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ABSTRACT-—Water transportation through one-dimensional
(1D)_and quasi-1D internal nanospaces were-girectly-observed

nanespaces—of highly pure single- and double—-wall carbon
nanotubes_ (SWCNTs and DWCNTSs), respectively, was

tdeal-Model single- and double--walled CNTsearben-nanetubes
(SWCNTs and DWCNTs)-were synthesized by Hata et al. and
Endo et al., respectively;, these-havewere found to have extremely
low metal catalysts, leng—high aspect ratios, and hydrophobic
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internal nanospaces.—> As mentioned above, they have high
potential for being used to conduct Fhese-carbonr-Ranetubes-have

directly investigated from the experimentally measured rates
of water vapor adsorption in these nanospaces as well as those
determined by molecular dynamics (MD) simulations—that

. Water iswas

have guasi-1D and 1D nanospaces, respectively.
found to be rapidhy—transported_more rapidly through 1D
nanospaces rather—than__through quasi-1D nanospaces.

nanotubes shows the same tendency as the experimental
adsorption—rates— This faster transportation through 1D
nanospaces is attributed to the formation oftr—1B-—system;
fewer water-molecules—rarelyform-hydrogen_bonds-bending

between wa&epmolecules of water adsorbed in a 1D system.

nanespaeesradsorptlon rates determlned throuqh the MD

simulations were in agreement with the experimentally
determined rates.

Water is one of the most ubiquitous naturally occurring
chemical substances ‘and_—weH—krewn—to—havehas anomalous
physical propertles owingdue to_its constituent hydrogen bonds

Hence, the anomalous propertles of water
have been—continuously studied__extensively.—* Water
transportation through a water channel in_a biomembrane is
another important research topicissue, because a water channel is
involved in many physiological processes{ Water channels have

the—great—advantage—of—fundamental studies stuehy—on water
transportation through-the_their internal nanospaces. Therefore
we_employedHere-we-directly-show water—vaper—transportation
through these SWCNTs and DWCNTsearbon—nanotubes to
investigate water transportation through their lD nanospaces
fromby the adsorption rates of water vapor-

and-DWENT; and molecular dynamics (MD) simulations.

The SWCNTs and DWCNTs were observed by Hhigh-
resolution  transmission  electron  microscopy (HRTEM)
observations were performed —on SWCNT and DWCNT using
JEM-2100F (JEOL Co.) at 120 kV. Adsorption rates of water
vapor were measured at 303 K every 50 ms using a
homemadecustom-designed ~ volumetric ~ apparatus. Here
theseThese CNTsearbon-nanotubes arewere heated at a pressure
of less than< 0.1 Pa for 2 h prior to the adsorption rate
measurements. MD simulations with the leapfrog time integration
scheme were performed for understanding_ the water
transportation mechanism; the
simulation model comprised a single SWCNT having an_infinite
length and diameters of 1 or 2 nm, placed in a unit cell of
dimensions 4 x 4 x 6 nm®. The interaction potentials between
water molecules and between a water molecule and a carbon wall
were calculated—by using TIP5P and Lennard-. Jones potential

eembmauwmodel that combmesef—the dispersion and
electrostatic interactions-are-it-was-propesed-by-Mahonrey-et-al.->

A complete MD simulation (100 ps) was Qerformedeeﬂdaeted

atelesﬁe ~303 K usingwith an mtegratlon time of O 1 fs (see Fhe |

Comment [A8]: This expression appears
confusing. In particular, it is unclear what
“low” means in this context. Are you
referring to the small amount of metal
catalyst required for their preparation? Or
are you referring to metals with a smaller
atomic number? Please revise this
expression suitably according to your
intended meaning.

Comment [A9]: This expression appears to
be written more commonly as simply “TIP5P
model.” Please check whether this is indeed
correct. If yes, then make this revision here.

Comment [A10]: This information does not
seem to be relevant here; simply giving the
citation number here is sufficient.
Therefore, | have deleted this part from
here.

| Formatted: Font: Times New Roman

)

Comment [A2]: Here, it would be helpful to
give a few examples of the physiological
processes being referred to. This would aid
readers’ understanding.

Comment [A3]: The meaning of this part is
not entirely clear to me. Do you mean “it is
essential to use a nanoporous material
having a model water channel structure to
determine the mechanism of water
transport through the channels”?

Comment [A4]: | have made this revision
to avoid repetition of text. Please ensure
that the revision is correct.

narrow hydrophobic nanospaces.-®> As these channels are flexible
and complex structures, a_hanoporous material having a_model
structure for a water channel is required in order to understand

the behavior of Water—p&epemes in CNTseanen—nane%ubes a&ehas

recently been studied actlveIy—st{;M;i+<-3<s|—|:eeemﬂe,¢—4 For
example, Fhe water permeation through membranes fabricated

Supporting
Information-_for details of the simulation procedure).

Figure 1 shows the HRTEM images of the DWCNT and

SWGNILa;e l and 2 3 nm, respectlvely M/hlch are also shown in
the preceding papers.—'  Water vaporvapers can be adsorbed
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mainly in the internal nanospaces, as these. CNTs—earben
naneotubes form bundles. Thus, the SWCNTs and DWCNTSs act

asproduee typical 1D and quasi-1D systems, respectively, for

by w CNTs ishas _been demonstrated tewith
the aim of understanding-study the working of a water channel
mechanism.!  HoweverNevertheless, the mechanism of water
transportation through the internal nanospaces of CNTs-earben
nanetubes remains to be elucidatedis-stit-not-clear.

water; thvehy.—Figure-2(a)-shows-changes-in-the fractional-
filling-changes- af ‘water-with-time—progress. —Water vaporvapers-
areis-net adsorbed only frombelow 0.1 s onward,-then-begin-to-be
adsorbed-at-that-time; and finally, aeheve—)equmbrlum fractional
fillings_is achieved, The fractional fillingfitings of water vapor
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for_the 1D system were-increases rapidlysignificanthy—increased
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from 0.5 to 10 s; and that for-while-these-for the quasi-1D system
increases gradually in the same timewere—gradual—increased.

Therefore, we can say that water molecules are transported more

simulations. The rapid transport of water molecules in 1D
nanospaces _is _attributed to the restncted formation _of
hydrogenHydregen_ bonds + -~ in water

rapidly—transpert through 1D nanospaces—rather than through
quasi-1D nanospaces. The Aadsorption rates of water vapor were
evaluated from the di i i illi

molecules in theseis-restricted-by 1D nanospaces..—Fhereforeas-a

molecules rapidly transport through 1D nanospaces.

in Figure 2(b);; _these rates-which are directly representative of
shew the transportation of water vapor-transpertations through 1D
or quasi-1D nanospaces. Furthermore, we observed Eextremely
fast adsorption of water vapor below 0.2 s, relatively fast
adsorption from 0.2 to 10 s, and gradual-pregress-of adsorption
above 10 s-were-observed. Fast adsorption below 0.2 s is caused
by diffusion ofa—result—of water—diffusion into the internal
nanospaces. The relatively fast and gradual adsorption-precess
should behaviors are believed to result from
transportation_of water vapor through the nanospaces. In
comparison with the quasi-1D system, faster adsorption in_the 1D
systemnanespaces is actually observed from 0.2 to 10 s.

Results of the MD simulation of water in the internal
nanospaces are shown in Figure 3; they demenstratesalso clarify
the mechanism theof water vapor transportation through 1D and

quasi-1D nanospaces;-as-shewn-in-Fig-3.—Fhe-absolutely-different
time-scale-between-the-experiment-and-MD-simulation-is-due-to

- This Ffigure-3 also shows
the snapshots of water transportations through_the 1D and quasi-
1D nanospaces. At 0 ps, Wwater molecules are locatedsituated-in
on the left side ofin the CNTsearbon-nanetubes, after which at-0
ps-and-thenthey begin movingte-flew to the right side. Fractional
filling of water is calculated from the number of water

Associated-content
SUPPORTING INFORMATION__AVAILABLE, , N2
adsorption isotherms at 77 K for SWCNT and DWCNT, and—&he I\

analysis of nanospace structure-analysis. Water vapor adsorption
isotherms at 303 K and thermal diffusivities of water by MD
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moleculesarnumbern_on the right side. In the 1-nm diameter
DWCNT, Waterwater transports rapidly-transperts to the right
side-in-the-carbon-nanotube-of 1-nm-diameter, in contrast to-whie
water-transpertation-for_that in the 2- to 3-nm diameter -guasi-1B
nanospace SWCNTs—is—considerably—slow. The Fthermal
diffusivity_of water vapor in the DWCNTfor—1-nm—diameter
increases rapidly guickly-increased-with scillation, On-the-other

the —Japan—Society —for—the -Promotion —of —Science.—— TEM-
observations were performed at the Chemical Analysis Center
Chiba University.

handsln contrast, the inerease-ef-thermal diffusivity ferin the 2—-
nm--diameter SWCNT increases moderatelyis-mederate. After 10
ps, Fhethe thermal diffusivitiesgtwa{epvaper are 28 x 10° m? s*
for the 1D nanospace and 4 x_10° m? s for the quasi-1D
nanospace—n—10—ps. However, after 70 ps, theythe—thermal
diffusivitiesfor-1D-and-guasi-1D-nanospaces becomeare 40 x 107
and 28_x_10° m? s'-in—70-ps, respectively- (see Supporting
Information). These valuestendencies a g@e@#espend with the
experimental adsorption rates.-as shown in Figure 2. The number
ofNumbers—of hydrogen bondsberding—are evaluated from the
snapshots;_in Figure 3 asis shown in Figure 4. In_the 1D system,
the number of hydrogen bonds-bending is constant-at (0.4) during
the [calculation time step, In_the quasi-1D system, however, the

number of hydrogen_bonds-bending is-increasesd from 1 andio
more than ever-3/in 50 ps. Thus, Fhatdis; it is clear that the water

molecules are unable toeannet form sufficientadeguate hydrogen

bonds—berding in_the 1D system-; [this lack of bond formation
Henee,-hydrogen-bendingformation hindersprevents—from water
transportation through 1D nanospaces, because__these—1B
nanospaces provide a path for rapid water transportation, as

are in good agreement; the minor difference in the experimental
and MD-simulation time scales of water transportation is
attributed to the difference in the lengths of the CNTs considered
in the experiment and simulation.

In this studypaper, we investigated direct water transportation
through 1D and quasi-1D nanospaces_of CNTs-were-observed.
Water vapor_was found to transport more rapidly—transperts
through 1D nanospaces rather-than through quasi-1D nanospaces,
which is_in agreement with—supperted—by results of MD
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Figure 1. TEM images of DWCNT (a) and SWCNT (b).
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Figure 3. Simulated-filling changes in fractional filling of
o water molecules in internal nanospaces of CNTsearbon
o0 0. nanotubes. The Wwater molecules flow from the left to the
g y | right side efin the CNTsearbon-nanotubes-to-theright side.
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Figure 4. Changes in the number of Numberchanges-of
hydrogen bondsing with time-progress.

Time / sec

Figure 2. Changes in fractional Efilling-ehanges and rates
of water vapor adsorptionbed in the internal nanospaces of
CNTs.carbon-nanotubes



REFERENCES

@

@

O]
O]

(a) Gragson, D. E.; Richmond, G. L. J. Phys. Chem. B 1998,
102, 3847. (b) Koop, T.; Luo, B.; Tsias, A.; Peter, T. Nature
2000, 406, 611. (c) Matsumoto, M.; Saito, S.; Ohmine, I.
Nature 2002, 416, 409. (d) Headrick, J. M.; Diken, E. G;
Walters, R. S.; Hammer, N. I.; Christie, R. A.; Cui, J.;
Myshakin, E. M.; Duncan, M. A.; Johnson, M. A.; Jordan, K.
D. Science 2005, 308, 1765. (e) Pal, S. K.; Peon, J.; Bagchi,
B.; Zewail, A. H. J. Phys. Chem. B 2002, 106, 12376. (f)
Werder, T.; Walther, J. H.; Jaffe, R. L.; Halicioglu, T.;
Koumoutsakos, P. J. Phys. Chem. B 2003, 107, 1345. (g) Lee,
H. M.; Suh, S. B.; Lee, J. Y.; Tarakeshwar, P.; Kim, K. S. J.
Chem. Phys. 2000, 112, 9759. (h) Bellissent-Funnel, M.—C. J.
Chem. Phys. 1996, 22, 10023 22] (i) Do, D. D.; Do, H. D.
Carbon 2000, 38, 767. (j) Ohba, T.; Kanoh, H.; Kaneko, K. J.
Phys. Chem. B 2004, 108, 14964. (k) Alcaniz-Monge, J.;
Linares-Solano, A.; Rand, B. J. Phys. Chem. B 2001, 105,
7998. (1) Slasli, A. M.; Jorge, M.; Stoeckli, F.; Seaton, N. A.
Carbon 2003, 41, 479. (m) Desbiens, N.; Demachy, I.; Fuchs,
A. H.; Kirsch-Rodeschini, H.; Soulard, M.; Patarin, J. Angew.
Chem. Int. Ed. 2005, 44, 5310. (n) Striolo, A.; Gubbins, K. E.;
Chialvo, A. A.; Cummings, P. T. Mol. Phys. 2004, 102, 243.
(o) Ohba, T.; Kaneko, K. Mol. Phys. 2007, 105, 139. (p) Ohba,
T.; Kaneko, K. J. Phys. Chem. C 2007, 111, 6207.

(a) Agre, P.; Brown, S.; Nielsen, S. Curr. Opin. Cell. Biol.
1995, 7, 472. (b) Murata, K.; Mitsuoka, K.; Hirai, T.; Walz,
T.; Agre, P.; Heymann, J. B.; Engel, A.; Fujiyoshi, Y. Nature
2000, 407, 599. (c) Agre, P.; Kozono, D. FEBS Lett. 2003,
555, 72.

Sansom, M. S. P.; Biggin, P. C. Nature 2001, 414, 156.

() Hummer, G.; Rasaiah, J. C.; Noworyta, J. P. Nature 2001,
414, 188. (b) Kalra, A.; Garde, S.; Hummer, G. Proc. Natl.
Acad. Sci. USA 2003, 100, 10175. (c) Holt, J. K.; Park, H. G.;

(©)

(6)

Wang, Y.; Stadermann, M.; Artyukhin, A. B.; Grigoropoulos,
C. P.; Noy, A.; Bakajin, O. Science, 2006, 312, 1034. (d) Li,
J.; Gong, X.; Lu, H.; Li, D.; Fang, H.; Zhou, R. Proc. Natl.
Acad. Sci. USA 2007, 104, 3687. (e) Striolo, A.; Nano Lett.
2006, 6, 633. (f) Byl, O.; Liu, J.—-C.; Wang, Y.; Yim, W.—-
L.; Johnson, J. K.; Yates, Jr., J. T. J. Am. Chem. Soc. 2006,
128, 12090. (g) Rossi, M. P.; Ye, H.; Gogotsi, Y.; Babu, S.;
Ndungu, P.; Bradley, J.—C. Nano Lett. 2004, 4, 989.—- (h)
Berezhkovskii, A.; Hummer, G. Phys. Rev. Lett. 2002, 89,
064503-1. (i) Mamontov, E.; Burnham, C. J.; Chen, S.—H.;
Moravsky, A. P.; Loong, C.—K_; de Souza, N. R.; Kolesnikov,
A. 1. J. Chem. Phys. 2006, 124, 194703. (j) Marti, J.; Gordillo,
M. C. J. Chem. Phys. 2001, 114, 10486. (k) Werder, T,
Walther, J. H.; Jaffe, R. L.; Halicioglu, T.; Noca, F,;
Koumoutsakos, P. Nano Lett. 2001, 1, 697. (I) Kotsalis, E. M.;
Demosthenous, E.; Walther, J. H.; Kassinos, S. C.;
Koumoutsakos, P. Chem. Phys. Lett. 2005, 412, 250. (m)
Mashl, R. J.; Joseph, S.; Aluru, N. R.; Jakobsson, E. Nano Lett.
2003, 3, 589.

(a) Hata, K.; Futaba, D. N.; Mizuno, K.; Namai, T.; Yumura,
M.; lijima, S. Science 2004, 306, 1362. (b) Ohba, T
Matsumura, T.; Hata, K.; Yumura, M., lijima, S.; Kanoh, H.;
Kaneko, K. J. Phys. Chem. C 2007, 111, 15660. (c) Endo, M.;
Muramatsu, H.; Hayashi, T.; Kim, Y. A.; Terrones, M.;
Dresselhaus, M. S. Nature 2005, 433, 476.

Mahoney, M. W.; Jorgensen, W. L. J. Chem. Phys. 2000, 112,
8910.

Comment [A20]: | am unsure of what this
part refers to. Is some information missing
here? Please check.




SYNOPSIS TOC

[Formatted: Font: Times New Roman

[ Formatted: Font: Times New Roman

Comment [A21]: Please check whether a short
legend or description should be included with this
figure.

‘ f Formatted: Font: Times New Roman

f Formatted: Font: Times New Roman




