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Abstract

We perform molecular dynamics (MD) simulations to study the hydrophobic–hydrophilic behavior of pairs of C60 fullerene

molecules and single wall carbon nanotubes in water. The interaction potentials involve a fully atomistic description of the fullerenes

or carbon nanotubes and the water is modeled using the flexible SPCmodel. Both unconstrained and constrainedMD simulations are

carried out. We find that these systems display drying, as evidenced by expulsion of the interstitial water, when the C60 and carbon

nanotubes are separated by less than 12, and 9–10 �A, respectively. From the constrained simulations, the computed mean force

between two carbon nanotubes in water exhibits a maximum at a tube spacing of 5.0 �A which corresponds to approximately one

unstable layer of interstitial water molecules. The main contribution to the force stems from the van der Waals attraction between the

carbon surfaces. The minimum in the potential of mean force has a value of )17 kJmol�1 �A�1 at a tube spacing of 3.5 �A.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The applicability of carbon nanotubes (CNT) as

sensory [1–3] and manipulating devices in biological

systems [4,5] is critically related to their solubility and

wettability in aqueous environments, or in general with

their hydrophobic–hydrophilic behavior. Graphite is

considered to be hydrophobic [6–9], and carbon na-

notubes, which correspond to hollow cylinders of rolled-

up graphene, and fullerenes are found to have a low
solubility in water [10–14]. However, water is expected

to wet and fill carbon nanotubes due to its relatively low

surface tension [15]. Indeed partial wetting of capped

multiwall carbon nanotubes was recently observed

experimentally [16] in liquid inclusions composed of

85.2% water, 7.4% CO2, and 7.4% CH4, respectively.

However, the observed wetting in these experiments was

later found to be influenced by the presence of hydro-
philic groups (e.g., –OH and –COOH) on the interior of
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the carbon nanotube [17]. In contrast, a non-wetting or

hydrophobic behavior was found in numerical studies of
pure water surrounding a pristine carbon nanotube [18],

and water droplets inside carbon nanotubes were found

to have a contact angle of 106� [19], indicative of a

hydrophobic interface. Other recent simulations include

studies of spontaneous filling of narrow carbon na-

notubes [20], and the formation of helical ice structures

[21] at physiological conditions (1 atm and 300 K) and

at elevated pressures [22], indicating a hydrophilic-like
behavior of the carbon nanotube interior. The drying of

arrays of carbon nanotubes was recently observed dur-

ing wet treatment and purification of aligned carbon

nanotubes intended as a nanoelectrode platform for

biosensor development [5]. Shortening the arrays by

partially filling the gaps and covering the sidewalls of the

carbon nanotubes with a spin-on glass resulted in a

mechanically stable system.
In the present study, we consider as a canonical

problem the hydrophobic–hydrophilic behavior of a

pair of C60 molecules and two and 16 (16,0) carbon

nanotubes surrounded by water at physiological condi-

tions. These systems are modeled using fully atomistic

molecular dynamics (MD) simulations. The C60 bucky-

balls and carbon nanotubes are described by Morse
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stretch, harmonic bend, torsion, and a carbon–carbon

Lennard-Jones potential, and the water by the flexible

SPC model of Teleman et al. [23]. The carbon–water

interaction is described by a carbon–oxygen Lennard-
Jones term. We consider the stability of the interstitial

water molecules and derive the potential of mean force

for the two carbon nanotubes in water. The results

indicate that for physically realistic interaction poten-

tials the dominant force aggregating the carbon na-

notubes is the van der Waals attraction between the

carbon nanotubes. Only purely repulsive carbon–water

interactions result in a ‘‘long-range’’ hydrophobic
hydration of the carbon nanotubes.
Table 1

Parameters for the carbon and water interaction potentialsa

KCr ¼ 478:9 kJmol�1 �A�2 rC ¼ 1:418 �A
KCh ¼ 562:2 kJmol�1 hC ¼ 120:00�
KC/ ¼ 25:12 kJmol�1b c ¼ 2:1867 �A�1

�CC ¼ 0:4396 kJmol�1c rCC ¼ 3:851 �Ac

�CO ¼ 0:3126 kJmol�1b rCO ¼ 3:19 �Ab

KCr, rC and c are the parameters of the Morse potential, KCh and hC the

angle parameters, and KC/, is the torsion parameter. �CC and rCC are

the Lennard-Jones parameters for the carbon–carbon interaction.
aRef. [25] unless otherwise indicated.
bRef. [18].
cRef. [27].

Fig. 1. Sketch of the C60 and carbon nanotube system. Lx and Ly de-

note the size of the system in the x and y direction, LCOM the center-of-

mass spacing between the structures, and S the distance between the

molecules. During the equilibration, the size of the computational box

is adjusted to secure a bulk density of 997 kgm�3 in the bulk region

(shaded area).
2. Molecular dynamics simulations

The carbon nanotube–water system is modeled using
classical molecular dynamics simulations subject to

periodic boundary conditions in two or three spatial

directions, the former for the studies involving a free

surface corresponding to carbon nanotubes immersed in

a slab of water. The latter were carried out in an NVE

ensemble. In all cases, temperature scaling is imposed

only during the initial equilibration period.

The water intramolecular potential energy is de-
scribed by the flexible SPC model [23] which features

harmonic stretch and bend terms between the oxygen

and hydrogen atoms. The water–water interaction is

described by an oxygen–oxygen Lennard-Jones term

and Coulomb terms between partial charges located on

the hydrogen and oxygen atoms. The Coulomb inter-

action is computed using a smooth truncation [24] with

a cutoff fixed for each case, at a value of 9.50–12.66 �A.
The carbon nanotube energies are modeled by terms

describing Morse bond, harmonic cosine of the bending

angle, and a 2-fold torsion potential [18,25,26]

Uðrij; hijk;/ijklÞ ¼ KCrðnij � 1Þ2 þ 1

2
KChðcos hijk � cos hCÞ2

þ 1

2
KC/ð1� cos 2/ijklÞ; ð1Þ

where

nij ¼ e�cðrij�rCÞ; ð2Þ

and hijk and /ijkl represent all the possible bending and

torsion angles, and rij represents all the distances be-
tween bonded atoms. KC, KCh and KC/ are the force

constants of the stretch, bend and torsion potentials,

respectively, and rC, hC, and /C the corresponding ref-

erence geometry parameters for graphene. A pairwise

Lennard-Jones term is added to the nanotube potential

to account for the steric and van der Waals carbon–

carbon interaction
UðrijÞ ¼ 4�CC
rCC

rij

� �12
"

� rCC

rij

� �6
#
; ð3Þ

excluding 1–2 and 1–3 C–C pairs. The parameters of the
Lennard-Jones potential are obtained from the Uni-

versal Force Field (UFF) [27]. The carbon–water inter-

action is modeled as a carbon–oxygen Lennard-Jones

potential with parameters (rCO; �CO) obtained from Bo-

jan and Steele [28]. Details and validation of the

potentials are given elsewhere [18,19,29] and summa-

rized in Table 1. The electrostatic interaction between

carbon and water employed previously [18,30] was not
used in the present study because its effect was found to

be negligible in a series of validation studies [18].

The water molecules are initially placed on a rectan-

gular lattice with spherical or cylindrical voids to

accommodate the buckyballs and carbon nanotubes,

respectively. During equilibration the temperature is

adjusted to the desired value of 300 K using velocity

scaling. For the fully periodic systems, the size of the
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computational box is adjusted to match a bulk water

density of 997 kgm�3. The bulk properties are measured

in the region excluding the C60 and CNT’s and the

interface regions that exhibit density variations cf. Fig.
1. No volume adjustment was performed for the systems

with a free surface. These adjustments are switched off

after the equilibration phase at 4 and 10 ps for the

simulations of the CNT and C60, respectively. For the

fully periodic systems, the water–water electrostatic

interactions are initially (during the first 0.2 ps) excluded

to allow a faster filling of the interstices.

14
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Fig. 2. Examples of the time history of the distance between the cen-

ter-of-mass (LCOM) of the carbon nanotubes during equilibration for

four different target spacings. The constraining force is computed using

the Ziegler–Nichols method to allow a dynamic adjustment of the

COM. ––: transient of the LCOM; - - -: the target COM spacing.
2.1. Constrained dynamics

To compute the potential of mean force (PMF) be-

tween the carbon nanotubes, separate simulations are
conducted in which the distance between the center-of-

mass (LCOM) of the CNT’s is constrained cf. Fig. 1. The

constraining force (F ) is computed using a classical

Proportional-Integral-Differential (PID) control algo-

rithm [31]

F ðtÞ ¼ G e
�

þ Td
de
dt

þ 1

Ti

Z t

0

eds
�
: ð4Þ

The force per carbon atom acts between the center-of-

mass of the nanotubes to drive the difference (e) between
the actual CNT spacing and the required value to zero.

G is the gain of the controller, and Td and Ti are the time

constants of the P and I control, respectively. The con-

stants are adjusted using the Ziegler–Nichols method

[32] and values of G ¼ 16:2 MJmol�1 �A�2, and Td ¼
Ti ¼ 31:4 fs, are found to provide a fast, but well

damped controller. The method is similar to the method

of steered molecular dynamics [33] and traditional

constrained dynamics [34], but provides an adaptive

mechanism for computing the strength of the con-

straining potential for a given constraint. The algorithm

furthermore allows dynamic adjustment of the (identi-

cal) initial configuration to match the desired spacing as
demonstrated in Fig. 2. The main transient of the mo-

tion is completed in less than 0.5 ps and at equilibrium,

the distance between the carbon nanotubes does not

deviate more than 10�5 �A. Since the motion of the tubes

at equilibrium is negligible, the statistical ensemble

effectively remains microcanonical (the variation of the

total energy is less than dEtot=Etot < 0:02% during the

entire 0.1 ns simulation). Thus the potential of mean
force can be computed directly from the constraining

force as

PMFðRÞ ¼
Z R

0

F ðrÞdr; ð5Þ

where F ðr) is the time average of the constraining force
[35–37].
3. Results

The C60 fullerene molecules are initially placed at a

center-of-mass (COM) distance in the range 11.5–19.5
�A, which corresponds to a distance (S) between the

molecules of 4.68–12.68 �A measured as the minimum

distance between the carbon atoms on different fulle-

renes. The number of water molecules used in the sim-

ulations (cases 1–6) varies from 961 to 1020 for the small

and large spacing, cf. Table 2. During the 15 ps equili-
bration, the COM spacing of the buckyballs is fixed to

allow the water to fill the interstices between the

buckyballs. Afterwards, the C60 molecules are released

and allowed to move while the temperature and the

volume adjustment are continued for another 10 ps. The

simulations are continued for 160 ps or until drying

occurs.

The simulations of unconstrained (16,0) carbon na-
notubes in water (cases 7–12) involve 4536 water mole-

cules and 2 · 832 carbon atoms, respectively. The two

carbon nanotubes are placed with an initial spacing (S)
in the range of 7.68–11.76 �A. The center-of-mass sepa-

ration of the carbon nanotubes is constrained during a 4

ps equilibration period, after which they are released

and free to move. However, the imposed periodic

boundary condition will limit the motion and mainly
allow an in-plane (x–y) motion. A rotation of the carbon

nanotubes will result in an unfavourable stretching of

the tubes. The simulations are continued for 100 ps or

until the system reaches a drying state.

Finally, we consider a set of constrained simulations

(cases 13–55) of carbon nanotubes in water to compute

their potential of mean force. The simulations involve

both a fully periodic system (cases 13–44), and simula-
tions with a free surface of the water (cases 45–55),

corresponding to carbon nanotubes immersed in a slab

of water. Case 55 uses a purely repulsive Lennard-Jones



Table 2

Simulation cases for buckyballs (B), and carbon nanotubes (CNT) in water

Case System LCOM (�A) S (�A) Nw Nc tm (ps) rc (�A) Type

1 B 12.00 4.68 961 2 · 60 60 12.66 f

2 B 14.00 6.68 1018 2 · 60 60 12.66 f

3 B 15.00 7.68 1019 2 · 60 60 12.66 f

4 B 16.00 8.68 1123 2 · 60 85 12.66 f

5 B 18.00 10.68 1120 2 · 60 130 12.66 f

6 B 20.00 12.68 1120 2 · 60 130 12.66 f

7 CNT 20.51 7.68 4446 2 · 832 69 9.50 f

8 CNT 21.51 8.72 4446 2 · 832 60 11.10 f

9 CNT 22.51 9.95 4446 2 · 832 43 11.10 f

10 CNT 23.01 10.37 4446 2 · 832 64 11.10 f

11 CNT 23.51 10.94 4446 2 · 832 29 11.10 f

12 CNT 24.51 11.76 4446 2 · 832 100 11.10 f

13 CNT 15.50 2.98 4536 2 · 832 180 9.50 c

14 CNT 15.75 3.23 4536 2 · 832 180 9.50 c

15 CNT 16.00 3.48 4536 2 · 832 180 9.50 c

16 CNT 16.25 3.73 4536 2 · 832 180 9.50 c

17 CNT 16.50 3.97 4536 2 · 832 180 9.50 c

18 CNT 16.75 4.23 4536 2 · 832 180 9.50 c

19 CNT 17.00 4.47 4536 2 · 832 180 9.50 c

20 CNT 17.25 4.73 4536 2 · 832 180 9.50 c

21 CNT 17.50 4.98 4536 2 · 832 180 9.50 c

22 CNT 17.75 5.22 4536 2 · 832 180 9.50 c

23 CNT 18.00 5.48 4536 2 · 832 180 9.50 c

24 CNT 18.25 5.72 4536 2 · 832 180 9.50 c

25 CNT 18.50 5.98 4536 2 · 832 180 9.50 c

26 CNT 18.75 6.23 4536 2 · 832 180 9.50 c

27 CNT 19.00 6.47 4536 2 · 832 180 9.50 c

28 CNT 19.25 6.73 4536 2 · 832 180 9.50 c

29 CNT 19.50 6.97 4536 2 · 832 180 9.50 c

30 CNT 19.75 7.23 4536 2 · 832 180 9.50 c

31 CNT 20.00 7.48 4536 2 · 832 180 9.50 c

32 CNT 20.25 7.72 4536 2 · 832 180 9.50 c

33 CNT 20.50 7.98 4536 2 · 832 180 9.50 c

34 CNT 20.75 8.22 4536 2 · 832 180 9.50 c

35 CNT 21.00 8.48 4536 2 · 832 180 9.50 c

36 CNT 21.25 8.73 4536 2 · 832 180 9.50 c

37 CNT 21.50 8.97 4536 2 · 832 180 9.50 c

38 CNT 22.00 9.47 4536 2 · 832 180 9.50 c

39 CNT 22.50 9.98 4536 2 · 832 180 9.50 c

40 CNT 23.00 10.48 4536 2 · 832 180 9.50 c

41 CNT 24.00 11.47 4536 2 · 832 180 9.50 c

42 CNT 25.00 12.48 4536 2 · 832 180 9.50 c

43 CNT 26.00 13.48 4536 2 · 832 180 9.50 c

44 CNT 27.00 14.47 4536 2 · 832 180 9.50 c

45 CNT 16.00 3.47 4536 2 · 832 180 9.50 cs

46 CNT 17.00 4.47 4536 2 · 832 180 9.50 cs

47 CNT 18.00 5.47 4536 2 · 832 180 9.50 cs

48 CNT 19.00 6.47 4536 2 · 832 180 9.50 cs

49 CNT 20.00 7.47 4536 2 · 832 180 9.50 cs

50 CNT 21.00 8.47 4536 2 · 832 180 9.50 cs

51 CNT 22.00 9.47 4536 2 · 832 180 9.50 cs

52 CNT 23.00 10.47 4536 2 · 832 180 9.50 cs

53 CNT 24.00 11.47 4536 2 · 832 180 9.50 cs

54 CNT 25.00 12.47 4536 2 · 832 180 9.50 cs

55 CNT 27.00 14.47 4536 2 · 832 180 9.50 cs

56 CNT – – 12,402 16 · 832 135 9.50 f

The simulations allow the buckyballs and carbon nanotubes to move freely (f) during the simulation, or constrained (c) subject to periodic boundary

conditions or constrained within a slab of water (cs). LCOM denotes the initial center-of-mass separation of the nanotubes, S the minimal initial tube

distance, and Nw, Nc, tm, and rc the number of water molecules, the number of carbon atoms, the simulation time and the cutoff radius, respectively.

For the (f) cases, S is measured after the initial equilibration with fixed LCOM. Case 55 is run with a purely repulsive potential, cf. text.
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between the carbon and oxygen atoms to study the effect

of a strongly hydrophobic interface. The simulations are

carried out for 180 ps and the statistics are collected

after 120 ps when the individual components of the
potential energy have converged to stable values.
3.1. Buckyballs in water

For the simulations of buckyballs in water, we find

that the systems with an initial spacing S less than 12 �A
exhibit drying that results in a direct contact between the

buckyballs as shown in Fig. 3, whereas a larger initial

spacing results in a continuous wetting. Snapshots of the

systems corresponding to the drying and wetting states

are shown in Fig. 4. The separation at which the tran-

sition occurs allows approximately two layers of inter-
stitial water molecules which, depending on the relative

orientation of the fullerenes, is between 8.5 and 9.6 �A for

a staggered and inline arrangement of the carbon–oxy-

gen atoms (C–O–O–C), respectively. A similar threshold

value was found by Wallqvist and Berne [38] for water

confined between structureless hydrophobic surfaces. In

the present study the interstitial water is observed to be

subject to an occasional compression due to the fluctu-
0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

S
 (

Å
)

time (ps)

Fig. 3. Time history of the minimum carbon–carbon spacings (S) be-
tween two buckyballs in water for different initial center-of-mass

spacing: ––: 14 �A; –– ––: 15 �A; – – –: 16 �A; - - -: 18 �A; – - –: 20 �A.

Fig. 4. Snapshots from the simulations of buckyballs in water. An

initial center-of-mass spacing of 14 �A results in a drying of the inter-

face (a), whereas buckyballs placed at a distance beyond 20 �A exhibit a

continued wetting (b).
ations of the position of the C60 molecules. This com-

pression leads to a decrease in S and finally destabilizes

the interstitial water layer as demonstrated by the 16 and

18 �A cases shown in Fig. 3. The expulsion of the inter-
stitial water proceeds in two steps (see Fig. 3): first the

thickness of the water layer is reduced to a single

metastable layer of water molecules with a thickness of

5.7–6.4 �A and a lifetime under 40 ps and then this single

layer of water is expelled in 5–10 ps. The systems which

exhibit a drying behavior all reach their van der Waals

equilibrium at a carbon–carbon distance of 3.2 �A.

3.2. Carbon nanotubes in water

A similar behavior is observed for a parallel pair of

unconstrained carbon nanotubes in water as shown in

Fig. 5. The critical spacing dividing the drying and
the wetting state is approximately 12 �A similar to the

threshold value found for the buckyballs in water. The

drying of the carbon nanotubes generally proceeds in

three steps: a first metastable configuration is reached at

a separation of 7.5–8.5 �A (Fig. 5) which is approxi-

mately 1 �A less than the spacing required to support two

layers of water molecules. This reduced value is caused

by the compression of the interstitial water molecules.
Next, a distinct plateau is reached for one layer of

interstitial waters at S ¼ 5:5–5.8 �A with a lifetime up to

30–40 ps. Finally, a complete drying state is reached at

the equilibrium spacing of 3.5 �A. The actual transitions

between the metastable separation and the dry state

occur rapidly over a time of 1–3 ps.

3.3. Potential of mean force

Constrained molecular dynamics simulations have

been performed for the two carbon nanotubes in water

(cases: 13–55) to extract the potential of mean force

(PMF) governing the drying transition. The simulations
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Fig. 5. The time history of the minimum carbon–carbon spacing (S)
between two carbon nanotubes in water. The initial center-of-mass

spacings are: ––: 12 �A; – – –: 14 �A; � � �: 16 �A; - - -: 17 �A; - -Æ- -: 18 �A; – - –:

20 �A.
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Fig. 6. Constraining force per unit length of the carbon nanotube (a)

for the periodic system (––), for a slab system (– –), and for rigid

carbon nanotubes in vacuum (� � �). The corresponding potential of

mean force per unit length of the carbon nanotube is shown in (b). The

reaction coordinate is the tube spacing (S). The potential is arbitrarily
set to zero at the maximum tube spacing. The error bars (a) indicate

the standard deviation of the constraining force.

6 J.H. Walther et al. / Carbon xxx (2004) xxx–xxx

ARTICLE IN PRESS
involve both a fully periodic system (cases: 13–44) and a

slab with a pair of free surfaces (cases: 45–55) to study

the effect of the finite size system imposed by the peri-

odic boundary conditions. For large system sizes the
two are equivalent, whereas the fully periodic system

may force or prevent drying for small system sizes.

At equilibrium, the constraining force (F ) balances

the hydration force (F ¼ �Fhyd) which allows us to

compute the corresponding potential of mean force (Eq.

(5)). The constraining force and the PMF per unit length

of the carbon nanotube are shown in Fig. 6 and snap-

shots from the simulations are shown in Fig. 7. Both the
simulations using full and partial periodic boundary

conditions display a qualitatively similar drying transi-

tion as demonstrated in the constraining force and PMF

shown in Fig. 6. The first equilibrium configuration is

found at the point of van der Waals contact at a sepa-

ration of approximately 3.2 �A. At shorter spacings, the

constraining force is negative due to van der Waals

repulsion of the nanotubes. The attractive part of the
force reaches its maximum at a tube spacing of 5.0 �A
(see Figs. 6a and 7b) which is approximately 1 �A less

than the spacing required to host one layer of water. The

main difference between the simulations using different

boundary conditions is found at a tube spacing of 5.24
�A (0.24 �A beyond the maximum) where the slab system

displays a weaker force (�6.0 kJmol�1 �A�2) compared

to the fully periodic system (�8.1 kJmol�1 �A�2). After
the maximum is reached the force decreases rapidly at

larger distances and reaches a low, but positive value at

a tube spacing of 6–7 �A which allows accommodation of

one unstable layer of water. Finally, a weak depression

in the force is observed at a spacing of 9–10 �A corre-

sponding to a metastable interstitial region with two

layers of waters. The use of constrained dynamics

eliminates the compression of the interstitial water layer
found in the studies of the unconstrained fullerenes, and

thereby enhances the stability of the two-layer configu-

ration. For the 12.5 �A diameter carbon nanotubes

considered in the the present study, the magnitude of the

PMF per unit length is �)17 kJmol�1 �A�1 (Fig. 6b),

which is in reasonable agreement with the analysis of

Lum et al. [39] of water interacting with four parallel

hard cylinders. Their analysis results in values of the
PMF of )12 and )23 kJmol�1 �A�1 for cylinders with a

radius of 5 and 6 �A, respectively. However, the present

study indicates that the main contribution to the PMF is

the van der Waals attraction between the carbon na-

notubes as demonstrated by measuring the force be-

tween two rigid carbon nanotubes in vacuum (Fig. 6a).

The deformation of the carbon nanotubes allowed by

the simulations of carbon nanotubes in water reduces
the maximum attraction between the tubes and the point

of the maximum attraction occurs at a larger separation.

The snapshots shown in Fig. 7c–e reveal an intersti-

tial vapor phase indicative of cavitation [39–43] for the
metastable pre-drying state and an apparently stable

water layer at larger tube spacing (cf. Fig. 7f). A similar

vapor phase is found in the simulations using a slab as

shown in Fig. 8. The snapshots (a) and (b) correspond to
the cases shown in Fig. 7b and e. A density profile across

the interstitial region is shown in Fig. 9 for the three

cases (29, 38, and 44), with S ¼ 6:98, 9.48, and 14.48 �A,

corresponding to Fig. 7c, e, f, respectively. The inter-

stitial density exhibits the characteristic profile of water

at a hydrophobic surface with density peaks of �2000

kgm�3 and a superposition of the second peaks in the

interstitial region for the S ¼ 14:48 �A case. At lower
tube spacings, the interstitial density is reduced to values

of 500 and 200 kgm�3, respectively. This relatively short

range of the hydrophobic interaction is in accord with

recent experiments [44], where pure hydrophobic sur-

faces were found to have a short range hydrophobic

attraction with an estimated range less than 15–20 nm

[45,46] and possibly even shorter [45]. Though the

present interface is strongly hydrophobic (contact angle
exceeding 90�) we furthermore considered a purely



Fig. 7. Snapshot of the atoms for the simulation of two carbon na-

notubes in water (cases: 15, 23, 29, 33, 38, and 44). The views are

closeups; the dimension of the system is 70 · 44 · 60 �A. The center-of-

mass distance and the minimum carbon–carbon spacing in parenthesis

is 16.0 (3.48), 18.0 (5.48), 19.5 (6.98), 20.5 (7.98), 22.0 (9.48), and 27.0

(14.48) �A respectively.
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repulsively carbon water interaction UðrÞ ¼ 4�CO�
ðrCO=rðijÞÞ12 corresponding to a contact angle of 180�. At

these conditions a ‘‘long-range’’ hydration is observed
Fig. 8. Snapshots of the simulations of two carbon nanotubes in a slab of wa

27.0 �A (case 55), respectively. The views are closeups; the dimensions of the sy

bottom of the snapshots. Note that in (c), a purely repulsive water-carbon p
cf. Fig. 8c (S ¼ 14:47 �A). However, we emphasize that

this interaction potential is artificial and using realistic

parameters results in a very weak hydration.
3.4. Energetics of hydration

From the analysis of the individual components of

the potential energy during the constrained dynamics,
we can gain insight into the drying process. At S ¼ 9:0–
9.5 �A, corresponding to the metastable two-layer inter-

stitial water condition (Fig. 7e), the average water

Coulomb and Lennard-Jones (LJ) energies exhibit a

small minimum and maximum, respectively, relative to

larger separations. At S ¼ 8 �A, where half of the inter-

stitial water has been expelled (Fig. 7d), the water

Coulomb and LJ energies exhibit a maximum and a
minimum, respectively, and the carbon valence energy is

at a maximum. Here the deformation of the nanotubes

is the greatest, but the mean force between them is only

slightly higher than the asymptotic value. After the

interstitial water has been expelled (S � 6 �A) there is a

sizable increase in the mean force and the water Cou-

lomb energy is considerably lower while the water LJ

energy is at a maximum. The water energies probably
are indicative of compression of the water molecules

near the surface of the hydrophobic cavity. As seen in

Fig. 9, the water density spike is higher for the drying

case. At this point there is also a lowering of the carbon

LJ energy as the van der Waals attraction between the

nanotubes is activated. The expulsion of the interstitial

water clearly occurs before the nanotubes are pulled

together. Overall, the PMF (Fig. 6b) most closely
resembles the average carbon LJ energy term. For the

drying of nanotubes illustrated in Fig. 5, lowering of the

carbon LJ energy correlates strongly with the decrease

in S. However, in these cases, interstitial water layers

persist at smaller separations than in the constrained

MD. For example, the cases at S ¼ 8 and 6 �A, cor-

respond to two and one interstitial water layers,

respectively. Also, lowering of the carbon LJ energy is
more noticeable before the interstitial water is expelled.
ter at center-of-mass distances of 18.0 �A (case 47), 22.0 �A (case 51), and

stem are 70�1� 60 �A. The free surfaces of the slab are at the top and

otential is applied, cf. text.
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Fig. 9. The water density profile through the interstitial region for

different tube spacings (S): ––: 6.98 �A (case 29), – – –: 9.48 �A (case 38),

and - - -: 14.48 �A (case 44).

Fig. 10. Snapshot from the simulation of 16 carbon nanotubes in

water (a–i: 4, 8, 10, 12, 16, 20, 40, 80, and 120 ps). From an initial

regular four by four arrangement (a) the system evolves into a bundle

of closely packed tubes with occasionally trapped water pockets. The

periodicity of the system prevents these pockets to empty.
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3.5. Hydration of arrays of carbon nanotubes

Although the range of the hydrophobic interaction is

found to be moderate, its overall effect is thought to play
a vital role in the self-organization and assembly of

molecular structures such as membrane and nanoscale

structures and for the folding of DNA [47–49]. For

example, hydrophobic interactions were found to

destabilize arrays of carbon nanotubes considered for

biosensing and resulting in a drying and clustering of the

system [5].

To demonstrate the collective effect of hydrophobic
hydration for these systems we consider 16 uncon-

strained (16,0) carbon nanotubes in water (case 56) as

shown Fig. 10. The system consists of 16 · 832 carbon

atoms and 12,402 water molecules. The tubes are ini-

tially placed in a four by four arrangement with an

initial center-of-mass distance of 20 �A corresponding to

a spacing between the tubes of 7.48 �A which allows a

single layer of interstitial waters (Fig. 10a). The indi-
vidual center-of-mass of the carbon nanotubes are fixed

during a 4 ps equilibration period after which they are

released. During the first 12 ps after release drying is

observed between pairs of carbon nanotubes that move

into contact. In a second phase, pairs of one and two

carbon nanotubes come into contact mainly by the

motion of the single carbon nanotubes (Fig. 10e and f).

After 40 ps, two groups of three and seven carbon na-
notubes form a closed ring with a pocket of trapped

water due to the enforced periodicity of the simulation.

At longer times, other groups of tubes join this ring and

encapsulate water molecules in the interstices. In a non-

periodic system the trapped water molecules would be

more easily expelled. This demonstrates the tendency of

carbon nanotubes to form insoluble bundles (or ropes)

in aqueous solutions as observed in Ref. [5]. Clearly a
suspension of individual carbon nanotubes in water

would form a ‘‘precipitate’’ of carbon nanotube ropes,
exemplifying the insolubility of carbon nanotubes in

water.
4. Summary and conclusions

The hydrophobic–hydrophilic behavior of C60 ful-

lerene molecules and carbon nanotubes in water has

been studied using molecular dynamics simulations. The

results indicate a drying behavior of the interstices for

an initial spacing between the fullerenes less than 12 �A,

and 9–10 �A for the carbon nanotubes, respectively,
corresponding to the thickness of two layers of water

molecules. Applying a classical PID control algorithm

to constrain the dynamics of the center-of-mass of the

carbon nanotubes we derive the potential of mean force

governing the drying process of two (16,0) carbon na-

notubes in water. We find that the constraining force

displays a maximum at a tube spacing of 5.0 �A corre-

sponding to one layer of unstable interstitial waters. To
study the effect of finite system size imposed by the

periodic boundary conditions we furthermore conduct

simulations of carbon nanotubes immersed in a slab of

water. The potential of mean force for this system is in

qualitative agreement with the periodic system, hence

indicating that the size of the periodic system is suffi-

ciently large to mimic an infinite system. Comparing the
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hydration force with the force acting between the carbon

nanotubes in vacuum indicates that the hydration is

dominated by the van der Waals forces between the

carbon nanotubes. Finally, we have conducted an initial
study of the drying process of bundles of (16,0) carbon

nanotubes in water. From an initial spacing of 20 · 20 �A
arranged in a Cartesian array of four by four the system

undergoes a drying transition forming carbon nanotube

ropes. The insolubility of carbon nanotubes in water is

manifested by this rope formation. The waters initially

trapped in the interstitial regions remain trapped

throughout the simulation due to the imposed periodic
boundary conditions. Further studies are currently

being conducted using finite-length tubes.
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