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Molecular dynamics simulations are used to study the flow of methane, ethane, and ethylene through carbon
nanotubes at room temperature. The interatomic forces in the simulations are calculated using a classical,
reactive, empirical bond-order hydrocarbon potential coupled to Lentdmmaes potentials. The simulations

show that the intermolecular and moleculenotube interactions strongly affect both dynamic molecular
flow and molecular diffusion. For example, molecules with initial hyperthermal velocities slowed to thermal
velocities in nanotubes with diameters less than 36 A. In addition, molecules moving at thermal velocities
are predicted to diffuse from areas of high density to areas of low density through the nanotubes. Normal-
mode molecular thermal diffusion is predicted for methane for nearly all the nanotube diameters considered.
In contrast, ethane and ethylene are predicted to diffuse by normal mode, single-file mode, or at a rate that
is transitional between normal-mode and single-file diffusion over the time scales considered in the simulations,
depending on the diameter of the nanotube. When the nanotube diameters are between 16 and 22 A, ethane
and ethylene are predicted to follow a helical diffusion path that depends on the helical symmetry of the
nanotube. The effects of atomic termination at the nanotube opening andpmresinteractions within a
nanotube bundle on the diffusion results are also considered.

I. Introduction in the helical arrangement of the carbon atoms along the

M h h wudied b b . nanotube axis could influence molecular motion.
ny resear rou v i rbon nan in L o
any research groups nave studied carbon Nanotubes Since g, oy groups have studied intercalation inside carbon

they were first synthesized in 199RBecause of their nanometer- nanotubes. For example, experiments show that numerous

scale size and hollow, cylindrical shape, they have manydcompounds and elements with low surface tensions intercalate

Eo(tjergﬂﬁlcZieﬂg?élrc;nsNaaiQSLeecsu E‘;fe'e%isrép;re]ot;f:; tu:)o%so’sag:jlnto opened carbon nanotul®2*but only into those nanotubes
y ' P with diameters large enough to accommodate capillary métion.

as _promising materials for the prod_uction of tailored ultrafil- In addition, first principles calculations predict that it is

tlriti%% meTBran(Ials g[rr'?embranes with pores '?hn the dotr)der lc’fenergetically favorable for HF molecules to intercalate into small
00 nm)” Usually, these membranes are synthesized by only ., nanotubes. Several studiéé2® have been made of

partially sintering a ceramic or by stretching a polymer to create hydrogen adsorption in nanotube bundles, a problem of par-

pores with the deswed_ density, size, and srfapgcarbon ticular technological importance for applications that rely on
hanotube membrane might be constructed of chemically Openecjstored hydrogen fuel. Also, simulations of the dynamic flow of
nanotubet® that are arranged in a close-packed structure : '

helium and argon atoms through nanotd®bave predicted that
(bundle). : .
. . . .. the flow slows rapidly at low temperatures and that the heavier
It has been well established that in porous materials diffusive argon slows more quickly than the helium atoms. Finally, recent

flow is dominant in nanometer-scale porfeBiffusion in such ¢ simulations have predicted quantum sieving of hydrogen
restricted structures is therefore of interest and is expected 10444 neon molecules in carbon nanotubes with diameters less
be important for numerous applications such as shape selectivgy, 5, 7 A3t

catalysi§ and separation:13 Until recently!* technical chal-
lenges have prevented the direct study of molecular diffusive
flow in materials with nanometer-scale pores. Therefore, numer-
ous computational molecular dynamics (MD) and/or Monte

To better understand the movement of polyatomic molecular
species through carbon nanotubes, we have modeled the
dynamic and diffusive flow of methane, ethane, and ethylene
. ... molecules through single-walled carbon nanotubes, where the
Carlo (MC) studies have been conducted on molecular diffusion dynamic flow study is the nanometer-scale analogue of mac-

in various ideal nanoporé’is.aer zeollteéf * roscopic-scale fluid flow through pipes. Nanotubes of various
~Carbon nanotubes are similar to zeolites and other molecular jjameters and helical structures were considered in the simula-
sieves in that they contain nanometer-scale pores. However, th'stions, all of which were performed at 300 K.
does not necessarily mean a priori that atomic and molecular
diffusion in nanotubes will be the same as in zeolites. For
example, nanotubes have continuous, smooth walls of uniform
composition, whereas zeolites generally have varying diameters  The computational approach used was classical MD simula-
and are composed of multiple elements. In addition, variations tions, where Newton’s equations of motion are numerically
integrated with a third-order Nordsieck predictor corrector
* Corresponding author. E-mail: sinnott@engr.uky.edu. integration scheme to track the motion of the atoms with
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0.02 hydrogen atoms. The molecules of interest were then placed
g 001 | ,-"-__ ______ L1 near the opening at one end (some slightly inside the nanotube,
> t f L2 some well outside the opening), and the system was allowed to
g 001 /\ \ evolve in time with no additional constraints. These starting
= 0.00 S - — : conditions therefore correspond to an external molecular pres-
'_g oofpo 180 \m&' 6.00 750 9o sure gradient. We also considered pepere correlation effects
3 by examining diffusion through a small close-packed bundle
-0.01 of (10,0) nanotubes. The shortest distance between the nanotube
interatomic distance (A) walls in the bundle was 3.4 A.
Figure 1. Long-range potential energy for-€C interactions using
LJ1 and LJ2. [ll. Results and Discussion

time 32734 A time step of 0.25 fs was used in all the simulations. ty;g'SAde%gigELﬁg?anthLZi dg?ﬁ;g ffx\é oétﬁ‘;;g:gﬁgehm
This limits the results of the study to short time scales (ps to single-walled carbon nanotubes with diameters of ol to

ns). The forces on the atoms were calculated using methods36 A was considered. The helical symmetry of the nanotubes
that vary with distance: short-range interactions were calculated : : . y Y )
followed either the armchair form (n,n) or the zigzag form

ing a reactive, empirical bonding-order hydrocarbon ntial ) - /
using a reactive, empirical bonding-order hydrocarbon potentia (n,0)45 Because the potential of interaction between the atoms

that realistically describes covalent bonding within both the is conservative. the total enerav should be conserved subiect to
molecules and the carbon nanotubes. This potential was orig- - ’ =nergy . I
changes in the nonbonding interaction between the nanotube

inally parametrized by Brenner to examine the growth of .
diamond thin films by chemical vapor depositi#nit has also and thg molecules. The average velocity of the molecules was
determined as follows:

been successfully used to study reactions at surfageand
the structure and mechanical properties of carbon nanotuiufés. 12
The long-range interactions were characterized with two v = (E zvz +E zvz) (2a)
different Lennare-Jones (LJ) potentials, one that was formu- ! m  ''m H
lated for the study of liquich-butane near its boiling poirt,
termed LJ1, and a LJ potential for generic hydrocarbon V= V= zvi/N (2b)
systemg? referred to here as LJ2. The combined expression i
used to calculate the energy of the system in each case is ) ) ) o
In these equationsy; is the velocity of each individual
_ _ molecule in the nanotubesy is the atomic weight of carbon,
U= ZZ[V’(r‘i) ByVally) + VaaulTy)] (1) my is the atomic weight of hydrogem is the to%al molecular
weight, ¢ is the velocity of the carbon atoms in each molecule,
where U is the binding energyr; is the distance between uH_is the velocity of the hydrogen atoms in each molecule, and
atomsi andj, V; is a pair-additive term that models the N iS the total number of molecules. ,
interatomic core-core repulsive interactions, ang is a pair- In the dynamic flow studies, the molecules were given only
additive term that models the attractive interactions due to the &0 incidental velocity in the direction of the nanotube axis.
valence electrons. In additio; is a many-body empirical However, as the molecules ﬂow_ed through the nanot_ube_s, the
bond-order term that modulates valence electron densities anderdered motion was transformed into random thermal vibrational
depends on atomic coordination and bond angles. Findlly, motion as thg molecutenanotube int(_eractio_ns _sI_o_wed th(?
is the contribution from the LJ potential and is only nonzero Molecular motion. Because of the relatively high initial veloci-
after the short-range covalent potential goes to zero. Figure 11i€S, the majority of the molecular kinetic energy was transla-
compares the long-range potential energy between two carbontional. However, as t.he molecular motion became |n.creas.|ngly
atoms as calculated with LJ1 and LJ2. The most significant fandomized, more kinetic energy was transformed into vibra-
difference occurs in the range 2:8.2 A (the average spacing tional fand rota_tlonal motion, with the latter exhibited in small
between molecules in the simulations is 3.9 A). Complete details Wag9ging” motions.

for the way in which eacV,q, was evaluated can be found in First, the flow of methane through nanotubes of different
ref 44. diameter was considered where the initial velocities of all the

During equilibration, 90% of the atoms in the system molecules inside the nanotubes were the same. The density of
(molecules and nanotube wall atoms) had a Langevin thermo-Methane within the nanotube was 0.353 g/¢88.3% liquid
staB? applied to them. During dynamic flow simulations, the density at 110 K8 Table 1 summarizes the nanotube diameters
equilibrated molecules were placed just inside the nanotube considered an_o_l the results of the S|mulat|o_ns for initial hyper-
opening and given hyperthermal velocities in the direction of thermal velocities of 0.1 A/fs The dynamic molecular flow
the nanotube axis. All the atoms in the nanotube walls eXceptdecreased to thermal velocities in a few ps when the nanotube
where noted, were allowed to move in response to applied forcesdiameters were less than 36 A At nanotube diameters of 36 A,
according to Newton’s equations and with the additional there was little disruption of the dynamic flow and the molecular
constraint of applied Langevin frictional forces. Periodic bound- Motion did not slow over the time scales considered. To explain
ary condition? were applied to the nanotubes (and hence also this result, the potential equation of interaction between the
to the molecules inside the nanotubes) in the direction of the Molecules and the nanotubesy-, was calculated as follows:
nanotube axis, which varied in length between 50 and 54 A.

To model molecular diffusive flow, 80 A-long, single-walled Um—t = Uiot = Unanotube zum—m 3)
nanotubes were used where the treatment of the atoms in the

nanotube walls was the same as in the case of dynamic flowwhereUy,_, is the potential of interaction between molecules
except that no periodic boundary conditions were used. The inside the tubuled) is the total potential energy of the system,
opened nanotubes were terminated with either carbon orand UnanouneiS the potential energy of the tubule. Figure 2

I
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TABLE 1: Summary of Data from Simulations of Dynamic 0.6
Fluid Flow of Methane Through Nanotubes of Different 05 o
Diameterst @
, 2044
total distance 203 4
diameter tubule time traveled =
A  type (ps) (A) outcome 2 02
71 (55) 16 80 slowedin15ps(LJ1) 0.1
90 slowed in 1.6 ps (LJ2) 0 '
8.0 (10,00 3.0 120 slowedin 2.0 ps (LJ1) 0 1000 2000 3000
130 slowed in 2.1 ps (LJ2) time (fs)
110 (88 115 200 slowedin4.0ps (LJ1) Figure 3. Results for dynamic flow of methane starting from various
205  slowed in 4.0 ps (LJ2) initial velocities in a (10,0) nanotube.
16.5 (12,12) 11.5 350 slowedin 7.5 psto 0.01 A/fs (LJ1)
320 slowedin7.4psto0.01 A/fs (LJ2)  TABLE 2: Summary of Data from Simulations of Dynamic
25.0 (16,16) 11.5 700 slowedin 11.5psto 0.01 A/fs (LJ1) Flow of Various Fluid Molecules in (10,0) Nanotubes 8.0 A
660 slowedin 11.0 psto 0.01 A/fs (LJ2)  in Diameter2
36.0 (25,25) 15.0 velocity constant (LJ1) & (LJ2) -
total distance
aThe methane has an initial hyperthermal velocity of 0.1 A/ffs in molecule velocity time traveled
each case. The (5,5) nanotube system has 625 atoms, the (10,0) type (Asts) (ps) A outcome
nanotube system has 700 atoms, the (8,8) nanotube system has 806 -
atoms, the (12,12) nanotube system has 875 atoms, the (16,16) nanotubeMethane 0.1 3.0 120 slowed in 2.0 ps (LJ1)
system has 940 atoms, and the (25,25) nanotube system has 1050 atomsmethane 05 4.0 137%0 Slgrgsvianiﬁ'; ??&(L_)iz()L )
— 0.00 ethane 0.1 2.0 78 slowed 1.3 ps (LJ1)
o 70 slowed in 1.4 ps (LJ2)
3 -0.09.po ethane 0.5 2.0 chemical reactions (LJ1)
2 -010 } ethylene 0.1 2.0 78 slowed inl.5 ps (LJ1)
E 015 } 66 slowed in 1.3 ps (LJ2)
% 020 | ethylene 0.5 2.0 chemical reactions (LJ1)
3 025 | 2The methane system has 625 atoms, the ethane system has 1100
g 030 | atoms, and the ethylene system has 1050 atoms.
5 -0.35 | A LJ1
T ! L2 dynamic flow velocities, determined using LJ1, slowed to
£ 040 f ' thermal velocities in 1.5 ps for ethylene and 1.3 ps for ethane,
% -0.45 ' both much shorter times than was the case with methane. For
-0.50

initial velocities of 0.05 A/fs, the dynamic flow slowed more
rapidly than when the molecules had an initial velocity of 0.1
AJfs. When the molecular velocity equaled 0.5 A/fs, the ethane
or ethylene molecules collided frequently with each other or
with the nanotube walls and reacted chemically to form new
illustrates how the potential of interaction between the molecules molecules, ions, and fragments. These frequent collisions and
and the nanotubes decreases with increasing diameter of theeactions slowed the dynamic flow by transferring some of the
nanotubes. Comparison of the results in Table 1 and Figure 2external molecular translational kinetic energy to internal
indicates that at smaller nanotube diameters, the interactionsmolecular energy to overcome the barriers to reaction.
between the molecules and the nanotubes were stronger, thus The results for dynamic flow at initial velocities of 0.1 and
slowing the dynamic flow of the molecules more quickly than 0.5 A/fs as a function of molecule type are summarized in Table
in larger nanotubes. The average distance the molecules in the2. The table shows that larger molecules slowed more rapidly
larger nanotubes traveled is longer than the distance traveledthan small molecules. This occurred because ethane and ethylene
in smaller nanotubes. Careful analysis of the simulation results each have greater mass than methane, which leads to stronger
also shows that when the nanotube diameter was less than th@anotube-molecule interactions. This finding agrees with the
cutoff value of 36 A, the molecules collided more frequently results of Tuzun et & for argon and helium flowing through
with the nanotube walls. Conversely, the moleett@anotube carbon nanotubes, where the heavier argon atoms were predicted
interactions were weaker at larger nanotube diameters, so theto slow more rapidly than the helium atoms. The table also
molecules flowed relatively freely through the nanotube with summarizes the finding that dynamic flow at the highest initial
little change in velocity over time. Finally, the results showed velocities of 0.5 A/fs introduces the possibility of reactive
little dependence on the way in which the van der Waals molecular collisions with other molecules or the nanotube walls
interaction energy was determined. for ethane and ethylene.

Next, the dynamic flow of methane molecules through a  The simulations predict that the molecular density inside the
(10,0) tubule with an 8.0 A diameter at different initial velocities nanotubes can affect dynamic flow. Figure 4 shows the results
of 0.05, 0.1, 0.3, and 0.5 A/fs was considered. The simulations for different densities of methane flowing through a (10,0)
used only LJ1, and the results are summarized in Figure 3. Thenanotube with a diameter of 8.0 A. The densities considered
figure shows that after about 2.0 ps, the velocities of all the were 0.353, 0.302, and 0.250 gRrithe figure shows that the
molecules were reduced to thermal velocities. At higher dynamic higher the molecular density, the more rapidly the molecules
velocities the molecules slowed more rapidly than at lower slowed to thermal velocities. The explanation for this behavior
velocities, all other factors being equal. is that as the density increases, the average distance between

The next series of simulations examined the dynamic flow the molecules becomes smaller and the interactions between
of ethane and ethylene. The densities were 0.408 Yfom the molecules increase, thus slowing down the dynamic flow
ethane and 0.386 g/énfor ethylene” The hyperthermal more rapidly.

nanotube diameter (A)

Figure 2. Nanotube-molecule interaction energy for methane in (n,0)
single-walled nanotubes as calculated with LJ1 and LJ2.
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0.12 350 ——
N 0.250 glom3 330  (a) methane
: 0.302 g/cm3 310 |
2 008 =+ —- 0353 gfem3 290 |
3 _
2 006 g zror
g o g 250
5 ®
© 0.04 © 230 -
> L9
D 210 - — normal mode
0.02 = B .
% 1.90 | —s—simulation data
0.00 3 S \E 1.70 |
0.00 2000.00  4000.00  6000.00  8000.00  10000.00 12000.00 T 150 . : : : : .
time (fs) 130 1.80 230 280 330 380 430 480
Figure 4. Dynamic flow of methane at various densities in a (10,0) In (time)
nanotube.

Additional simulations were performed to study the flow of ~ 3-50

methane through 8.0 A-diameter (10,0) nanotubes that had 10 g.?o - (0) ethane

o o ) 10 + normal mode

rigid atoms at each end. The molecular velocity in these partially £ 5 g9 | simulation data e
rigid nanotubes decreased more slowly than in the fully dynamic 2 279 | (linear fitting)
nanotubes. This occurs because as the nanotube moves, i 2.50 - ..
perturbs the motion of the nearby molecules, thus randomizing - s"ir;gle_ﬁle
their motion more rapidly and resulting in more molecular %

collisions with the nanotube walls. These findings also agree

with the results of Tuzun et &%. As the molecules moved . . . . .

through the dynamic nanotubes, the diameter of the nanotubes 130  1.80 230 280 330 380 430 4.80

increased slightly and the nanotubes straightened. This effect In (time)

became more pronounced at higher molecular velocities.
Simulations similar to those described in this section were

performed with LJ2 and the results were only slightly different 3.30

from the results obtained with LJ1. For the same simulation  3.10 [ () ethylene

system, LJ1 slowed the molecular flow about 5% faster than & 2.90 | simulation data -

LJ2. However, the trends in all cases were the same. Hence,§ 270 | (linear fitting)
small differences in the LJ potential do not greatly affect 3 o350 | \ s

_ — =N

N O = W

[N eleNe Nl
T

normal mode

simulation results for dynamic molecular flow because at the § 230
high hyperthermal velocities considered, moleeut®lecule

2 210 +
interactions have less effect than the moleeulanotube 2

interactions, and at larger distances, LJ1 and LJ2 are nearly theE 1.90 ..
1.70 |
same. . \ , .
Ill. B. Diffusive Flow. Preliminary results for the diffusion 1.50
of methane, ethane, and ethylene through carbon-terminated 130 180 230 280 330 380 430 480
(10,0) nanotubes (diameter 8 A) ranging in length from 20 In (time)

to 80 A are reported in ref 44. The simulations predicted that Figure 5. Log—log plot of distance vs time for the diffusive flow of
the molecules intercalated into the nanotubes and diffused down(a) methane, (b) ethane, and (c) ethylene in a (10,0) nanotube. LJ2
their length from the areas of high density to the areas of low was used in these simulations.

density. The methane motion followed normal-mode diffusion,

. . simulations ran for 100 ps. The results indicate that if the
which can be expressed as:

molecular structure is spherical, as it is in methane, the diffusion

L = ot (4) behavior can be clearly distinguished as either normal-mode or
single-file mode. Transition-mode diffusion was not predicted
whereSis the average distance that the molecules mévi, for methane because small-angle molecular rotations during

the diffusion coefficient, andiis time. In this diffusion mode,  diffusion had no effect on the rate at which molecules can pass
individual molecules can pass each other within the pore. In each other. In nanotubes with diameters that are large enough
contrast, ethane and ethylene show diffusion behavior that is for the methane molecules to pass each other, such as were
intermediate between normal-mode and single-file diffusion in considered in this study, methane exhibited normal-mode
the simulations. In single-file diffusion, individual molecules diffusion. ) ) _
cannot pass each other because of their large size relative to !N contrast, if the molecular shape was highly asymmetrical
the pore diameter. Single-file diffusion is therefore expressed and could not be treated as a sphere, as with ethane and ethylene,
as: transition-mode diffusion was predicted over the short time
scales of this study. This type of diffusion occurred in nanotubes
= 2B{%° (5) with diameters large enough for the molecules to pass each other
if they were all perfectly aligned parallel to the nanotube axis,
where B is the diffusion mobility. These results show good but not large enough to allow molecules to pass each other if
agreement with the simulation results of Keffer et®%flor the some of them had undergone small-angle rotational motion
diffusion in zeolites. during diffusion. Thus, as ethane and ethylene diffused, the
Figure 5 shows a loglog plot of the average diffusion  molecules were able to pass each other some of the time but
distance of these molecules as a function of time, where all the not during other times. This result highlights the fact that
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TABLE 3: Summary of Data from Simulations of Diffusion of Methane, Ethane, and Ethylene in Various Zigzag Nanotubes

(unit: cm/s for normal mode and cn?/s%5 for single-file mode}

type (9,0) (10,0) (12,0) (14,0) (16,0) (18,0) (20,0) (22,0)
diameter  7.2A 8.0A 9.53A 11.1A 12.7A 14.3A 15.9 A 17.5A
methane normal normal normal normal normal normal normal normal

3.91x 104 3.80x 104 2.94x 10 1.86x 104 1.05x 104 8.32x 10°° 4.25x 10°° 1.64x 10°°
(2600) (2700) (2975) (3150) (3325) (3500) (3620) (3700)
ethane single-file transition transition transition transition normal normal normal
9.65x 10710 (3150) (3450) (3580) (3660) 9.6610°° 6.85x 1075 2.92x 10°°
(2850) (3850) (3950) (4250)
ethylene single-file transition transition transition normal normal normal normal
9.15x 10710 (3050) (3350) (3480) 9.8% 10°° 8.48x 10°° 6.35x 10°° 244 x 107
(2750) (3540) (3720) (3820) (4120)

@ The number in parentheses is the number of atoms in the system.

TABLE 4: Summary of How the Transitional Diffusion Mode of Ethane and Ethylene in Different-Size Nanotubes Changes
with Nanotube Diameter®

tube type (10,0) (12,0) (14,0)
diameter 8.00 A 9.53 A 11.1A
n 0.74 0.85 0.92
units cni/s 074 cme/s085 cne/sL-92
# atoms 3150 for ethane 3450 for ethane 3580 for ethane
3050 for ethylene 3350 for ethylene 3480 for ethylene
C (ethane) 5.44 10°8 2.45x 1078 8.15x 1077 3.20x 1077 7.39x 1076 3.72x 10°®
(LJ1) (LI2) (LJ2) (LI2) (LJ1) (LI2)
C (ethylene) 5.25¢ 1078 1.96x 10°8 8.06x 1077 3.05x 1077 7.24x 10°6 3.55x 10°¢
(LJ1) (LJ2) (LJ1) (LJ2) (LJ1) (LJ2)

a2 The listed parameters are for eq 6. The data were obtained from simulations that ran 100 ps for the (10,0) nanotubes and 40 ps for the (12,0)
and (14,0) nanotubes.

nanopore-diffusion simulations that approximate ethane or It should be pointed out that MC and MD simulations
ethylene as spheres will not predict this behavior. We have designed to study diffusion in zeolites over significantly longer
developed a general equation to quantify the description of the time scale®-5! found that transition-mode molecular diffusion
transition-mode diffusion of ethane and ethylene as follows: behavior resolved itself into normal-mode diffusion over time.
In addition, MD studie® have suggested that when molecules
have the ability to pass each other in the nanopore, small changes
in the system can have a significant effect on the results, which
whereC is the diffusion mobility anch is a coefficient that further complicates the characterization of transition-mode
depends on molecular type and pore diameter. The imdex diffusion. Temperature also has been shown to play a role in
reflects the rate at which molecules can pass each other andgletermining the diffusion mod® where higher temperatures
provides an indication of the small-angle molecular rotation. allow molecules that might normally not be able to, to squeeze
Table 3 summarizes the effect of nanotube size on the paSt one another. EXperimentally, no transition-mode diffusion
diffusion behavior of ethane and ethy|ene, using LJ1 for has been observed in Zeolites, but different eXperimentS show
nanotubes with the same helical configuration. From the results Single-file and normal-mode diffusion for the same systém.
it can be seen that as the nanotube diameter increased, thd hus, it should be recognized that eq 6 is primarily a way to
diffusion modes of the larger molecules changed from single- guantify the motion of nonspherical molecules predicted in these
file to normal-mode. This change occurred because as the sizeSimulations, rather than a universal expression.
of the nanotube increased, the molecules were able to pass each The effects of nanotube helical symmetry were examined by
other more easily. Thus, the nanotube diameters in which ethanestudying diffusion in similar diameter nanotubes that were either
and ethylene exhibited transition-mode diffusion varied over a armchair or zigzag type. An example is the diffusion of methane
relatively small range from 8.0 Ato 11.0 or 12.7 A. In the case in (14,0) (radius= 5.56 A) and (8,8) (radius= 5.50 A)
of the (25,25) nanotube, with a diameter of 36 A, diffusion was nanotubes under otherwise identical conditions. In both cases
not observed on the time scales of these classical molecularnormal-mode diffusion was predicted. The diffusion coefficients
dynamics simulations. It should be noted that 36 A is the are 1.86x 10~“cn?/s for the (14,0) nanotube and 1.%810~4
generally accepted cutoff for changes from diffusive motion to cm?/s for the (8,8) nanotube. These coefficients indicate that

F=2ct" (6)

flow through other mechanisms, such as capillary matf@uch

the helical symmetry of the nanotube has little effect on the

motion could be investigated, for example, using a combination diffusion behavior of methane. However, an interesting, previ-

of MD and MC, as was done in ref 17.
From the data shown in Figure 5, arvalue of 0.74 in eq 6

ously unreported phenomenon was predicted for ethane and
ethylene diffusing in nanotubes with diameters between 16 and

was derived for both ethane and ethylene in (10,0) tubes. As22 A. In these nanotubes, ethane and ethylene molecules

the diameter of the nanotubes increasedjncreased, as
summarized in Table 4. The value mivas 0.85 for the (12,0)

diffused following a spiral path around the circumference of
the nanotube. In these cases, the paths followed by the molecules

nanotubes and 0.92 for the (14,0) nanotubes for both ethanewere strongly correlated to the helical structure of the specific
and ethylene. Thus, the simulations showed that as the size ofnanotubes. For example, in one spiral cycle individual molecules

the nanotubes increases, the indeicreases and molecules
can more easily pass one other.

move a longer distance in zigzag tubes than armchair tubes
because of the differing helical structure. The driving force for
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Figure 6. Snapshots from simulations of methane diffusion into (10,0) carbon-terminated nanotubes arranged in a bundle.

TABLE 5: Summary of the Effects of the Potential Used to ingly, in the case of ethane and ethylene, there was little change
Calculate van der Waals Interactions during Molecular in the diffusion behavior between the carbon-terminated and
Diffusion in Single (10,0) Nanotubes 80 A Lonfy hydrogen-terminated cases, because the smaller methane mol-
molecular  diffusion diffusion coefficients and mobilities ecules were more sensitive to the decreased attraction at the

type mode LJ1 LJ2 opening of the nanotube caused by hydrogen termination. For
methane normal mode  3.8010-4cn®/s  2.55x 104 créls the larger ethane and ethylene molecules, the hydrogen-
ethane transition mode 5.44107°8 cm?/s%74 2.45x 1078 cnm@/sL74 terminated edges were not as significant as the stronger
ethylene transition mode 5.2610-8cn?/s%74 1.96x 1078 cn?/s>-74 molecule-nanotube wall interactions.

aThe simulation time was 100 ps. The last series of simulations considered the effect of-pore

pore correlations on the diffusion results by examining the

this spiral diffusion path was that the interaction energy between giffusive flow of methane through a carbon-terminated nanotube
ethane or ethylene and the nanotube wall was maximized whenpyndle, as illustrated in Figure 6, and a hydrogen-terminated
the molecules lined up with the carbeparbon bonds in the  npanotube bundle (not shown). Both these nanotube bundles
nanotube wall. To maintain this high level of interaction energy, consisted of (10,0) nanotubes with diameters of 8 A. The
the molecules moved forward by aligning with neighboring simulations were performed under the same conditions as the
carbon-carbon bonds within the nanotube wall, which led to  studies with single nanotubes discussed above. The simulations
the helical path. Some experimental and first-principles evidence show diffusion into the nanotubes but not into the interstitial
exists that similar behavior occurs far-land k™ intercalating sites between the nanotubes that are 88duin diameter. This
in (10,10) tubes? Further details of this phenomenon will be  pehavior can be explained by examining the interaction energy
discussed in a future paper. in these spaces: the energy of a methane molecule inside one

The effect of the method used to calculate the van der Waals of the nanotubes is-0.24 eV/atom, whereas its energy in the
interactions on diffusion has also been examined. Larger jnterstitial site between the nanotubes #9.16 eV/atom.
differences in diffusion coefficients were predicted than were However, it is expected that the space between the nanotubes
seen in the dynamic flow velocities. These differences are wjll become larger and that interactions between them will
summarized in Table 5. In general, diffusion coefficients or decrease as the nanotube diameters increase. These changes will
mobilities calculated using LJ1 are about2A5 times higher  make molecular intercalation into the channels more energeti-
than those calculated using LJ2. These findings are explainedca|ly favorable.
by the stronger LJ1 interactions as compared to LJ2 in the  compared to the diffusion in a single (10,0) nanotube, the
interaction regions that are important for diffusion (see Figures gifusion velocity through the bundle nanotubes was slightly
1 and 2). However, the overall qualitative behavior of the gecreased. This decrease occurred because the nanotube
diffusion motion, and the diffusion mode that was followed, nanotube (porepore) interactions decreased the moleeule
was unchanged between the two methods of calculating the vamanotube-wall interactions. The diffusion mode for methane
der Waals interactions. _ o was still normal-mode in all the cases considered. The diffusion

We next considered the effect of atomic termination at the gefficient was 2.5% 104 cn®/s as calculated with LJ1 and
nanotube opening on the diffusion results. Instead of bare carbong g5 s 10-5 cn/s as calculated with LJ2 for the carbon-
at the opening, each edge carbon atom was terminated with &erminated case. In the hydrogen-terminated case, the diffusion

hydrogen atom. The results showed that the nanotube termina-gefficient was 2.14< 104 cn®/'s as calculated with LJ1 and
tion had a significant effect on the diffusion for methane. In 4 g5« 10-5 cm?/s as calculated with LJ2.

the limit of low densities of methane (0.110 g cfj the

molecules did not diffuse into the nanotubes during the IV. Conclusions

simulations (100 ps). However, as the methane density increased, Atomistic simulations have been used to study the flow of
the effect of atomic termination on the diffusion results molecules inside carbon nanotubes at room temperature. During
decreased. For example, when the methane density was 0.353tudies of dynamic flow, several factors were predicted to affect
g cm 3, the diffusion coefficient was about two-thirds of the the flow velocity over time. The first is the size (diameter) of
value for diffusion into carbon-terminated nanotubes. Interest- the nanotubes. As the diameter of the carbon nanotubes
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decreased, the dynamic flow of the fluid molecules slowed more  (7) Karger, J.; Ruthven, D. MDiffusion in Zeolites and Microporous

rapidly. The molecular density was also shown to have an effect. S°lids Wiley and Sons: New York, 1992. . o

At higher fluid densities, the velocity of the molecules slowed (8 Carberry, J. JChemical and Catalytic Reaction Engineering
g i 2 Yy o ) McGraw-Hill: New York, 1976.

more quickly because of increased interactions between the  (9) de Vos, R. M.; Verweij, HSciencel998 279, 1710.

molecules. Next, the effect of molecular type was considered. (10) Cracknell, R. F.; Nicholson, D.; Quirke, IMol. Phys.1994 13,

Ethane and ethylene molecules slowed more rapidly than 193:

. . . (11) Bouyermaouen, A.; Bellemans, A.Chem. Phys1998 108 2170.
methane because they have stronger interactions with the (12) Xu, L.; Tsotsis, T. T.; Sahimi, MI. Chem. Phys1999 111, 3252.

nanotube walls. Finally, the rigidity of the nanotube walls (13) Gergidis, L. N.; Theodorou, D. Nl. Phys. Chem. B999 103
affected the dynamic molecular flow. Completely dynamic 3380. . o Kukla V. Kormatowski. 1. Demuth. b Gi
(nonrigc) nanotubes slowed flics more rapiy han parially |, (0 et o e, Keds, v Kametonsk, 2, et b G
rigid nanotubes because the dynamic motion of the nanotubejggg 272 702.

walls disturbed the flow of the molecules to a greater extent  (15) See, for example, Keffer, D.; Davis, H. T.; McCormick, A. V.
than the partially rigid nanotube walls. This caused more Adsorption1996 2, 9.

collisions between the molecules and the nanotube walls. The,_(16) Keffer, D.; McCormick, A. V.; Davis, H. TMol. Phys.1996 87,
motion of the molecules also tended to make the nanotubes™ (17) gholl, D. s.: Fichthom, K. AJ. Chem. PhysL997, 107, 4384

expand and straighten. (18) Sastre, G.; Catlow, C. R. A.; Corma, A. Phys. Chem. B999
The diffusive flow of methane, ethane, and ethylene mol- 103 5187.

; ; _ (19) Mosell, T.; Schrimpf, G.; Brichmann, J. Phys. Chem. B997,
ecules through nanotubes was also investigated at room tem 101 9476:1997 101 9485

perature. The hydrogen-terminated edge of the nanotube had & " 50) Gladden, L. F.; Sousa-Goncalves, J. A.; Alexander).FPhys.
significant effect on methane but almost no effect on ethane Chem. B1997 101, 10121.
and ethylene. Porepore correlations caused the diffusion 10§2}1)ggebbl”,5 B.; Grest, G. S.; Mondello, M. Phys. Chem. B999
vglocmes and the coefflments.anldl mobilities to decrease. The 22) Saravanan, C.: Auerbach, S. 81.Chem. Phys1999 110, 11000.
size qf the n'anotubes.had.a S|gn|f|cant. effect on the molecular  (53) Epbesen, T. WJ. Phys. Chem. Solidk996 57, 951.
diffusion, with the diffusion mechanism changing as the  (24) Eswaramoorthy, M.; Sen, R.; Rao, C. N.Ghem. Phys. Let.999
diameter of the nanotubes increased. At diameters of 36 A, no30‘(1,2§)07LJ D.. Chatelain. A de Heer. W. Sciencel996 274 1897

H H 7 garte, - atelain, A.; de Heer, W. Bcienc 3 .
d.lffusllo.n WaSTngS.;}/ed. on th?:l SI’]:OI’I tlhme Scalzs OL t:‘1e M.D (26) Pederson, M. R.; Broughton, J. Bhys. Re. Lett.1992 69, 2689.
simulations. The diffusion mode for ethane and ethylene in  57) parkim. F.: Levesque, D1, Chem. Phys1998 109, 4981.
nanotubes with diameters between about 8 and 12 A was (28) wang, Q.; Johnson, J. K.3.Chem. Phys1999 110, 577. Wang,
transitional between single-file and normal-mode diffusion. A Q.; Johnson, J. KJ. Phys. Chem. B999 103 4809.
model was developed to quantify this behavior. However, other 24(295) Dresselhaus, M. S.; Williams, K. A.; Eklund, P.18RS Bull.1999
studies in the literature suggest that at longer times these "(35) Tyzun, R. E.; Noid, D. W.; Sumpter, B. G.; Merkle, R. C.
transitional diffusion modes approach normal-mode. In nano- Nanotechnologyl99§ 7, 241.
tubes with diameters between 16 and 22 A, ethane and e'[hyleneL (Si)gg\’/é/agzgyg(gg Challa, S. R.; Sholl, D. S.; Johnson, JPKys. Re.

; ; i ett. . 956.

\(/j\{fefre . predlcrt]ed to fQII(?W ?] preVIOUS|yf .unreportedb helical (32) Allen, M. P.; Tildesley, D. JComputer Simulation of Liquids
iffusion path to maximize the energy of interaction between oytord University Press: New York, 1987.

the carbon-carbon molecular bonds and the carb@arbon (33) Gear, C. W.Numerical Integration of Ordinary Differential
bonds in the nanotube walls. Equations of Various OrdersReport ANL 7126, Argonne National

aboratory: Argonne, IL, 1966.
Two methods, denOted gs LJ1 and LJ2, were used to Calcmaté_ (34) Gear, C. W.Numerical Initial Value Problems in Ordinary
the van der Waals interactions among the m0|_eCU|eS and betweerbitferential EquationsPrentice Hall: Englewood Cliffs, NJ, 1971.
the molecules and the nanotube walls. The differences between (35) Sinnott, S. B.; Qi, L.; Shenderova, O. A.; Brenner, D. W. In

these methods had little effect on the dynamic flow of molecules Advances in Classical Trajectory Methaddolecular Dynamics of Clusters,
s e Surfaces, Liquids, and Interfacddase, W., Ed.; JAl Press: Stamford, CT,
through the nanotubes. However, they played a significant role 1999; Volume 1V, Chapter 1, pp-126.

in the diffusion studies. The diffusion coefficients and mobilities (36) Williams, E. R.; Jones, G. C., Jr.; Fang, L.; Zare, R. N.; Garrison,
of methane, ethane, and ethylene at room temperature as$3.J.; Brenner, D. WJ. Am. Chem. Sod.992 114, 3207.

calculated with LJ1 were about 12.5 times larger than values (37) Qi, L.; Sinnott, S. BJ. Vac. Sci. Technol., A998 16, 1293.
calculated with LJ2. This result indicates that for molecular 76’(gg)lgakobson, B. 1., Brabec, C. J.; BernholcPhys. Re. Lett. 199§
diffusion, the method used to calculate the van der Waals (39) Garg, A.; Han, J.; Sinnott, S. Bhys. Re. Lett. 1998 81, 2260.

interactions plays an important role in determining diffusion Garg, A.; Sinnott, S. BChem. Phys. Lett199§ 295, 273.
coefficients and mobilities. (40) Cornwell, C. F.; Wille, L. TSolid State Commuri997, 101, 555.
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Acknowledgment. The authors thank E. Grulke for many  carbon199§ 36, 1.
helpful discussions and gratefully acknowledge support from  (42) Robertson, D. H.; Brenner, D. W.; White, C. J. Phys. Chem.
the NASA-Ames Research Center (NAG 20-1121) and the 1992 96, 6133.

. . . . . (43) Ryckaert, J.-P.; Bellemans, &hem. Phys. Lett1975 30, 123.
National Science Foundation MRSEC at the University of (44) Mao, Z.: Garg, A-; Sinnott, S. Blanotechnologyl999 10, 273.

Kentucky (DMR-9809686). (45) Dresselhaus, M. S.; Dresselhaus, G.; Eklund, PS@ence of

References and Notes Fullerenes and Carbon Nanotubescademic Press: San Diego, 1996.
(1) lijima, S. Nature 1991, 56, 354. (46) The normal density of methane liquid at 110 K is 0.424 g/cm
(2) Caruana, C. MChem. Eng. Prog1997 17. (47) The normal density of liquid ethane is 0.456 gicrof liquid
(3) Cheryan, M.Ultrafiltration Membranes Technomic Publishing ethylene, 0.570 g/cfn

Company: PA, 1986, p 279. (48) Morooka, S.; Kusakabe, MRS Bull.1999 24, number 3, 25.
(4) Dillon, A. C.; Jones, K. M.; Bekkedahl, T. A.; Kiang, C. H.; (49) Nelson, P. H.; Scott, M. AJ. Chem. Phys1999 100, 9235.

Bethune, D. S.; Heben, M. Nature 1997, 386, 377. (50) Cuthbert, T. R.; Wagner, N. J.; Paulaitis, M. E.; Murgia, G.;
(5) Sloan, J.; Hammer, J.; Zwiefka-Sibley, M.; Green, M. L.Ghem. D'Aguanno, B.Macromolecules1999 32, 5017.

Commun.199§ 3, 347. (51) See Sholl, D. SChem. Eng. J1999 74, 25, and references therein.
(6) Liu, J.; Rinzler, A. G.; Dai, H.; Hafner, J. H.; Bradley, R. K.; Boul, (52) Hahn, K. and Karger, J. Phys. Chem. B99§ 102 5766.

B. J.; Lu, A.; lverson, T.; Shelimov, K.; Huffman, C. H.; Rodriguez-Macias, (53) Keffer, D.Chem. Eng. J1999 74, 33.

F.; Shon, Y.-S.; Lee, T. R.; Colbert, D. T.; Smalley, R.$tiencel998 (54) Fan, X.; Dickey, E. C.; Eklund, P.; Williams, K.; Grigorian, L.;

280, 1253. Buczko, R.; Pantelides, S. T.; Pennycook, SPlys. Re. Lett, in press.



