component makes a pronounced foray into the negative region,correlation time calculated as follows:
while x andy components do not exhibit similar trends. This is
true for both AIPQ-5 and carbon nanotube. This can be 7, = ftmaX[P|(COS¢(t))|:ut 4)
understood if we look at both the translational motion (as 0
indicated by VACFs) and rotational motion simultaneously. Free L
rotation around the channel axisaxis) would only be possible for | =1, 2. Integration is performed up thax = 30 ps for
if the center of mass of ethane is close to the channel centerlPO+-5 and carbon nanotube and bulk ethane. T?ese values
and not otherwise. From theor y component of VACF in the ~ &re listed in Table 7. The Debye model predicts, = /s (ref
space-fixed frame (Figure 9a), it is seen that the velocity of the 23). As Table 7 indicates, rt_ao_nentatlon of ethane in bulk is close
center of mass is nearly reversed in about 0.4 ps. During this {© the Debye model prediction. Ir_‘ the case C?f AlR’sDand
time, ethane would have traversed a distance that is comparablga/bon nanotube, however, the ratio deviates significantly from
to the radius of the channel. This is also apparent from the meantn® Deébye model. This is due to a large increaserarin
squared displacement shown in Figure 8. As a result, one of confinement as compared to the bulk vatuedoes not increase
the two CH groups would collide with the channel wall significantly in confinement as compared g
(becauséflis nonzero), and this leads to a complete reversal
of the z component of angular velocity. Contrast this with
rotation around the or y directions in the space-fixed frame, The present study shows that the orientation of ethane is a
which will be only affected by the motion of the ethane along function of z, the position of the center of mass along the
the z axis where no collision with the wall takes place, and channel, and the channel radiRs$n one-dimensional channels
therefore, one does not see any reversal of the angular velocityof AIPO4-5 and carbon nanotube. The crossover from parallel
but only oscillations. The oscillations are larger in amplitude to perpendicular orientation during the motion of ethane along

6. Conclusion
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TABLE 8: Orientation of Ethane Inside AIPO 45 and of torsional motion. In such a fully atomistic model of ethane,
Carbon Nanotube dynamical properties, especially those associated with rotational
near the near the dynamics, are likely to be altered. The barrier for torsional
channel axis channel wall motion is large 3 kcal/mol). Hence, it is unlikely that torsional
AlPO,-5 motion will play an important role at the temperature and the
wide part ] ] density of ethane used in present study. The moment of inertia
narrow part g I will be slightly larger for an eight-site model of ethane, as a
carbon nanotube O Il

consequence of which the rotational motion may be slower.
Flexibility of hosts would lead to increased randomness in the

the AIPQ-5 channel when the center of mass is close to the sorpate motion, which could cause the motion to become more
wall is due to the undulations in the channel diameter and giffysive.

crossover in the gueshost potential energy function (see
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