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Ithough the theoretical

predictions''° of anomalous diffu-

sion of particles in one dimension
date back almost four decades, experimen-
tal verifications of these predictions are very
recent.”’ 7 The past few years have seen a
number of experimental studies on the dif-
fusion of particles through pores of diam-
eter comparable to the size of the particles.
This phenomenon is of central importance
in many technological and biological
processes.'® 2! The movement of particles
in these systems is restricted to a one-
dimensional (1D) channel where diffusive
behavior is different from the normal mode
diffusion: the particles are unable to cross
each other, leading to a highly correlated
motion. This dramatically reduces the trans-
lational mobility of any individual particle
and is reflected in the scaling of the mean-
squared displacement (MSD) with time.
Transport under such conditions is non-
Fickian and is termed as single-file diffu-
sion (SFD). It has been demonstrated theo-
retically for an infinite system of stochastic
particles, which interact by a hard core
interaction,'%8° that the MSD of a tagged
particle at times long compared to the inter-
action time'%'2 varies as

(AA@) = 2Ft"? 1)

where F is the SFD mobility. The role of
noise is extremely crucial, and the above re-
lation is valid only in the presence of a sto-
chastic force, which causes the particles to
follow independent “Brownian” trajectories
between elastic collisions. Recently, this has
been generalized to the case of a system
of particles interacting via arbitrary repul-
sive forces in the presence of hydrodynamic
interactions.??
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ABSTRACT We use atomistic molecular dynamics (MD) simulations to study the diffusion of water molecules
confined inside narrow (6,6) carbon nanorings. The water molecules form two oppositely polarized chains. It is
shown that the effective interaction between these two chains is repulsive in nature. The computed mean-squared
displacement (MSD) clearly shows a scaling with time (A@(t)) ~ "2, which is consistent with single-file diffusion
(SFD). The time up to which the water molecules undergo SFD is shown to be the lifetime of the water molecules
inside these chains. Simulations of “uncharged” water molecules inside the nanoring show the formation of several
water chains and yield SFD. These observations conclusively prove that the diffusion is Fickian when there is a

single chain of water and SFD is observed only when two or more chains are present.

KEYWORDS: water - carbon - nanotube - nanoring - single-file diffusion -
hydrophobicity - transport - hydrogen bond

The non-Fickian diffusion in single-file
systems was experimentally first realized
for a system of adsorbed molecules inside
artificial zeolites.'? Here the adsorbate mol-
ecules methane and ethane with diameters
of 3.8 and 4.7 A, respectively, were confined
in AIPO, zeolite channels with pore radii of
7.3 A. The pulsed field gradient NMR
method was used to measure the diffusion
of the particles. However, some of the re-
sults obtained from these studies are con-
tradictory to those from recent quasi-elastic
neutron scattering studies,’®> which show
that both methane and ethane exhibit nor-
mal mode diffusion in AIPO, channels.

The other recent experimental approach
to study SFD has used colloidal particles in-
side 1D channels. Due to their mesoscopic
length scales and associated slow diffusion,
it is possible to study the trajectories of indi-
vidual colloidal particles.”*"7 Using slightly
charged silica spheres in 1D channels Lin et
al.** found normal mode diffusion at short
times and subdiffusion at longer times. Wei
et al.’® have studied the long time MSD of a
system of paramagnetic colloidal spheres
confined in circular trenches. They find that
the MSD scales as t'’2. Lutz et al.’® have
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Figure 1. Polarized water chain inside the nanoring. The po-
larization direction p is marked.

shown that the MSD crosses over from normal mode
to SFD for a system of strongly interacting charged col-
loids trapped by a scanning laser beam inside a circu-
lar optical trap.

Transport of water and other organic liquids in nar-
row carbon nanotubes can also provide an ideal test-
ing ground for the systematic investigation of SFD.
There exist a few simulation studies of transport of oxy-
gen, methane, and ethane inside carbon nanotubes,
but none of these studies?>?* provide a clear evidence
of SFD. In all of these simulations, the time over which
the MSD is measured is rather short (100—500 ps) and
they do not provide conclusive evidence of subdiffusive
behavior of molecules inside a carbon nanotube.

Water molecules moving inside narrow carbon nan-
otubes seem to be a very appropriate system which
should exhibit SFD. However, all existing studies that
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Figure 2. MSD of the confined water molecules computed in the re-
gime where the two oppositely polarized chains are stable. Circles de-
note the data for the system with 81 water molecules, and squares de-
note the data for the system with 40 molecules. Both of these systems
clearly show SFD. For comparison, the MSD of a single water inside
the nanoring is also computed, which is denoted by triangles.
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simulate transport of water through finite, narrow nan-
otubes have observed “normal” diffusion?*33 in the
sense that the MSD of the water molecules inside the
nanotube is proportional to time t (instead of being
proportional to \/t, the behavior expected for SFD),
even though the particles are prohibited from crossing
each other. Hummer et al.?>?® observed that the trans-
port of water molecules occurs in bursts, although later
studies of transport on lattices reveal that the pulsa-
tory transport seems to be an universal feature of
single-file systems, irrespective of the details of the in-
teraction between particles3*3> As pointed out by
Karger et al.'® in the context of diffusion of molecules in-
side zeolites, the question of what conditions SFD (in
the sense defined above) would be observed in finite
systems is quite subtle. The answer depends crucially
on factors such as interactions among the diffusing par-
ticles, effects of boundaries (closed boundaries or
whether there is an exchange of particles with a bath),
nature of the dynamics (deterministic or stochastic),
and the time scale at which one is probing the
dynamics.3®~38 In the case of water molecules inside car-
bon nanotubes, the strong hydrogen bonding be-
tween neighboring water molecules plays an impor-
tant role in the dynamics. As shown by Hummer and
co-workers,?>2633 the hydrogen bonding facilitates the
formation of long chains of water molecules. It seems
that the formation of a single large chain makes the dif-
fusion normal, and we will see that SFD occurs only in
the presence of multiple interacting chains.

In an earlier work, Striolo® investigated the diffu-
sion of water molecules inside (8,8) nanotubes with pe-
riodic boundary conditions in the direction of the axis
of the nanotube. The periodic boundary condition pre-
vents the water molecules from escaping the tube. They
find that the water molecules diffuse via ballistic mode
which persists for a few hundred picoseconds and fi-
nally goes over to normal mode diffusion. A more real-
istic version of this calculation, incorporating the impor-
tant effects of the exchange of water confined in the
nanotube with a bath, has also been performed in the
past few years.?>2%31733 The hydrogen bond between
two water molecules (7 kcal/mol)?® is much stronger
than the random thermal energy at room temperature.
Owing to the strong hydrogen bond and short nano-
tube lengths considered, the confined water molecules
move in an extremely coherent fashion, and the pro-
cess of filling an empty nanotube is a highly coopera-
tive one.?>3233 |nside a filled nanotube, the whole group
of confined water molecules can be thought of as a
single large molecule that moves around, being ran-
domly kicked by the external molecules. Hence, one ob-
serves normal mode diffusion.?63

Due to the finite lifetime of the water molecules in-
side the nanotube, it is difficult to follow them for times
longer than their “typical” lifetimes inside the nano-
tubes. Hence, the long time statistics are poor. To avoid
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Figure 3. Electrostatic energy of the two polarized water chains is plotted as a function of the angular separation between
the two chains. The bigger chain of 28 water molecules has been kept fixed, while the smaller chain of 12 molecules is trans-
lated across the ring. The curve shoots up as the angular separation tends to 0 and 5 radians because, at these configura-
tions, the similarly charged groups come near each other, leading to strong repulsive force. This plot establishes the fact that
the residual interaction between the chains is repulsive in nature and electrostatic in origin.

this problem, we confine these molecules inside closed
nanorings, whereby we could follow these molecules
under confinement for longer periods. Carbon nanor-
ings have been recently fabricated3*~*' from straight
single-walled nanotubes. The rings result from the fold-
ing of nanotubes onto themselves under ultrasonic irra-
diation. In addition to this, our study yields the effects
of curvature on the structure and dynamics of the con-
fined water. The primary difference between nanotubes
and nanorings is that intermolecular forces in straight
tubes are always along the axis of the tube, whereas in
nanorings, intermolecular forces can be perpendicular
to the length, thereby stabilizing bipolar chains. Figure
1 shows a portion of the nanoring containing the polar-
ized chain; the oppositely polarized chain present in
the other portion of the nanoring is not shown. We
show that the effective interaction between these
chains is repulsive and electrostatic in origin. These
chains are long-lived with approximate lifetimes be-
tween 60 to 80 ns. When the MSD for the confined wa-
ter molecules in this bipolar state is computed, it clearly
shows scaling consistent with SFD. The time up to
which the SFD is observed is equal to the lifetime of a
water molecule in these chains. At times larger than
this, the water molecules break away one by one from
the ends of the smaller chain and join the larger one at
its ends. In this process, the larger chain grows and the
shorter one depletes. Eventually, the system ends up in
a configuration where there is a single polarized chain.
The MSD computed in the regime when there is a single
polarized chain is Fickian. In order to study the behav-
ior of the MSD when there are many chains present, we
performed a simulation with “uncharged” water mol-
ecules inside the nanoring. Several chains are present
in this case, and the MSD is consistent with that of SFD.

www.acsnano.org

The remainder of this paper is organized as follows.
Section 2 discusses various aspects of the dynamics
and the energetics of the confined water molecules. In
section 3, we conclude, and in section 4, we discuss the
details of the simulation.

DYNAMICS

The MSD values of the confined water molecules
have been calculated for the angular coordinate 6, us-
ing the formula

M=

(AGX(1)) {104t + t) — 0,7, 2

=1
N 4
I

1

where t is the time difference, t' is a time origin, and N
is the number of water molecules. The angular brackets
indicate an average over time origins. In the calcula-
tion of the quantity, [0,(t + t') — 6{t")], care was taken
to keep track of how many times the particle has gone
fully around the ring. Figure 2 shows the MSD of the
confined water molecules. Circles denote MSD for the
system with 81 molecules, squares denote the MSD for
the system containing 40 water molecules, and the tri-
angles denote the MSD for the system with a single wa-
ter molecule inside the nanoring. All of these simula-
tions were performed at 300 K. The MSD for both the
40 and 81 water systems show the same qualitative be-
havior, an initial ballistic regime followed by a subdiffu-
sive regime and finally a regime with normal diffusion.
This calculation has been done in the regime where the
bipolar water chains are stable, which is 85 and 66 ns
for the 81 and the 40 water molecule system, respec-
tively. The onset of the normal diffusion at long times
is attributed to the fact that the water molecules break
off from one chain and migrate to the other. Estimation
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Figure 4. Survival probability of the water molecules in a chain. Triangles
denote data from a simulation with 81 water molecules at 350 K. Circles
denote the results of a simulation of the same system at 300 K.

of the break-off time of the water molecules will be dis-
cussed in detail below. In the absence of inter-water in-
teractions, the system with a single molecule shows an
extended ballistic regime until about 1 ns.

The MSD for the system with 81 water molecules at a
temperature of 300 K fits the power law (A02(t)) =
0.00861%% between 200 ps and 2 ns, beyond which
(AB%(D)) = 0.00028t*%. The diffusion coefficient can be
computed in conventional units by multiplying (A6%(t))
by the square of the radial coordinate of a water molecule.
Typical radius is 77.7 A; this shows that the diffusion coef-
ficient in the final diffusive regime is 8.45 X 107> cm?/s.
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Figure 5. Histogram of the electrostatic energy of the confined water
molecules. The circles denote the distribution when there are two
chains, and the triangles denote the distribution when there is a single
chain. The energy is lower for the single chain, and the difference is ap-
proximately equal to the energy of the hydrogen bond between two wa-
ter molecules inside a (6,6) straight nanotube, which is 7 kcal/mol.
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To understand the effective interaction between
the oppositely polarized chains of the water molecules,
we have taken a snapshot from the MD trajectory and
have rigidly translated one chain, keeping the other
fixed. In Figure 3, we have plotted the electrostatic en-
ergy of the generated configuration as a function of
the angular displacement of the chain which is being
moved. This calculation has been done for the system
with 40 water molecules inside the nanoring, where
one chain that had 28 water molecules and subtends
an angle of 52° at the center of the ring was kept fixed,
while the other chain with 12 water molecules, which
subtends a 22° angle, was rigidly translated around the
ring. Therefore, the total amount of angular displace-
ment of the smaller chain is about 286°, which is about
5 radians and that is the extent of the abscissa in Figure
3. Figure 3 clearly shows that the interaction between
the two chains is repulsive. The configuration that was
picked from the MD simulation lies near the minimum
of the landscape shown in Figure 3. The chains repel
each other very strongly when the similarly charged
end groups come near each other.

To calculate the mean time of a water molecule stay-
ing continuously in a chain, we proceed in the follow-
ing way: Since the water molecules move in single file
with no particle crossings, the sequence of particles is
the same throughout the simulation. At a given time in-
stant t, we calculate the distance between the ith wa-
ter molecule and its two neighbors, the one in front and
the one at the back. If both of these distances are less
than a cutoff (5 A), then the quantity Py(t) is set equal to
unity and to zero otherwise. We calculate the probabil-
ity that a water molecule stays in a chain continuously
from the quantity

N tott

an = Y ([T, 3)

i=1 \ ti=to

where the summation is over all of the water mol-
ecules and the angular brackets denote an average
over the time origin t,. The survival probability was nor-
malized to unity at t = 0 by dividing the Q(t) of eq 3
by its value at t = 0. Configurations saved at every 1

ps interval were used in the calculation of this quan-
tity. At long times, this probability falls as an exponen-
tial function of time. We fit these data to an exponen-
tial and find the associated time scale. The survival
probability as a function of time for this system, with
an exponential fit of the long time data, is shown in Fig-
ure 4. Triangles denote data from simulation with 81
water molecules at a temperature of 350 K. Circles de-
note simulation with 40 water molecules at a tempera-
ture of 300 K. We fit the long time portion of the survival
probability to an exponential (Q(t) ~ e"¥”) and find
the associated time scales. These time scales are 545
and 2257 ps for the systems simulated at 350 and 300
K, respectively (see Figure 4). It is interesting to note
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from Figure 2 that the crossover from SFD to normal dif-
fusion occurs roughly at the time equal to the mean life-
time of the water molecules in these chains. Hence,
this ascertains the fact that the diffusive mode at long
times is due to the interchain transitions of the water
molecules.

The survival times extracted from the survival prob-
ability within a chain yield time scales of 545 and 2257
ps for the systems simulated at 350 and 300 K, respec-
tively. As the process of escape of a molecule from a
chain involves the breaking of a hydrogen bond be-
tween two water molecules, the strength can be ap-
proximately estimated from these numbers. From the
relation

T= toef(E”/ kaT) (4)

where T is the time scale extracted from the survival
probability, Ey is the hydrogen bond between two wa-
ter molecules inside the nanotube, one can write In(t,/
1) = (En/ks)[(1/T;) — (1/T,)], where 7; and 7, are the time
scales at temperatures T; and T, respectively. Substitut-
ing the relevant times, we get £y = 5.72 kcal/mol. This
value is close to the energy of a single hydrogen bond
(7 kcal/mol) formed between two water molecules ar-
ranged in a single file.?®

At long times, the bipolar arrangement of the wa-
ter molecules leads to the formation of a single unipo-
lar chain. This happens beyond 85 and 66 ns for the 81
and 40 water system, respectively. This change takes
place by the process of water molecules breaking away
one by one from the ends of the smaller chain and join-
ing the larger one at its extremities. Since a single wa-
ter molecule is free to take any orientation inside the
nanoring, it changes its “polarity” when it joins the
larger chain. By this process, the longer chain grows
and the shorter one depletes. Eventually, the system is
in a configuration where there is only one “polarized”
chain. On calculating the MSD in the single chain re-
gime, we qualitatively recover the results of Striolo,*
which is ballistic diffusion at small times and normal dif-
fusion at longer times. The mean electrostatic energy
decreases by about 10 kcal/mol, which is approximately
equal to the energy of a single hydrogen bond (7 kcal/
mol) formed between two water molecules inside a
(6,6) nanotube as estimated by Zhou et al.?® The time-
averaged probability distribution of electrostatic energy
of the water molecules is shown in Figure 5. The distri-
bution when there are two stable chains is denoted by
circles, whereas triangles denote the distribution when
there is a single chain. The mean of the distribution
shifts to a lower value when a single chain forms. This
means that the single chain is energetically more favor-
able than the arrangement where there are two bipo-
lar chains.

In order to have a better understanding of the diffu-
sion behavior in a situation where there are many
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Figure 6. MSD of 40 uncharged (see text) water molecules, confined inside
the nanoring.

chains in the system, we have performed a simulation
on a system of 40 uncharged water molecules confined
inside the nanoring. The particles form a Lennard-
Jones system with only the weaker oxygen—oxygen
and the carbon—oxygen interactions present. This
eliminates the strong hydrogen bonds present in “rea
water and prevents the water molecules from forming
long chains. Typical snapshots from the MD simulation
show that many small chains are present in the system,
unlike the long polarized chains observed in the sys-
tem simulated with the charges included. The MSD cal-
culated for this system is presented in Figure 6. It shows
a very clear initial ballistic regime, followed by a single-
file regime, where (A6%(t)) ~ t"2. The single-file regime
starts at about 80 ps and continues up to 1000 ps. This
conclusively shows that the SFD is only observed when
there are two or more chains present in the system.

|n

CONCLUSION

We show that the water molecules inside the nanor-
ing form polarized chains. The polarization of the two
chains are opposite, and when they approach each other,
they do so by their similarly charged ends coming close.
This leads to a strong repulsion between the two chains.
The calculation of the MSD of the system of the two op-
positely polarized chains shows a single-file regime with
(AB?(t)) ~ t"2. The time up to which the water molecules
undergo SFD is shown to be the lifetime of the water mol-
ecules inside these chains. The interchain repulsive inter-
actions are electrostatic and hence long-ranged, which is
in contrast with shorter-ranged steric repulsion in colloi-
dal systems, where SFD has been observed by imaging
their temporal evolution. At long times, the water mol-
ecules break away from the smaller chain and join the
longer one and a single unipolar chain is formed. The
MSD calculated from trajectories when there is a single
chain does not exhibit SFD, but shows normal diffusion.
We have also performed a simulation on a system of 40
uncharged water molecules confined inside the nanoring.
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Many chains are observed, and the MSD shows a tempo-
ral scaling consistent with SFD. These observations con-
clusively prove that SFD is observed when two or more
chains are present in the system.

As a future project, we would like to extend the stud-
ies on the diffusion of water inside finite nanotubes in
the presence of bath water outside to nanotube
lengths, where it may be possible to observe SFD (MSD
proportional to 1/1). The results described above imply
that the presence of two or more chains of water mol-
ecules is necessary for SFD to be observed. Although
earlier studies?>?%3! show that the water molecules in-
side short nanotubes form a single chain, it is expected
that the chain will break up into two or more compo-
nents if the nanotube is sufficiently long—it is well-
known that solid-like positional order is always short-
range in one dimension. Therefore, the condition of
having two or more water chains will be satisfied if the

METHODS

For our simulations, we took a (6,6) nanotube with 4880 car-
bon atoms (200 unit cells) and folded it into a nanoring and filled
it up with TIP3P** water molecules at various filling fractions.
The nanoring was held fixed with the axis along the Z axis. The
simulations were performed using AMBER 7.%* The interactions
between various atoms have been described by classical force
fields; the carbon and oxygen atoms are modeled as Lennard-
Jones particles. The Lennard-Jones interaction parameters used
are ecc = 0.086 kcal/mol, occ = 3.4 A, eco = 0.11 kcal/mol, and
oco = 3.28 A. The carbon—carbon bond length was 1.4 A, and
the corresponding spring constant was 938 kcal/(mol A?; the
equilibrium C—C—C angle was 27/3 radians, and the corre-
sponding spring constant was 126 kcal/(mol rad?). Initially, the
nanotube was filled up with water molecules at uniform angu-
lar separation, with their dipoles all oriented along the tangent
vector to the ring at the location of the water molecule. The sys-
tems were equilibrated for 4 ns, and all of the simulations ran
for 150 ns.

Acknowledgment. We thank the Department of Science &
Technology, India, for financial support.

REFERENCES AND NOTES

1. Harris, T. E. Diffusion with “Collisions” between Particles.
J. Appl. Probab. 1965, 2, 323-338.

2. Jespen, D. Dynamics of a Simple Many-Body System of
Hard Rods. J. Math. Phys. 1965, 6, 405-413.

3. van Beijeren, H.; Kehr, K. H.; Kutner, R. Diffusion in
Concentrated Lattice Gases. lll. Tracer Diffusion on a One-
Dimensional Lattice. Phys. Rev. B 1983, 28, 5711-5723.

4. Alexander, S.; Pincus, P. Diffusion of Labeled Particles on
One-Dimensional Chains. Phys. Rev. B 1978, 18,
2011-2012.

5. Richards, P. M. Theory of One-Dimensional Hopping
Conductivity and Diffusion. Phys. Rev. B 1977, 16,
1393-14009.

6. Fedders, P. A. Two-Point Correlation Functions for a
Distinguishable Particle Hopping on a Uniform One-
Dimensional Chain. Phys. Rev. B 1978, 17, 40-46.

7. Levitt, D. G. Dynamics of a Single-File Pore: Non-Fickian
Behavior. Phys. Rev. A 1973, 8, 3050-3054.

8. Karger, J. Straightforward Derivation of the Long-Time
Limit of the Mean-Square Displacement in One-
Dimensional Diffusion. Phys. Rev. A 1992, 45, 4173-4174.

VOL. 4 = NO.2 = MUKHERJEE ET AL.

nanotube is sufficiently long. Even under these condi-
tions, the diffusion at very long limes is expected'36-38
to be normal (MSD proportional to t) because the diffu-
sion behavior in a system that is in contact with a reser-
voir of particles would be dominated by the center of
mass diffusion at long times, even if the underlying dy-
namics is single-file-like. However, a “mean field” esti-
mate'® of the crossover time beyond which normal dif-
fusion is expected indicates that this time scale is
proportional to L? where L is the length of the tube.
Therefore, this crossover time would also be very large
for large L (we estimate this time to be more than 100
ps for water inside a nanotube of length 700 A), so that
SFD can be expected to be observed over a substan-
tial time interval. We would like to simulate systems
with nanotubes of such length in order to see whether
SFD is observable in a system of water inside narrow
nanotubes.

9. Karger, J. Long-Time Limit of the Self-Correlation-Function
of One-Dimensional Diffusion. Phys. Rev. E 1993, 47,
1427-1428.

10. Hahn, K;; Karger, J. Deviations from the Normal Time
Regime of Single-File Diffusion. J. Phys. Chem. B 1998, 102,
5766-5771.

11. Hahn, K; Karger, J.; Kukla, V. Single-File Diffusion
Observation. Phys. Rev. Lett. 1996, 76, 2762-2765.

12. Kukla, V.; Kornatowski, J.; Demuth, D.; Girnus, |; Pfeifer, H.;
Rees, L. V. C; Schunk, S.; Unger, K.; Karger, J. NMR Studies
of Single-File Diffusion in Unidimensional Channel
Zeolites. Science 1996, 272, 702-704.

13. Jobic, H,; Hahn, K; Karger, J.; Bee, M,; Tuel, A.; Noack, M.;
Girnus, |.; Kearly, G. J. Unidirectional and Single-File
Diffusion of Molecules in One-Dimensional Channel
Systems: A Quasi-Elastic Neutron Scattering Study.

J. Chem. Phys. B1997, 101, 5834-5841.

14. Lin, B.; Cui, B, Lee, J. H,; Yu, J. Hydrodynamic Coupling in
Diffusion of Quasi One-Dimensional Brownian Particles.
Europhys. Lett. 2002, 57, 724-730.

15. Wei, Q. H.; Bechinger, C,; Leiderer, P. Single-File Diffusion
of Colloids in One-Dimensional Channels. Science 2000,
287,625-627.

16. Lutz, C; Kollmann, M,; Bechinger, C. Single-File Diffusion of
Colloids in One-Dimensional Channels. Phys. Rev. Lett.
2004, 93026001(1)-026011(4) .

17. Lin, B.; Meron, M,; Cui, B.; Rice, S. A.; Diamant, H. From
Random Walk to Single-File Diffusion. Phys. Rev. Lett. 2005,
94216001(1)-216001(4) .

18. Preston, G. M,; Agre, P. Isolation of the cDNA for
Erythrocyte Integral Membrane Protein of 28 Kilodaltons:
Member of an Ancient Channel Family. Proc. Natl Acad. Sci.
U.S.A.1991,88,11110-11114.

19. Zeidel, M. L,; Ambudkar, S. V.; Smith, B. L; Agre, P.
Reconstitution of Functional Water Channels in Liposomes
Containing Purified Red Cell CHIP28 Protein. Biochemistry
1993, 31, 7436-7440.

20. Murata, K,; Mitsuoka, K,; Hirai, T.; Walz, T.; Agre, P.;
Heymann, J. B,; Engel, A,; Fujiyoshi, Y. Structural
Determinants of Water Permeation through Aquaporin-1.
Nature 2000, 407, 599-605.

21. Agre, P. Aquaporin Water Channels (Nobel Lecture).
Angew. Chem., Int. Ed. 2004, 43, 4278-4290.

22. Kollmann, M. Single-File Diffusion of Atomic and Colloidal
Systems: Asymptotic Laws. Phys. Rev. Lett. 2003,
90180602(1)-180602(4) .

www.acsnano.org



23. Lee, K; Sinnott, S. B. Equilibrium and Nonequilibrium
Transport of Oxygen in Carbon Nanotubes. Nano Lett.
2005, 5, 793-798.

24. Mao, Z,; Sinnott, S. B. A Computational Study of Molecular
Diffusion and Dynamic Flow through Carbon Nanotubes.
J. Phys. Chem. B 2000, 104, 4618-4624.

25. Hummer, G; Rasaiah, J. C.; Noworyta, J. P. Water
Conduction through the Hydrophobic Channel of a
Carbon Nanotube. Nature 2001, 414, 188-190.

26. Berezhkovskii, A.; Hummer, G. Single-File Transport of
Water Molecules through a Carbon Nanotube. Phys. Rev.
Lett. 2002, 89064503(1)-064503(4) .

27. Maibaum, L.; Chandler, D. J. A Coarse-Grained Model of
Water Confined in a Hydrophobic Tube. Phys. Chem. B
2003, 707, 1189-1193.

28. Zhou, X, Li, C. Q.; Iwamoto, M. Equilibrium and Kinetics:
Water Confined in Carbon Nanotubes as One-Dimensional
Lattice Gas. J. Chem. Phys. 2004, 121, 7996-8002.

29. Mashl, R. J,; Joseph, S.; Aluru, N. R.; Jakobsson, E.
Anomalously Immobilized Water: A New Water Phase
Induced by Confinement in Nanotubes. Nano Lett. 2003, 3,
589-592.

30. Striolo, A. The Mechanism of Water Diffusion in Narrow
Carbon Nanotubes. Nano Lett. 2006, 6, 633-639.

31. Mukherjee, B.; Maiti, P. K.; Dasgupta, C.; Sood, A. K. Strong
Correlations and Fickian Water Diffusion in Narrow Carbon
Nanotubes. J. Chem. Phys. 2007, 126124704(1)-124704(8).

32. Waghe, A;; Rasaiah, J. C; Hummer, G. Filling and Emptying
Kinetics of Carbon Nanotubes in Water. J. Chem. Phys.
2002, 177, 10789-10795.

33. Rasaiah, J. C; Garde, S.; Hummer, G. Water in Nonpolar
Confinement: From Nanotubes to Proteins and Beyond.
Annu. Rev. Phys. Chem. 2008, 59, 713-740.

34. Majumder, S. R.; Bandyopadhyay, T.; Ghosh, S. K. Bursts in
Single-File Motion Mediated Conduction. J. Chem. Phys.
2006, 725201103(1)-201103(4) .

35. Majumder, S. R.; Choudhury, N.; Ghosh, S. K. Enhanced
Flow in Smooth Single-File Channel. J. Chem. Phys. 2007,
127054706(1)-054706(5) .

36. Nelson, P. H.; Auerbach, S. M. Self-Diffusion in Single-File
Zeolite Membranes is Fickian at Long Times. J. Chem. Phys.
1999, 110, 9235-9243.

37. Vasenkov, S.; Schuring, A,; Fritzsche, S. Single-File Diffusion
Near Channel Boundaries. Langmuir 2006, 22, 5728-5733.

38. Schuring, A.; Vasenkov, S.; Fritzsche, S. Influence of
Boundaries of Nanoporous Crystals on Molecular
Exchange under the Conditions of Single-File Diffusion. J.
Phys. Chem. B 2005, 109, 16711-16717.

39. Liu, J,; Dai, H.; Hafner, J.; Colbert, D.; Smalley, R. Fullerene
‘Crop Circles'’. Nature 1997, 385, 780-781.

40. Martel, R.; Shea, H. R,; Avouris, P. Rings of Single-Walled
Carbon Nanotubes. Nature 1999, 398, 299.

41. Martel, R; Shea, H. R,; Avouris, P. Ring Formation in Single-
Wall Carbon Nanotubes. J. Phys. Chem. B 1999, 103,
7551-7556.

42. Jorgensen, W. L; Chandrasekhar, J.; Madura, J. D.; Impey,
R. W.; Klein, M. L. Comparison of Simple Potential
Functions for Simulating Liquid Water. J. Chem. Phys. 1983,
79, 926-935.

43, Case, D. A,; Pearlman, D. A; Caldwell, J. W.; Cheatham, T. E.,
Ill; Wang, J.; Ross, W. S.; Simmerling, C. L.; Darden, T. A;
Merz, K. M.; Stanton, W. A,; et al. AMBER 7; University of
California: San Francisco, CA, 1999.

www.acsnano.org VOL. 4 = NO.2 = 985-991 = 2010 A@JM\()\ 991
<



