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Water on the outside of carbon nanotube bundles
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Molecular-dynamics simulations of water on the outer surface of a bundle of carbon nanotubes are reported.
We observed a first-order phase transition from a low-density regime in which the water molecules are confined
in the grooves between tubes and a high-density one, characterized by adsorption of water on all the surface
exposed. Both phases could be experimentally detected by the differences in the locations of the main peaks of
their infrared spectra.
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I. INTRODUCTION water molecule and the CN is the averaged one given by
Cole and co-worker$with force parameters obtained from

Much work has been recently devoted to the study ofLorentz-Berthelot rulesooc=3.28 A, o3c=2.81 A, eoc
carbon nanotube&CN’s) which are long and extremely nar- =0.3890 kJ/mol,e;,c=0.129 kJ/mol(see Ref. 2 for more
row cylinders whose walls are made of graphite sheets rolledetailg. Very recently: an extensive comparison among dif-
up over themselvesNanotubes are interesting in their own ferent water-graphite potentials has been carried out. Since a
way, for instance, because of their electronic properties andN is basically a cylindrical graphite sheet, those compari-
also because they allow the realization of a quasi-onesons should be relevant to our problem. Our model is in the
dimensional environment for the materials absorbed insidemiddle part of the tables for the two properties checked out,
In particular, the case of water inside such narrow cylindershe graphite-water interaction, and the wetting angle of water
has recently received some consideration, with several simutrops on top of a sheet of graphite. The single water
lation studies of classical water confined in CRé,or in molecule-carbon interaction energy obtained with our param-
more idealized environmentddowever, to let any substance eters is—9.70 kJ/mol, versus energies ranging freas.07
enter a CN, it has to be opened by chemical or other meangg —16.54 kJ/mol for other potential models. In Ref. 10 is
since in their naturally occurring form both ends are closedalso computed the water-graphite contact angle, which deter-
by caps. Itis also known that CN'’s usually associate togethemines the wetting phenomena. In our case, that angle is
to form bundles, which means that water or other substances 0°, indicating that the wetting takes place. The other po-
have to stay on the outer surface of the bundle, or if they argentials render values between 0° and40°. The experi-
small enough, in the internal channels between nanotubegental anglegRef. 10 and references thergiare between
Since the maximum radius of such interchannels from the-90° and~40°. In both cases, our potential is just in the
center of the channel to the center of the carbon site is 3.;iddle of the possible values. According to all that water
A.® and that radius is slightly larger than the oxygen-carbonshould wet graphite and also the surface of a carbon nano-
minimum distance, water molecules are too large for this lasfube. Moreover, it has been experimentally found that water
possibility. For this reason, it could be interesting to knowcan be adsorbed inside chemically treated Cilidowever,
how water behaves when absorbed in the outer part of thgis does not mean that carbon nanotubes are soluble in wa-
bundle, the only surface exposed. This is an interesting suler. The CN-CN interactions are strong enough to prevent the
strate, that should partake of the characteristics of graphit¢yreakup of the bundle when surrounded by water. On the
but presents some interesting effects due to its curvature, @fher hand, when exposed to moderate quantities of fluid,
has already been reported in the case of some dases.  one would expect water to adsorb on the outer surfaces of the
tubes.

Our simulation cell was a cube of 34 A of side, wide
enough to have two parall€l0,10 tubes(those with a ra-

In this work we report molecular-dynamics simulations of dius of 6.8 A with longitudinal axes along the axis. This
water in the outer surface of a bundle of CN's at differentarrangement implies the existence of two parallel depres-
temperatures ranging from 250 to 325 K and at several dersions, separated by 17 A, in between the tubes, that we
sities. The water molecules were described by a flexible SP@rmed grooves. The tubes are taken to be rigid in the simu-
modef including intramolecular interactions modeled by lations, since the consideration of carbon mobility has little
harmonic and Morse-type terms. Such potential is able teffect on the computed properti¥sAt the beginning of ev-
reproduce the basic features of the experimental bands in trexy simulation, all the water molecules are located forming a
infrared spectrum of bulk water. The interaction between &homogeneous flat layer at 9 A from the center of the CN.

Il. COMPUTATIONAL DETAILS
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— T The strategy will be to propose a reasonable form for the free
energy as a function of temperature and dengtiynatural
i variables and to deduce the corresponding expression for
i the energy by means %f
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FIG. 1. Total energy per water molecule as a function of density. +Nk jgl (7 +TIn[1-exp(—0,;/T)]
Top to bottom: 325 K(upper open squargs298 K (upper full
squarey 273 K (lower open squargs and 250 K (lower full 3 3 _ _
squares +2, 2 byp' T 2
i=0j=1

After an equilibration period of about 50 ps, none of the The first five terms are those corresponding to an ideal
water molecules remained in a hypothetical gas phase above ; : P 9
the tubes, all of them being adsorbed in the outer surface olyatomic gas, be_lng the last sum of the corre_ctl_on agdgc_i. It
the bundle. The thermodynamical and dynamical propertie ﬁjtigﬁegnghiz?iiﬂelrlesrﬁcgr:tl\j\;ayethoataw dEPe LLTItveé |rrg_|n|te
presented here were collected from runs of 0.1 ns each. PC-O er the expression ofpthe 'dgl as bl s; te, (that
riodic boundary conditions were considered. More details v Xpressi . ! gas plus a bm)_
about how the calculations are made can be foun ould be associated W|th the tubg-water interaction. The
elsewheré symbols have the following meaning¥, volume of the
' simulation cell;N, number of water molecule$, molecular
mass of waterk, Boltzmann constantf), Planck constant;
l1l. DISCUSSION O p.c, Characteristic rotational temperatures; symmetry

number for water,® ,;, characteristic vibrational tempera-

One of the primary outputs of any molecular-dynamics . :
simulation is the energy. In Fig. 1 we represent that magni:[ure for the.“h degree O.f freedo_mo,z deT‘S'W of the water
olecules in the simulation cell in 2. Given the values of

tude as a function of the surface density. To calculate th TN .
density, we divided the number of molecules in the simulaa}t e Characteristic vibrational temperaturesi above 2000

tion cell by the square of its side, i.e., we did not take into.K)’.13 it is very reasor)able to neglect the logarithmic term

account the total exposed surface of the cylinders. To gbns'd.e the corresponding sum at the tempera’gures cons[dered

from a number to the other, we have only to multiply for the N this work. We have then.a constant vibrational contribu-
on that could be included in thiey; (constant term of the

appropriate constant factor. The curves correspond, from tof

to bottom, to 325, 298, 273, and 250 K. The error bars wer ast sum. .

displayed only for the case of room temperature, being simi- '!'h_e_ fO”U for_the energy that results from app!ylng the

lar in the other cases and omitted for simplicity. We alsodeflnltlon given in Eq(1) to the above free energy is

observe that there is always a kind of a plate')&au2 for energies 3 3

in between the densities 6f0.03 and~0.11 A “ (in the _ R e

above-mentioned unitsThere is no doubt that, at least, there E=3NkT+ izo 121 JBip T @

is a change in the slope of the energy around those densities

for all temperatures, which could indicate a transition be- We made two least-squares fits to this expression, one for

tween a low-density phase and a high-density one. It has tdensities between 0.03 and 0.11 ZAand another for densi-

be pointed out that at least one liquid-solid phase transitioties greater than 0.11 K. The bi; coefficients are given in

at 235 K has recently been found for water adsorbed insid&able | and the results for the free energy are displayed in

single-walled carbon nanotub¥s. Fig. 2. There, full lines represent the free energy for the
Nevertheless, to check the possibility of a phase transitiomigh-density regime and dashed lines the same for the low-

what we need is not the energy but the free energy. Thislensity one. From top to bottom, we have the results for 250,

magnitude cannot be directly obtained from a molecular273, 298, and 325 K in both sets of curves. The abscissae are

dynamics simulation, but since we have results for severahe inverse of the densities given in Fig. 1, which allow the

temperatures, we can estimate it by means of the thermodylrawing of the corresponding double-tangent lines in the

namic relationship between the energy and the free energiaxwell construction(dotted line$, and to obtain the equi-
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TABLE |. Coefficients of the least-squares fit of the energy per
water molecule. Phase I: 0.03 A<p<0.11 A"?; phase II:p

<0.11 A2,
Phase | Phase I

x?lv 0.0405 0.1733

bos 15.3463 29.4676
by, —1.1580< 10° —3.8352< 107
by 2.4976x 10* 1.5423< 10°
bs; —1.5430< 10° —1.8374<10°
bz —1.2898< 10* —1.9760< 10*
by, 7.2273K10° 2.1314<10°
by, —1.5442< 10° —8.6422< 10°
ba, 9.4551x 10’ 1.0341x 1¢°
bos 1.8301x 1¢° 2.5606< 10°
bis —1.1655< 10° —3.0374x 10°
bos 2.4221x10° 1.2301x 10°
bas —1.4584x 10'° —1.4703< 10°
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FIG. 3. Density contour plots in th€Y plane for the densities
of p=0.0362 A2 (phase |, bottotnand p=0.193 A 2 (phase II,
top).

other cases. From this figure, we can see immediately that
the low-density regiméphase )] corresponds to a situation in
which the molecules are confined to only one of the two
grooves in a triangular pattern. On the other hand, in the
high-density regimegphase 1], water is adsorbed more or
less homogeneously on all the surface of the tubes. We also

checked the possibility of the existence of another phase for
densities lower than 0.03 & by following the same process
librium densities. The minima are very similar in all cases,described above, but we got only a metastable state charac-
corresponding to densities around 0.18 and 0.036 for  terized for a single row of molecules isolated in one groove.
both regimes. That means that we have a high-density phase Given the above described phases, one could think of ex-
for p>0.18 A2 and a low-density one fop<0.036 A 2. perimental ways to detect them. The flexible model of water
Further, any system with water density in between would bémployed in our simulations allows a calculation of spectral
unstable with respect to the formation of the two mentionedensities that can be directly related with experimental mea-
phases. sures of infrared spectra. In particular, it has been shown that
The characterization of both phases is done with the helghe positions of the experimental spectral bands can be cal-
of Fig. 3. We show here the density in gfrof water for ~ culated by Fourier transforming the molecular velocity auto-
p=0.0362 A 2 (lower part of the figureand the same mag- correlation functiong.The positions of the band maxima are
nitude for 0.193 A2 (upper pait Both densities are com- directly comparable to experimeritsHence we have calcu-
puted in thexy plane, perpendicular to the axis, along lated the positions of the main peaksotation, bending,
which both tubes lie. The outer lines correspond in both fig-Stretching derived from molecular-dynamics simulations in
ures to the density contour of 1 g/énEach inner line indi-  the two regimes of interest. The results are given in Table II.
cates then progressively greater densities from 2 to 7 3/cm The temperature in all cases is 298 K. For the sake of com-
and the last one is the contour of 8 or more gicifhe plots ~ Parison, we also included simulation results for other experi-

are drawn forT =250 K, but they are very similar in all the mental situations. Both phases exhibit the splitting of the
stretching band common to absorption inside nano

to a water monolayer close to a flat graphite surf2ddow-

s ever, the second peak appears at much higher wave numbers
-1y 7] for phase | than in any other situation, even in the case in
115 1 which water is allowed inside the tubes. In phase Il this band
= -2} R is not very far from that of the monolayer case. Something
£ st
§ 3 TABLE II. Positions of the main peaks in the computed spectral
g B densities. The first two cases correspond to phase | and the third one
2 -135 to phase Il. See text for further details. All values are given in
5  _uul cm . Estimated statistical uncertainties are around 10°cfor all
8 values.
K -145
-5 e 1 System class WRot. ®Wgend. @Wstretch.l  WStretch.ll
~155 ] p=0.03 A2 405 1600 3390 3690
-16 0 5 1'0 1'5 2'0 2'5 3'0 3'5 4'0 25 p=0.036 A:z 410 1605 3400 3685
v (A% p=0.193 A 475 1618 3405 3635
Water inside g10,10 tube 448 1615 3412 3657
FIG. 2. Free energy per molecule as a function of inverse denWater monolayer 470 1620 3421 3628
sity. From top to bottom: 250, 273, 298, and 325 K for both sets ofBulk 491 1660 3382

curves.
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similar can be said of the bending peaks: there is a cleatharacterized by the presence of water in one groove of the
signature for one of the regimes(phase |; w, tube bundle(phase ). For increasing density, a first-order
~1600 cm' 1), but not for the other one, since a wave num-phase transition occurs leading to a second phase of the sys-
ber of ~1620 cm'* could correspond to phase I, to water tem. This is characterized by the presence of water molecules
on graphite or to water inside the tubes. However, the valuélling the whole outer surface of the nanotube bungllease
in the latter case is clearly different from the bulk one. Thell). That pair of phases could be experimentally detected by
rotational band located at around 400 cmgive similar means of IR spectroscopy due to the neatly distinguishable
clues: phase | and phase Il are different enough, but this lasipectral signatures with the rotational-vibrational regions for
one could be mistaken for water in a monolayer, although no¢ach phase.
inside the tubes or in bulk. We can say that phase | could be
easily detected by means of a IR spectrum, but to do the ACKNOWLEDGMENTS
same with phase Il there should not be any graphite present. ) o .
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