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ABSTRACT
We study the behavior of water droplets confined in a carbon nanotube by means of parallel molecular dynamics simulations. We report radial
density profiles, radial hydrogen bond distributions, and contact angles for tube radii ranging from 12.5 to 37.5 A and for droplets containing
up to 4632 water molecules. Our results indicate nonwetting behavior of the pristine CNT at room temperatures.

Introduction. Since the discovery of carbon nanotubes the purity of the nanotube samples and the chemical
(CNT) by lijima! the field of prospective applications composition of the liquid samples were not specified. Gogotsi
continues to expand. A particular area of interest is the useet al®’ observed wetting of CNT by aqueous inclusions
of carbon nanotubes in nanofluidics applications. Nanoflu- formed during the process of hydrothermal synthesis of
idics is the study of fluid (gas, liquid) flow around and inside multiwall CNT. In these experiments the estimated composi-
nanoscale systems. Nanofluidics is envisioned as a keytion of the fluid inclusion is 85.2% water, 7.4% GCand
technology for designing engineering devices for biological 7.4% CH, which may exhibit different behavior from pure
applications, such as biomedical devices (e.g., nanoexplorersyvater inside a pristine SWNT. In a related study of water
cell manipulators, etc.) in which the dominant biomolecular droplets on a flat graphite surface under high relative
transport process is carried out by natural and forced humidity, Luna et af:® measured the contact angle of water
convection. Other applications include the usage of CNT as on graphite to be 30 which is indicative of pronounced
nanopipet$,as sieves for DNA sequencing applications, and wetting. However, they state that minuscule amounts of
(in arrays of carbon nanotubes) as acoustic sensors in thampurities could drastically influence their measurements.
form of artificial stereocilie8 As a starting point for these  They also report observation of a 5-nm thick mobile water
applications, we have been studying the canonical problemlayer that slowly transforms into a 2-nm thick ice-like layer.
of the interaction of water with carbon nanotubes, and in This apparent wetting of CNT and graphite by water is
particular in this paper we consider the behavior of water contrasted by the general notion that the surface of graphite
droplets confined in carbon nanotubes. A fundamental issueis hydrophobic, that the contact angle of water on graphite
is the ability of a fluid to wet the interior of a CNT as this is 80—-90°,2and that CNTs have a low solubility in water.
would facilitate solution chemistry inside CNfTDujardin However, it should be noted that the measured contact angle
et al® found experimentally that liquids with surface tension of liquid drops on a smooth surface appears to decrease as
exceeding the limit of approximately 13@70 mN/m do the size of the drop decreases (see Rieutord and Saltieron
not wet single-wall CNT (SWNT) bundles. According to The intrinsic difficulties in experimental characterization
these arguments water should wet CNT, as the surfaceof thermodynamic and structural properties of nanoscale
tension of water at room temperature is 72 mN/m. However, structures have motivated the extensive use of computational
technigues such as molecular dynamics simulations (MD).
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distancer. of 10 A using smooth truncation of the poten-

Table 1: Overview of the CNF Water Systents tials!® For a complete description of the potential models

case chirality DP[A] Nuo® Nc?  type® eco [kJ mol™] and parameters used in the present study, we refer to the
A (32,0 250 360 4224 flexible 0.3135 work of Walther et at® and the references therein. The

B (64,0) 50.0 1872 8448 flexible 0.3135 electrostatic energy term between the carbon atom quadru-
B® (64, 0) 50.0 1872 8448 rigid 0.3135 pole moments and the water partial charges is not included
BY (64, 0) 50.0 1872 8448 rigid 0.3762 in this work.

B° (64, 0) 50.0 1872 8448 rigid 0.2508

The equations of motion are integrated using a leapfrog

C (96,0) 75.0 4632 12672 flexible 0.3135 . : o

G: graphitell ® 1210 576 flexible 03135 scheme with a time step of 0.2 fs. Periodic boundary
G, graphite2L o 1210 1152 flexible 0.3135 conditions are imposed in the direction parallel to the tube
G) graphite2L o 1210 1152 rigid 0.3135 axis, and free space conditions prevail in the normal

. . irections. The length of the CNT is 138.9 A. During th
a All systems are periodic in the direction of the tube axis. The length d ections € e gt. of the C . .S 3.8 9 . .u g the
of the tubes is 138.9 A and the chirality corresponds to a zig-zag @NT. ~ 1irst 4 ps of equilibration (total equilibration time is 30 ps),
gequtefhthe diagﬁetegof ﬂge CNEFNHQO_iS the numbgr of water T?Aecule?- the system is coupled to a Berendsen therm¥stt a
c is the number of carbon atoms in one periodic image of the system. . .
e Flexible and rigid refer to the force field description of the CNThe temperature of 3OQ K. In the second part of the equnlbratlon
Lennard-Jones parametejo determines the interaction strength between and for the sampling, the thermostat is turned off and the
the water and the graphite. The casdsdd B have a 20% larger and  system is allowed to evolve according to the force field
lower value foreco, respectively, than the reference values. Casefers described earlier. In all cases, statistics are collected durin
to the simulation of the planar graphitevater system, andindicates the : J g

number of graphite layers. the remaining 170 ps and samples are taken every 0.04 ps.

The impurities encountered in experiments (e.g., presence The present parallel implementation is based on a spatial

of amorphous carbon and catalyst particles on the CNT Fjoma|n decomposition method using the message passing

surface and ions and other liquid contaminants in the water) |nte'rf:;1(.:e. (MPI)I' k-)rhleb bo;?etcjtr:n;[gra(;]tlonz sre ”handled by
can change the wetting behavior. On the other hand, theMaintaining a globatbond fist that Is shared by all processors

behavior exhibited in MD simulations of pure components 222 V:g:acgezll\?vvr\:iealtlhgor?;?st?;iéggﬁ:;i;iﬁ%fscirgfgggi q
is subject to the uncertainties in the choice of parameters

for the interaction potentials. In this letter we focus on m(tahlei Séastngagge?nhgiaé?gg:ezﬁgr%?gZ't QS'&%Eet'g]svif;efeg;
wetting aspects and on structural properties of water droplets 9 Y y

confined in SWNT using large scale parallel MD simulations. water molecules and 12672 carbon atoms, see below)

We examine the equilibrium shape of the water droplet and [ﬁ?slg:)eiﬂiie Src?:egslz)lpswz E?mgtzuEt_?_gug&gefnggn;'g;n
deduce its contact angle with the CNT surface. This is done P

using isochore line plots of the water following the algorithm 2.93 s on a single processor, corresponding to a speed-up of

suggested by Nijmeijet Additionally, radial water density 52. ) . )
profiles and radial hydrogen bond distributions are reported. R€Sults and Discussion.The present study considers
The systems considered include zigzag CNTs with diameters"@nometer-size droplets of water in carbon nanotubes of
of 25.0, 50.0, and 75.0 A respectively and initially flat 23.7 diameters 25.0 A.50.0 A, and 75.0 A respectively (the cases
A thick drops (this corresponds to 12 layers of water mole- A B, @nd C). Twelve layers of randomly oriented water

cules), see the overview in Table 1. The simulations indicate Melecules form the initially flat drops. The spacing of the
that pure water does not wet pristine single wall carbon water molecules on a cubic lattice is chosen such that the

nanotubes. initial water density amountotl g cm3. The cases B

Methodology. We implement parallel molecular dynamics B, and B’ have identical initial configurations as case B,
(MD) simulations. The MD simulations are based on the Put the zero superscript signifies that the carbon nanotube
following force field: (i) Thewater—water interaction is 1S Tigid", i.e., that the position of the carbon atoms is fixed
modeled by a flexible SPC water mo#fathat accounts for during the simulation. Thus, the influence of the CNT on
intramolecular degrees of freedom including harmonietO the_dro_plet shape is limited to the Lennard-Jones interaction,
bond potentials and a-HO—H angle potential. The inter-  Which is controlled by the parametesso andoco. In case
molecular interactions consist of an-@ Lennard-Jones B the reference value af, = 0.3135 kJ mol* is used,
potential and a Coulomb potential between point chargesWhile this value is increased by 20% for casd Bnd
residing on the atoms. (ii) Thealence force fieldfor the lowered by 20% for case B(oco is 3.19 A in all cases).
CNT includes a Morse potential, harmonic angle potential, The cases & G, and G involve a slab of water
and a torsion potentidf. A C—C Lennard-Jones interaction covering a planar graphite sheet where the zero superscript
is added with the standard 1-2 and 1-3 nearest neighboragain denotes “rigid” graphite atoms and the subscript
exclusion rules applied. (iii) Thearbon—water interaction encodes the number of graphite layers. The size of the
consists of a Lennard-Jones term between the carbon and¢omputational domain is 3% 39 x 100 A, and periodic

oxygen atoms where the parameters of the potertial= boundary conditions are imposed in all spatial directions.
0.3135 kJ mot! andoco = 3.19 A, are obtained from the  The water slab is initially 10 molecules thick. The overall
experimental data of Bojan and Steéle. simulation length is 200 ps for the cases A, B, and C and

The nonbonded interactions (including van der Waals and 100 ps for the cases’BB° , B?, G;, G, and Cg A
Coulomb potentials) are both considered within a cutoff summary of these systems is given in Table 1.
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A CNT The water radial density profiles for the three different
diameter tubes are shown in Figure 2a and 2b. Note that the
r axis corresponds to the distance from the CNT wall toward
the center of the tube. Using a standard sampling technique
(Figure 2a), the density profiles display an apparent reduction
of the density peaks for the large diameter CNTs and a shift
of position of the peaks toward the center of the tubes.
However, this significant reduction of the peaks is partially
an artifact of the binning as demonstrated in Figure 2c, where
a conditional binning has been applied. The CNTs are
modeled by a force field that accurately reflects their
mechanical behavior, e.g., it is able to reproduce the correct
vibrational modes of the CNT as reported in ref 16. Thus,
Figure 1. Schematic of the CNFwater systemR denotes the  the CNT does not retain the initial cylindrical shape that is
]E‘rlcf’rf] ;ﬁgi?;d"?‘igdatr?destgbethixife-I;T:rsojtzct agoﬂeis(ggemgfg assumed for the standard circumferential averaging. This
dis an inner radius thgt excludes the near wall water fayering and Ie.ad.s o a Smgarlng of the I’?ldla| depsﬂy peaks smce. the
sis the radius of the fitted sphere. binning, as applied to a CNT with an ellipsoidal cross section,
spreads the near-wall water molecules over more bins than
The radial density and hydrogen bond distributions are it would for a CNT with a circular cross section. A
measured in the central part of the drop using 50 radial bins Straightforward way to circumvent this problem is to use a
of constant volume for case A and 100 and 150 bins, conditional binning, where a sample is accepted when the
respectively, for cases B and C. This binning is centered standard deviation of the C atom positions from the cylindri-
vertically at the center of mass of the drop, and the height cal shape is less than 0.4 A. This threshold was determined
of the bins is 19.8 A in all cases. For the calculation of the by inspection of the evolution of the CNT cross sections in
water isochore profiles, a total of 250 bins is used along the time. Using the conditional binning, 88.8% of the samples
z axis while the resolution in the radial direction is similar for case B and 26.3% of the samples for case C are accepted.
to that used for the radial profiles. The resulting bin spacing The cases where a conditional binning is applied are marked
alongzis 0.56 A and the bin volume is 5.5, 11, and 18 A  with a prime. The comparatively small tube in case A is not
for cases A, B, and C, respectively. All quantities that are affected by the conditional binning, since it fulfills the
plotted for the CNTFwater cases are averaged circumfer- regularity criterion for every sample. As illustrated in Figure
entially and are displayed as a function of the radiug 2b, the lowering and shifting of the peaks is largely reduced.
schematic of the CNFwater systems is shown in Figure 1. The remaining differences are attributed to curvature effects;
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Figure 2. Water radial density profiles and hydrogen bond profiles of a water drop inside a carbon nanotube are presented. All profiles
are measured at the center of the drop, but while in (a) and (c) a standard sampling technique is applied (cases A, B, and C), we used a
conditional binning in (b) and (c) (cases A!,Bind C). The tube diameters are 25.0-§, 50.0 (), and 75.0 A (~), andR denotes the

radius of the individual tubes.
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Figure 3. Water radial density profiles and hydrogen bond profiles are presented for a water drop inside a carbon nanotube (a, c) and for

a water layer on graphite (b, d). The profiles in (a) and (c) are from the cdses-B B?r (), and B (— —), which denote the same
water—-CNT geometry but have a different wate€ENT Lennard-Jones interaction strengths. The reference vakg ef 0.3135 kJ mott

for case B is increased by 20% in caséiBmd lowered by 20% in case’BFigures (b) and (d) display analogous plots for the graphite
cases, which include a single flexible layer in case(6 —), a double flexible layer in case,&-+), and a double rigid layer in casegG

).

in other words, a water molecule in a small diameter CNT 0.2508 kJ moi! for the cases B B?, and B, respectively.
is subject to an increased influence from the wall and to a In Figure 3, the rigid cases®BB?, and B are compared.

reduction of the intermolecular water interaction. The differences induced by the variation of the interaction
The hydrogen bond distributions shown in Figures 2 and strength manifest themselves in the peak height and also in
3 are found using the geometrical definition of M&fwhich the value of the contact angle, as will be seen later. The

assumes that two water molecules are hydrogen bonded ithigher the value of the parametefo, i.e., the stronger the
(i) the oxygen-oxygen distance is smaller than 3.6 A, (i) water—carbon interaction, the higher the peak. The hydrogen
the distance between the oxygen of the donor and thebond number and distribution are only slightly affected by
hydrogen of the acceptor is less than 2.4 A, and (iii) the the difference in the interaction strength, supporting the
bond angle between the-@ direction and the molecular  conjecture that these properties are governed by confinement
O—H direction of the donor, where H is the hydrogen that effects. The cases with the water slab on graphitge G,
forms the bond, is less than 30n Figure 2c the plots are  and Cg) are the limiting case of a CN¥water system
generated using all samples, while in Figure 2d only the where the CNT has an infinite radius. In that sense, the
samples that fulfill the conditional sampling criterion are double-layer graphite cases might be perceived as models
used. In both cases the number of hydrogen bonds amountsor multiwall CNTs. The double layer cases, @nd Cg
to approximately 3.7 in the central part of the drop, which exhibit higher peaks in the radial density functions than the
corresponds to the value for bulk water. It can be observedsingle layer case Gsee Figure 3b, due to the increased van
that the number of hydrogen bonds decreases more slowlyder Waals attraction between the water and the graphite.
near the wall for the larger diameter CNTs, reflecting the  The notion of a contact angle in its classical meaning is a
fact that water molecules have fewer neighbors close to amacroscopic concept that is not fully applicable on the
strongly curved wall. A molecule in the outermost water layer nanometer sca®.Nevertheless, Nijmeijer et &t.suggested
forms on average approximately 2.6 hydrogen bonds. a technique to visually determine the contact angle of a fluid
To study the role of the watercarbon interaction, three  between two walls, which is based on the observation that
additional cases BB, and B) were studied for systems  the liquid—vapor interface would relax to a spherical shape.
with rigid walls. The Lennard-Jones potential well depth Following their work, we measure the contact angle by fitting
(between an oxygen and a carbon atom) was increased om circle to the isochore lines of 0.45, 0.55, 0.65, and 0.75 g
reduced by 20% from the reference value, corresponding tocm™2 using a least-squares method, see Figure 1. In this
eco = 0.3135 kJ motl, e, = 0.3762 kJ mot?, e = procedure, we neglect the first 7.5 A in radius of the water
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Figure 4. Determination of the contact angle. (a) Isochore line plot for case B at the levels 0.2, 0.4, 0.6, 0.8, and L 0rgspmctively.
(b) Plot of the isochore lines 0.6 and 0.7 g ¢nfor the cases A, B, and C. The least squares fit of the 0.65 T désochore line is
superposed. For the fit, only the part of the isochore lines that lies outside the-@ai&r interface is considered (indicated by the vertical
lines).

Table 2: Computed Contact Angles for Tubes of Different sured for water on graphite (a value of-880° is reported
Diameters: 25 A (case A), 50 A (case B) and 75 A (cast C) in ref 10), but it qualitatively contradicts the experimental
observations of Gogotsi et ahnd Dujardin et at? However,
all of the experimental results might be compromised by

isochore [g cm~3]

case 0.45 0.55 0.65 0.75 error contamination of the surface or of the water. A more detailed
A 103.0° 103.0° 100.9° 106.2° +4.8° study of the cases AB'—C' reveals that the value of the
B 104.4°  1052°  1064°  107.6°  +0.9° contact angle has a slight tendency to increase with diameter,
B 104.3 104.9 105.8 107.0 +0.6 but the differences are negligible compared to the estimated
BO 105.3° 107.2° 109.9° 115.4° +1.1° " i )

0 . o . . . errors. Also, the conditional binning seems not to influence
BY 102.6 103.8 105.0 107.7 +1.5 h | " le sianif v the |
B0 125.3° 129.2° 132,20 136.4° 1060 t.e value of the contact angle sllgnmcan_t.y, the grgest
C 105.3° 106.1° 107.2° 109.1° 40.3° difference betlween case B and its conditionally bmned
c' 104.4° 105.3° 106.2° 107.9° +0.4 counterpart Bis 0.6°. The difference between C and 8

aCases Band C denote the results obtained using the conditional Iarger, namely 12 ,WhICh |s'expla|ned by the hlgh rejection
binning. Cases 8 B2, and B involve fixed CNTs with the reference rate of samples in case'.CThe contact angle for the
(cases B) and perturbed (cases)Band EY) Lennard-Jones parameters. ~ conditionally binned cases Bnd C are consistently smaller
The angles are obtained by fitting a sphere through isochore surfaces ofthan the ones found for B and C. Together with the
the water meniscus. The conditional binning has a negligible influence on . .
the contact angle for case A, it reduces the number of samples for B and ObServation that the density peaks are larger for the double
C to 89% and 26%, respectively. The errors are the maximum errors (for |ayer graphite case £han for the single layer graphite case

each row) as computed from the standard deviation of the fit. Gy, One expects that the contact angle is Iikely to be smaller
meniscus from the wall, as indicated by the dashed vertical for multiwall CNTs than for the corresponding SWNTs. Also
lines in Figure 4b. This effectively excludes the large density interesting is the comparison between the averaged values
variations that do not contribute to the macroscopic contact Of the contact angle for the case$,B°, and B, which are
angle. The 0.6 and 0.7 g cthisochore lines for the cases 104.8, 109.5 and 130.8 respectively (averaged over all

A, B, and C are shown in Figure 4b with the circular curves considered isochores). Even for the casg ®ith an
superimposed that fit the at 0.65 g ciisochore. An increased interaction strength, wetting is not observed. The
inspection of the isochores in Figure 4 reveals that a variation fact that a change in the parametep of £20% leads to a

of the size of the exclusion zone in a range from 5to 10 A consistent change in the contact angle suggests that the
would not affect the value of the contact angle significantly. CNT—water system could be used as a model system for
As an example, the complete water isochore contours for comparison with experiments.

the levels 0.2, 0.4, 0.6, 0.8, and 1.0 g ¢nfor case B are Conclusions. We have conducted parallel molecular
shown in Figure 4a. The values obtained for the contact angledynamics simulations to investigate the wetting behavior of
are given in Table 2. The error estimates are the maximumwater droplets confined in carbon nanotubes. Contrary to the
standard deviation of the four least squares fits in each row. wetting behavior observed experimentally by Gogotsi ét al.
The results clearly indicate that none of the systems exhibit and by Dujardin et af? the present study of pure water in
wetting and that the smallest contact angle, °168 found pristine CNT indicates a nonwetting behavior. For the
for the smallest-diameter tube considered (case A). This isinteraction potentials considered, a perturbation of the
in reasonable agreement with the macroscopic value mea-carborn-water interaction energy at20% did not alter the
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nonwetting behavior of the interface. We do not expect (5) Dujardin, E.; Ebbesen, T. W.; Krishnan, A.; Treacy, M. M Adv.
- : ; : Mater. 1998 10(17), 1472-1475.

S|gn_|f|cant differences in the contact angle for armcha|r. and (6) Gogotsi. Y. Libera, J. A.: Yoshimura, M. Mater. Res200Q 15(12),

achiral tubes (the tubes in the present study are all of zigzag 25912594,

type). Small changes could be caused due to a chirality (7) Gogotsi, Y.; Libera, J. A.; GeengYazicioglu, A.; Megaridis, C. M.

e ; ; ; Appl. Phys. Lett2001, 7%(7), 1021-1023.
specific mechanical deformation behavior of the CNT and (8) Luna, M.: Colchero, J.: BaroA. M. J. Phys. Chem. B.999 103

by the electronic structure, which potentially leads to a 9576-9581.
different carbon water interaction. Direct comparisons of our  (9) Gil, A; Colchero, J.; Luna, M.; Guez-Herrero, J.; BatoA. M.
; : ; ; ; Langmuir200Q 16, 5086-5092.
MD simulations Wlth experlmental d_ata would b_e deSIrable_ 10) Adamson, A. W.; Gast, A. FPhysical Chemisry of Surface6th
but are not possible at the present time due to differences in ed.; John Wiley & Sons: New York, 1997.
length and time scales as well as discrepancies in the (11) Liu, J.; Rinzler, A. G.; Dai, H.; Hafner, J. H.; Bradley, R. K.; Boul,
it ; ; ; i P.J.; Lu, A; Iverson, T.; Shelimov, K.; Huffman, C. B.; Rodriguez-
composition of the wqulng matengls (|mpur|t|es). However, Macias, F.: Shon, Y.-S.: Lee, T. R.: Golbert, D. T.: Smalley, R, E.
the present parallel implementation will soon allow us to Sciencel998 280, 1253-1256.
approach regimes such as the one probed in the experiments(12) Rieutord, F.; Salmeron, M. Phys. Chem. B99§ 102, 3941-3944.
; ; ; : ; (13) Gordillo, M. C.; Martj J. Chem. Phys. Let00Q 329 341-345.
by Gogotsi et aT.Further |nvest|g§1t|ons are ongoing to'assess (12) Nijmeijer. M. J. P.: Bruin, C.. Bakker, A. F.. van Leeuwen, J. M. J.
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the overall wetting behavior of the CNTSs. Also, the possible (15) Teleman, O.;Jwsson, B.; Engstra, S.Mol. Phys.1987 60(1), 193~
; ; ; 203.
. X 16) Walther, J. H.; Halicioglu, T.; Jaffe, R.; Koumoutsakos, P.
influence of the presence of a pressurized inert gas on the (16) Walth licioal f kos. P
contact angle will be addressed to allow a closer comparison Phys.Chem. 2001, 105 9980-9987.
to experiments. We believe that the present results may offer (17) Bojan, M. J.; Vernov, A. V.; Steele, W. Aangmuir1992 8, 901~
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