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Abstract: The dynamics of water molecules in a single-walled carbon nanotube (SWNT) under continuous
deformations was studied with molecular dynamics simulations. The flux and occupancy remain almost
fixed within a deformation of 2.0 A but decrease sharply for a further deformation of 0.6 A. The nanopore
is an excellent on—off gate that is both effectively resistant to deformation noises and sensitive to available
signals. Biological water channels are expected to share this advantage due to similar wavelike water
distributions. The minimal external force required for triggering an open—close transition falls within the
working range of many available experimental facilities, which provides the possibility of developing SWNT-
based nanoscale devices.

simulationst? An abrupt transition from a closed state (no water
in the pore cavity) to an open state (cavity water at ap-
proximately bulk density) has been found once a critical pore
|radius is exceedet.The vapor-liquid transition has also been
observed in mechanosensitive chanfeis4and other hydro-
phobic nanopore¥18

Biological channels are usually gated. They contain a region

Unfortunately, the complicated structure of membranes and that can interrupt the flow of molecules (water, ions) and thus
membrane-water interactions often make it highly complex for Can Switch between open and closed stafe$!® 2! This region
direct investigations. On the other hand, primary characteristics Plays @ central role in water permeation across a biological
can usually be exploited by studying a similar but structurally Membrane. In this study, a simple hydrophobic nanopore is used
less complicated problem. In 2001, Hummer et al. showed that @S @ Prototype to study the response of such a region under

single-walled carbon nanotubes (SWNT) can be designed ascontinuous deforr_nations by mechanical stress. Explicitly, an
molecular channels for waték.They observed that a minute ~ 10m of @ SWNT is affected by an external force (hereafter we

reduction in the attraction between the tube wall and water '€fer to this atom as thierced-aton), which pushes this atom,

dramatically affected pore hydration, leading to sharp, two-state t09€ther with neighbor atoms, to leave their initial equilibrium
transitions between empty and filled states on a nanosecond©cations. The origin of the force can come from effective
time scalé'! Beckstein et al. have investigated the passage of techniques and/or other molecules. Hydrostatic pressure is

water through atomistic models of hydrophobic nanopores 2PpPlied between two ends of the SWNT to exploit the flux
embedded with a membrane minetic by molecular dynamics change due to deformations. We found that the nanopore was
an excellent oroff gate that is both effectively resistant to

noises and sensitive to available signals. Within a displacement
of about 2.0 A of the forced-atom, the average nunilenf
water molecules inside the nanotube, denotedMy remains
almost unchanged and the water flux even increases a little.
This critical value of the displacement depends on the peak-
to-peak value of the wavelike pattern of the water distribution

Introduction

Water channels of nanometer dimensions play a key role in
biological membrane transpdit> How the behavior of water
molecules depends on the shape and dimension of biologica
pores is far from being understob&ecently, water permeations
across the biological membranes such as Aquaporin, Glpf, and
MscS have been studied by molecular dynamics simulations.
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Figure 1. (A, B) Snapshot of the simulation system. The carbon nanotube in (A) is unperturbed. An external force, marked by F, acts on an atom of the
carbon nanotube in (B), and a deformation can be clearly seenthe displacement of the forced-atom from its initial equilibrium position in (A). The

green spheres are the carbon atoms of the nanotube. (C) Ninifewater molecules inside the tube and the water flux as a function of time for each
conformation. The time period for each conformatiofT jsvhereT = 12 ns for the occupancy and 216 ns for the flux. The flux is defined by the difference

of the numbers of water molecules entering the SWNT from the bottom and upper ends, left on the other sides, per nanosecond. The flux shown is averaged
at each 18 ns. The red numbers at the top of the figure show the vadu@oéach conformation. (D) Average numberand the water flux for the whole

period of T, together with the forcé& acting on the atom, for differeni. INCconverges very quickly so that 12 ns is enough to achieve an acceptable
accuracy.

inside the unperturbed nanotube. An abrupt transition from the conditions were applied in all directions. A forégt) was applied to
open state to the closed state occurs by an additional displace-one carbon atom (the forced-atom) in the right side of the carbon
ment of about 0.6 A. Interestingly, the wavelike patterns have nanotube. Consequently some of the neighboring carbon atoms were
also been observed in biological water channels so that a similarPushed away from their initial posn_lons. The carbon atoms in the left
critical displacement is expect&drhis oper-close transition N of the Carbon{ nanotube were fixed. For each external fyan
can be triggered by an external force of onl.8 nN, which equilibrium states? of a SWNT could be obtained by relaxation,
L L T corresponding to a displacement of the forced-atom, denotell by
falls within the force range of many available experimental

facilities. Thi ides th ibility of trollina th ¢ When two sides of a membrane have the same hydrostatic pressure
aciiiies. 1his provides the possibility of controliing the water v gigterent concentrations of an impermeable solute, an osmotic

flow across the nanotube and developing SWNT-based nano-pressyre difference is established and water flows from the side with
scale devices. lower solute concentration to the other side. In this paper, we applied
a force to each water molecule along the direction to obtain a
pressure difference between two ends of the SWNT. This pressure
The simulation framework is shown in Figure 1(A, B). A single difference is something like the osmotic pressure differéed.was
graphite sheet divided the full space into two parts. An uncapped, single- found that the pressure difference between two ends of the SWNT is
walled carbon nanotuB&13.4 A in length and 8.1 A in diameter was 133 MPa for an additional acceleration of 0.1 nnT%pat each atom,
embedded in the graphite sheet along theirection. The distance smaller than that used in ref 25. To prevent the SWNT from being
between the bottom end of the SWNT and the graphite sheet is 2 A. swept away, the carbon atoms at the inlet, outlet, and where the external
The 144-carbon (6,6) nanotube was formed by folding a graphite sheetforce was exerted were fixed in the simulations.
of 5 x 12 carbon rings to a cylinder and then relaxed with the interaction  The molecule dynamics simulations were carried out at a constant
between carbon atoms. This interaction was described with the pressure (1 bar with initial box siZs, = 3.0 nm,Ly = 3.0 nm,L, =
parametrized potential by Brendgraccording to the Tersoff for- 4.0 nm) and temperature (300 K) with Gromacs 32.Molecular
mulism?4 Initially water molecules were filled in the other space of  gynamics has been recognized as one of the most effective tools in the
the system except for the channel of the SWNT. Periodic boundary study of water in SWNT, in proteins, and between protelni,13.17.272932
Here the TIP3P° water model was applied. A time step of 2 fs was

Computational Methods
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used, and data were collected every 0.5 ps. In the simulations, the carbon 0.8 —1r—-orr—— —r———v—v—r—a——
atoms were modeled as uncharged Lennard-Jones patrticles with a cross- | —&=0.0A _— 8=2.0§
section ofocc = 0.34 nmoco = 0.3275 nm, and a depth of the potential —_—5=1 _4,& — 5=2.4A
well of ecc = 0.3612 kJ moft, eco = 0.4802 kJ maft1* Carbor- 0.6 1 5=18A 5=2BA 1
carbon bond lengths of 0.14 nm and bond angles of°1&6re - ) )

maintained by harmonic potentials with spring constants of 393 960 e< 0.4-
kJ moi~t nm~2 and 527 kJ moi* deg? before relaxatiod! In addition, —_
a weak dihedral angle potential was applied to bonded carbon atoms. Q

0.2

Results and Discussion

For each state?, corresponding to an external foréeand 0.0
. . N . . . - v v L]
displacemend, the time for the numerical simulation is 232 -6 -4 -2 0 2 4 6
ns. The last 216 ns of the simulation were collected for analysis.
For each simulation, the nanotube is rapidly filled by water from
the surrounding reservoit. Figure 1C displays the average Figure 2. Water distribution along the nanotube axis together with the
e . positions of carbon atoms fér= 0, 1.4, 1.8, 2.0, 2.4, and 2.5 A. The red
number of water molecules inside the tulhé, ter_ther W_'th and black filled circles denote the locations of the carbon atoms. The arrow,
the water flux averaged by each 18 ns, as a function of time for marked by P, is the position of the atom affected by an external force.
each conformation. The average values for all the 216 ns

simulations, together with the external forEeacting on the 3.5 v v T v v
force-atom, for differen® are shown in Figure 1D.

For the unperturbed nanotube, the nanotube is occupied by 3.0+ :
about five water molecul€’d.During the entire 216 ns simula- o
tion, 726 and 1955 water molecules entered the SWNT from 5 251260} 4 + 1
the upper and bottom ends and left on the other sides, T = T :

. . . = 50 a .
respectively, resulting in a water flux of 5.69 water molecules Z 70. 5 Py . f
per nanosecond from bottom to upper through the SWNT. This B 40t "3 +
value is comparable to the measured 390.6 ns! for 1.5 gso- i H |
aquaporin-*. Comparable flow rates have also been observed 0 Th 2 : +
in recent simulations on a biological charffeand a carbon 1.0 (A)
nanotube membrarfg. ) 0 ) g ¥ 2 T3

1
It is remarkable to find that even whénis increased to 5.34 5 (A)
nN, which corresponds t of 2.0 A, INLis almost unchanged Figure 3. Average number of the hydrogen bonds inside the nanotube

and the water flux even increases a little, as shown in Figure anq (inset) the probability of the hydrogen bond formed by those two water
1C,D. Note that 2.0 A is larger than the radius of a water molecules neighboring the forced-atom for differéntrhe solid line is a

molecule 1.4 A). The water flux and the occupanéWO linear fit for & < 2.0 A.
decrease ab (and thuso) is further increased. Fdf = 7.18 . .
nN, corresponding to = 2.6 A, the water flux inside the tube For an unperturbed SWNT, it remains completely open for a

becomes a negligible value. In the entire 216 ns simulation, no Maximal external force of 5.34 nN, which may come from
water molecules entered the SWNT on one end and left on thethermal fluctuations, while closes at 7.18 nN or more.

other end, indicating that the nanotube is functionally closed. ~Figure 2 shows the distribution of water molecules inside
At 6 = 2.6 A, the minimal value of the distance between two the nanotube along thedirection under different values df
carbon atoms in the opposite direction is 5.6 A, comparable to The red and black filled circles denote the locations of the carbon
the pore radius that the channel is constitutively closed in atoms. In the case of = 0 the distribution has a wavelike
the model poré® It is clear that a SWNT can be completely ~Structure with minimal values at the openirfgswWavelike
closed ¢ = 2.6 A) from an opend = 2.0 A) state by moving patterns of the distributions of atoms O and H of water have
the forced-atom by as little as 0.6 A, which is much smaller @lso been observed in GlpF channels.contrast to the water
than the radius changd @ A to switch a hydrophobic pore  occupancy, which remains almost fixed for0d < 2.0 A, the

from closed to opeff distribution changes gradually and the peaks (dips) move
The minimal external forcE needed to switch a SWNT from  leftward aso increases in thi® range. The water distribution
full open © = 2.0 A, F = 5.34 nN) to closed{= 2.6 A,F = at P, the location facing the forced-atom, decreases, correspond-

7.18 nN) is about 1.8 nN, which is in the Working range of an Ing to the narrOWing of the nanotube Rt The inlet and outlet
atomic force microscopy and Optica| tweezers. This provides are no IOnger in the pOSitionS for the minimal distributions when
the possibility for the fabrication of nanosyringes to conduct ¢ > 0. From¢ ~ 2.0 A and up the distribution & is smaller

water moleculed334 than those of the other dips, and the wavelike pattern is
considerably deformed wheh> 2.4 A. The distribution aP

(28) g&ga, K. Gao, G. T.; Tanaka, H.; Zeng, X. Rature 2001, 412, 802~ is very close to zero fod = 2.5 A. However, we can still

(29) Zhou, R. H.; Huang, X. H.; Margulis, C. J.; Berne, B.Stience2004 observe that about one water molecule entered on one side and

305, 1605-1609.

(30) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys1983 79 (2), 926-935.

(31) Van der Spoel, D.; et alGromacs User Manual 3.1;1Department of (33) Lopez, C. F.; Nielsen, S. O.; Moore, P. B.; Klein, M.Rroc. Natl. Acad.

left on the other side per nanosecond at thigalue. Careful

Biophysical Chemistry, University of Groningen, 2002. Scl. U.S.A2004 101, 4431-4434.
(32) Kalra, A.; Garde, S.; Hummer, Groc. Natl. Acad. Sci. U.S.R£003 100, (34) Aksimentiev, A.; Schulten KProc. Natl. Acad. Sci. U.S.2004 101,
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Figure 4. (A) ¢ for 6 = 0, 2.0, 2.4, and 2.5 A. (B) Dependence of flipping frequefgy on 6 and the number of hydrogen bonbspond inside the
nanotube. The solid lines are the fits for the exponential growth aad decay vé\upond (inset) for differentd ranges.

inspection of the data shows that water molecules canpass between a water dipole and the nanotube axis. The average runs

very rapidly without staying. over all the water molecules inside the tube. Some examples
Figure 2 clearly shows that the water distribution has a similar are shown in Figure 4A. For the unperturbed SWiTalls in

wavelike pattern in the parameter range @ < 2.0 A, except ~ two ranges, 15< ¢ < 50° and 130 < ¢ < 165, for most of

for the shift of peaks and a small change of the peak-to-peak the time, consistent with the observation that the water molecules

value. The maintenance of the similar wavelike pattern with an in SWNT are nearly aligne#. If we define a flip asp passing

almost constant average value leads to the invariability of the through 90, we can compute the number of flips per nano-

total number of water molecules inside the nanotube. The shift second, denoted by the flipping frequerfgy. The results are

of the peaks and slight modification of the peak values are shown in Figure 4B.

believed to accommodate the deformation of the SWNT due to ~ Generally,fiip is governed by the potential barrier against

the external force. It seems that the wavelike pattert at0 flipping. The increment od leads to two aspects of the potential
determines a critical value @f.. Denoted byWp, the minimal change, decreasing due to the breakage of hydrogen bonds inside
value of the water distribution @ = 0, the distribution aP is the nanotube and increasing due to the narrowing of the
approximately equal t¥p at 0 = d.. INis almost unchanged ~ nhanotube, which confines water molecules to a smaller space.
in the range ob < J¢ oc ~ 2.0 A in the present system. As that shown in Figure Nusona decreases very slowly with

The water molecules in the SWNT form a single hydrogen- respect tad for 6 < 1.4 A. Consequently, the change of the
bonded chain. The hydroxyl OH bonds involved in hydrogen potential barrier is mainly from the confinement of water
bonds (here we adopt a geometric definition of hydrogen bonds, Molecules, resulting in a slow decreasingfigf.
according to which a water pair is hydrogen-bonded if thedD As ¢ further increasedsip increases. The dependencefigf
distance is less than 3.5 A and simultaneously the bondeld-0 ~ ©N Nhbond iS shown in the inset of Figure 4B. In the range of
--O angle is less than 3P are nearly aligned along the 2.0 A <0 = 2.2 A, the function
nanotube axis and collectively flip directioffs®” Due to the
deformation of the SWNT, the total number of hydrogen bonds frip 1 €XPE NipondErbondKT)
in the nanotube decreasesasicreases (Figure 3). The average .an fit the data quite well, whefBpongis the average energy
number of the hydrogen bonds, denotedNijbong decréases ot 4 hydrogen bond in the nanotube for= 2.0, 2.1, and 2.2
A. Numerically we find Expong = 12.9&T. This exponential

very slowly in an linear fashion &¥ypong= 3.16-0.136 A for
decay indicates that the change of the potential barrier mainly

0 < 2.0 A. In thed range with 2.0 A< 6 < 2.5 A, Nupond
decreases sharply from 2.87 to 1.43 A. The decreasigiha results from the decreasing of the hydrogen bonds in the
nanotube in this parameter range. For largesay 2.5 A, the

results from the decreasing of the total water molecules inside

the nanotube as well as the increasing of the distance betweenyater chain is frequently ruptured. Only for a small time period,
those two water molecules’ neighbor to the posit®nThe ¢ falls in the two parameter range, i.e.°15 ¢ < 50° or 130°
increasing of the distance between those two water molecules & < 165°. However, in the interval of 2.0 A& 6 < 2.5 A

neighboringD leads to a smaller probability ofa hydrogen bond we find that the exponential functio‘mp 0 exp({ 6}/{ ‘[}) with

between them. The inset in Figure 3 displays the probability, . — § 107 can fit the data very well.

which is only 27% foro = 2.5 A _ _ Figure 5 displays the free energy of occupancy fluctuations,
To explore the role of the flipping of dipoles of the water gF(N) = —In p(N), wherep(N) is the probability of finding

molecules inside a SWNT and its Ser_1$ItIVIty to the deformation, exact|yN water molecules inside the nanotube. To obtain good

we have computed the average anglevhere¢ is the angle  statistics, data were collected every 0.25 ps in the calculation

of p(N). An approximate Gaussian occupation fluctuation is

ggg - serne, BB Pgﬁiyghgg' o i g 11932. found for o = 0, consistent with the observation by Hummer
(37) Ponis, R.; Roux, BBiophys. J.1998§ 75, 33—40. et all! The free energies fab = 1.4 and 2.0 A are similar to
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The wavelike pattern of the water distribution in the nanotube
124 ’ 1 is the main cause for this interesting anomaly. The initial
deformation of the SWNT, before a critical value, is believed
to be accommodated by the shift of the peaks and slight
modification of the peak values of the wavelike pattern. The
critical value of the displacement depends on the peak-to-peak
1 value of the pattern in an unperturbed nanotube. We are
reasonably confident that biological water channels share this
advantage since wavelike patterns of water distributions have
also been observed in Aquaporin water channels.

The wavelike pattern might be particular to a small pore with
Figure 5. Free energy of occupancy fluctuatiofi;(N) = —In p(N), for only a single water chain inside. We have performed numerical
0=0,14,20,and 2.5 A simulations by replacing the (6,6) SWNT with a (8,8) SWNT.
The water distribution in the nanotube is quite flat foe= 0,

) i and the average number inside the nanotube is about 15, much
=7 foro = 0, while none ford = 1.4 and 2.0 A. WithN =0, larger than that in a (6,6) SWNT, indicating that the single water
it occurs 11 and 388 times fér= 1.4 and 2.0 A, respectively,  pain does not exist. BotiNdand flux decrease considerably

in contra_st with none fog - 0. 1t seems that the effect_ o_f_t_he compared to those for a (6,6) SWNT for small Details of
deformation ford < 2.0 A is considerable for the possibilities SWNTSs with larger radii will be presented elsewhere.

of the rare events, althoggh ',[he cha}nge of the average value of The minimal external force required for a deformation of an
]Ehe vyatgr molecurl]es f'lns'se IS neghglblz. Hﬁ)r,:hz'S A the open—close transition is only-1.8 nN, which is in the working
uncﬂgn IS jomew hat fat etwedh= 2 an . 4|:| with a mlnkl]m_um range of many available experimental facilities, including atomic
atN = 2, due to the frequent rupture of the water chain. No force microscopy and optical tweezers. This observation makes

Icnc:i;?:tt;?tvvmTﬁelfaé??ﬁai tlt?e:ze}s rr?cr)]?nein?rsnué = 2(')51 éé it possible to control the water flow across a nanotube.
et 0. The deformation has significant impact on the collective

Althoygh there are many cases withe= 0 for 6 = 2.5 A, the . flipping of the water dipoles in the nanotube. It is found that
durations for them are short. We have not found two successivey, change of the potential barrier against the flipping is

data withN = 0, indicating that the duration for each case with dominated by the confinement of water moleculesdfas 1.4

that for6 = 0. However, three events have been found Wth

N = 0'is less than 0.25 ps. A and the breakage of the hydrogen bonds within the nanotubes
Conclusions for 2.0 A < 6 < 2.2 A. The water chain is frequently ruptured
for o = 2.5 A.

The water molecules inside single-walled carbon nanotubes As one can see, it is the simplicity of the carbon nanotube
have distinguished properties as an excellent nano-controllablethat enables us to carry out numerical simulations over extremely
on—off gate. On one hand, counter to intuition, when the long time periods (216 ns) and with a wide range of parameters
external force exerted on the forced-atom leads to displacementsf 6. The conclusion obtained may have biological significance,
within 2.0 A, the water occupancy in the nanotube remains which might be helpful to the understanding of the gating
almost unchanged and the water flux across the nanotube evemechanics of biological water channels. It also provides the
increases a little. Note that the critical displacement of 2.0 A'is possibility to develop nanoscale SWNT-based devices, including
larger than the radius of a water molecutel(4 A), indicating nanosyringes.
that the flux and the water occupancy of an unperturbed SWNT
are extremely irrespective of external signals, for example,
deformations due to noises. On the other hand, the behavior o
water molecules inside the nanotube is sensitive to further
deformations. An additional displacement of 0.6 A of the forced-
atom leads to an abrupt transition from an open state (flux at
an unperturbed SWNT) to a closed state (no flux). Overall, the
nanotube has the advantages of an excellent nanoscaleffon
gate that it is both effectively resistant to noises and sensitive  Supporting Information Available: Complete refs 22, 26,
to available signals. and 31. This material is available free of charge via the Internet
at http://pubs.acs.org.
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