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Structural and dynamic properties of water 
confined inside a single-walled carbon nanotube 

Molecular dynamics study 
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Atomically detailed molecular dynamics simulation has been performed to study structural and dy-
namical properties of the cluster of water molecules (H2O)80 confined inside an open-ended single-walled 
(10,10) carbon nanotube (SWNT). The structural and dynamical properties of the confined cluster have 
been compared with the analogous results for an unconfined cluster of water molecules. 
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1. Introduction 

Since Ijima [1] discovered the nanotube, this new material has been studied intensively 
by many researchers, because of its unique mechanical and electrical properties and also 
because of its potential as a medium for storing hydrogen and other gases [2–5]. 

During the last decade, the structural and thermodynamic properties of atoms and 
molecules adsorbed in the interior end exterior of single nanotubes and nanotube bundles 
have been widely studied both theoretically [6–8] and experimentally [9–10]. The interior 
of a SWNT gives new possibilities for investigating the properties of confined fluids which 
are not seen in the bulk system [11–19]. The behaviour of confined water plays a crucial 
role in many relevant biological and geological systems. Molecular dynamics simula-
tions [14] show that water confined in CNT formed a new ice phase, not seen in bulk ice. 
Hummer et al. [15] have observed, in their molecular simulation studies, pulse-like trans-
mission of water through the nanotube. Recently, Kolesnikov et al. [16] have studied the 
water molecule confined inside an open-ended SWNT. They reported that water molecules 
form a cylindrical square ice-sheet with a central water chain. 

This paper presents the results of fully atomistic molecular dynamics simulation of wa-
ter deposited inside a (10,10), open-ended carbon nanotube at four different temperatures. 
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2. Simulation details 

The simulated system consists of 80 water molecules confined inside a (10,10) 
open-ended SWNT. The temperature was controlled by velocity scaling during the 
equilibration. The thermostat was turned off after the equilibration phase. The same 
procedure was applied to study a free cluster of water molecules, i.e without the nano-
tube. The classical equations of motion have been integrated using the velocity Verlet 
algorithm with the integration time step of 0.2 fs, which ensures sufficient energy 
conservation. Water molecules were described by the flexible SPC model [20]. This 
model is described by an intramolecular O–H harmonic stretching and a H–O–H 
bending term: 
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where rij is the O–H distance and Θijk is the H–O–H angle. The nonbonding interac-
tion between water molecule consists of two terms: the Lennard–Jones potential be-
tween oxygen atoms: 
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where rij is the O–O distance, and the Coulomb potential: 
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where rij is the distance between all pair of charges. All constants are listed in Ta-
ble 1. The intramolecular interactions between the carbon atoms of the nanotubes 
have been modelled using the potential composed of the components representing the 
energy of the bonded C atoms and the energy of the van der Waals interaction be-
tween the non-bonded C atoms [21, 22] V = Vbond + VvdW. The Vbond component is 
composed of terms representing the energies of the stretching (Morse), bending (har-
monic cosine) and twisting (2-fold torsion angle) of the C–C bond: 
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where rij is the distance between a given pair of bonded atoms, Θijk is the bending 
angle between a given three atoms and ϕijkl is the torsional angle between a given four 
atoms. The values of the Kγ, KΘ, Kφ, γ, rC, ΘC and φC parameters [22] are collected in 
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Table 1. The Van der Waals interaction VvdW between the non-bonded atoms is mod-
elled as a pairwise additive Lennard–Jones (L–J) potential over all pairs of atoms 
except 1–2 and 1–3 pairs. The values of the εCC and σCC parameters are also given in 
Table 1. 

Table 1. Parameters of the H2O potential 

Parameter Value Parameter Value 

KWγ 4637 kJ/mol Å–2 qH –0.41 e 
KWΘ 382 kJ/mol rad–2 Kγ 478.9 kJ/mol 
rW 1.0 Å KΘ 562.2 kJ/mol 
ΘW 109.47° Kφ 25.12 kJ/mol 
εOO 0.6502 kJ/mol RC 1.418 Å 
σOO 3.166 Å ΘC 120° 
σOC

a  0.3126 kJ/mol γ 2.1867 Å–1 
εOC 3.19 Å εCC 0.4396 kJ/mol 
qO –0.82 e σCC 3.851 Å 

aRef. [23], and the carbon interactions potentials. 

The nanotube–water interaction has been modelled using the L–J potential be-
tween oxygen atoms and host C atoms. The parameters for the oxygen–carbon interac-
tion are listed in Table 1. 

3. Results and discussion 

The nanotube–water interaction in NVE ensemble has been studied. The modelled 
system was studied at three temperatures: T1 = 233 K, T2 = 309 K, and T3 = 344 K. In 
all cases 80 water molecules were deposited inside (10,10) a SWNT. For comparison, 
the properties of the water cluster was studied at T1 = 233 K, T2 = 309 K because, in 
the case of T3 = 344 K, the free cluster starts to evaporate. Figure 1 gives a snapshot 
of the simulated system. 

The structure of water was analyzed in terms of the radial distribution function, 
which was computed for all three atomic pairs: oxygen–oxygen gOO(r), oxygen–
hydrogen gOH(r), and hydrogen–hydrogen gHH(r). Figure 2a shows the radial distribu-
tion function of oxygen–oxygen in studied temperatures for confined water (solid 
line) and water cluster (dotted line). Figure 2b shows an analogous figure for the oxy-
gen–hydrogen radial distribution function. Two characteristic maxima and one mini-
mum can be discerned. In the case of gHH(r) (Fig. 2c) one characteristic maximum is 
observed for studied temperatures and small second maximum for T1 = 233 K. 

The calculated positions of peaks for all studied cases are listed in Table 2. The 
confinement of water inside nanotube does not significantly change the structure of 
water compared to free water cluster. 
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Fig. 1. A snapshot of water cluster deposited inside 

(10,10) SWNT at the temperature of 298 K 

 
Fig. 2. The oxygen–oxygen (a), oxygen–hydrogen (b) and hydrogen–hydrogen (c)  

radial distribution functions of water deposited inside carbon nanotube (solid line), and not confined 
water cluster (dotted line), both at two different temperatures T1 = 233 K and T2 = 309 K 

Table 2. The displacement of characteristic peaks in the oxygen–oxygen (gOO(r)),  
oxygen–hydrogen (gOH(r)) and hydrogen–hydrogen (gHH(r)) radial distribution functions of  

water deposited inside carbon nanotube (SWNT) and not confined water cluster (H2O) 

SWNT T [K] R1 [Å] r1 [Å] R2 [Å] R1 [Å] r1 [Å] R2 [Å] 

233  2.78 – – 2.78 3.32 4.39 
gOO(r) 

309  2.80 – – 2.80 – – 
233  1.78 2.43 3.23 1.78 2.43 3.24 

gOH(r) 
309  1.80 2.46 3.28 1.80 2.45 3.28 
233  2.41 3.03 3.82 2.41 3.03 3.82 

gHH(r) 
309  2.46 3.13 3.83 2.46 3.13 3.85 
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Fig. 3. The normalized centre-of-mass velocity autocorrelation function of water deposited 

 inside carbon nanotube at three different temperatures T1 = 233 K, T2 = 309 K and T3 = 344 K (a),  
and the normalized centre-of-mass velocity autocorrelation function of not confined water cluster  

at three different temperatures T1 = 233 K, T2 = 292 K and T3 = 309 K (b) 

In contrast to the structural properties, the dynamic properties of confined water 
significantly differ from those of the free water cluster. The dynamic properties have 
been studied in terms of the normalized velocity autocorrelation function Cv(t)  
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and spectral density I(ν), computed as the cosine Fourier transform of Cv, which is 
related to the phonon density of states: 
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Figure 3a shows the normalized centre-of-mass velocity autocorrelation function 
for water confinement in SWNT for the considered temperatures. The insets show 
characteristic frequency of water molecule movements. The same functions are plot-
ted in Fig. 3b for a free water cluster. 

To gain deeper insight into the temperature dependencies of dynamic properties, 
a free water cluster at T2 = 292 K was simulated. The spectral density shows that in 
the case of water deposited inside a SWNT, the second characteristic frequency 
strongly depends on temperature. The frequency shifts toward lower values as the 
temperature is increased. This behaviour is not observed in the case of a free water 
cluster where the second peak diminishes with increasing temperature. The diminish-
ing of the second peak with increasing temperature in bulk water is also observed 
experimentally [24, 25]. 

The diffusion coefficient is also an indicator of differences between the transla-
tional mobility of confined water molecule and the free cluster water molecules. The 
diffusion coefficient has been calculated from the velocity autocorrelation function: 
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As anticipated, in all cases studied, it was observed that the diffusion coefficients 
were lower for the confined water. The calculated diffusion coefficients are given in 
Table 3. 

Table 3. Self-diffusion coefficient D calculated from the present study for water  
deposited inside a carbon nanotube (SWNT), and not confined water cluster (H2O) [24, 25] 

D·105 [cm2/s] 
T [K] 

SWNT H2O Exper. (T [K]) 

233 0.77 1.06 0.74 (265) 
292 – 3.18 1.80 (289) 
309 4.08 5.13 2.90 (308) 
344 5.23 – 4.80 (335) 

 



Water confined inside a single-walled carbon nanotube 

 

481 

 

4. Conclusions 

In this work, a cluster of water molecules confined inside an open-ended carbon 
nanotube was studied focusing on the question, of how the geometrical confinement 
changes the structural and dynamic properties of water. It was observed that the wa-
ter–nanotube interaction does not significantly change the structural properties of the 
confined water in contrast to the dynamic properties. In the case of water deposited 
inside a SWNT, the second frequency in the spectral density shifts considerably to-
wards lower values with increasing temperature. This behaviour is not observed, ei-
ther in the free water cluster or in bulk water. The determined diffusion coefficients 
also indicate that both interactions between water and a nanotube, as well as the geo-
metrical confinement, significantly influence the dynamic properties of water. 

References 

[1] IJIMA S., Nature, 354 (1991), 56. 
[2] SKOULIDAS A.I., ACKERMAN D.M, JOHNSON J.K., SHOLL D.S., Phys. Rev. Lett., 89 (2002), 185901-1. 
[3] DILLON A.C., JONES K.M., BEKKEDAHL T.A., KIANG C.H., BETHUNE D.S., HEBEN M.J., Nature, 386 

(1997), 377. 
[4] LIU C., FAN Y.Y., LIU M., CONG H.T., CHENG H.M., DRESSELHAUS M.S., Science, 286 (1999), 1127. 
[5] SHIRAISHI M., TAKENOBUA T., YAMADA A., ATA M., KATAURA H., Chem. Phys. Lett. 358 (2002), 213. 
[6] ZHAO J., BULDUM A., HAN J., LU J.P., Nanotechnology, 13 (2002), 195. 
[7] WEI SHI, JOHNSON J.K., Phys. Rev. Lett. 91 (2003), 015504. 
[8] STAN G., et al., Phys. Rev. B, 62 (2000), 2173. 
[9] FAN X., et al., Phys. Rev. Lett., 84 (2000), 4621. 

[10] MENG-HUNG TSAI, HONG-MIN LIN, WEN-LI TSAI, YEUKUANG HWU, Rev. Adv. Mater. Sci., 5 (2003), 302. 
[11] GELB L.D., GUBBINS K.E., RADHAKRISHNAN R., ŚLIWINSKA-BARTKOWIAK M., Rep. Prog. Phys., 62 

(1999), 1573. 
[12] GOGOTSI Y., LIBERA J.A., GUVENC-YAZICIOGLU A., MEGARIDIS C.M., App. Phys. Lett., 79 (2001), 1021. 
[13] WAGHE APARNA, JAYENDRAN C.R., HUMMER G., J. Chem. Phys., 117 (2002), 10789. 
[14] KOGA K., GAO G.T., TANAKA H., ZENG X.C., Nature, 412 (2001), 802. 
[15] HUMMER G., RASAIAH J.C., NOWORYTA J.P., Nature, 414 (2001), 188. 
[16] KOLESNIKOV A.I., ZANOTTI J.M., LOONG C.K., THIYAGARAJAN P., MORAVSKY A.P., LOUFTY R.O., 

BURNHAM C.J., Phys. Rev. Lett., 93 (2004), 035503. 
[17] GORDILLO M.C., MARTI J., Chem. Phys. Lett., 329 (2000), 341. 
[18] BEREZHKOVSKII A., HUMMER G., Pys. Rev. Lett., 89 (2002), 064503. 
[19] ALLEN R., MELCHIONA S., HANSEN J.P., Phys. Rev. Lett., 89 (2002), 175502. 
[20] TELEMAN O., JONSSON B., ENGSTROM S., Mol. Phys., 60(1) (1987), 193. 
[21] GUO Y., KARASAWA N., GODDARD W.A., Nature, 351 (1991), 464. 
[22] WALTHER J.H., JAFFE R., HALICIOGLU T., KOUMATSAKOS P., J. Phys. Chem. B, 105 (2001), 980. 
[23] BOJAN M.J., STEEL W.A., Langmuir, 3(6) (1987), 1123. 
[24] STILLINGER F.H., RAHMAN A., J. Chem. Phys., 60 (1974), 1545. 
[25] STILLINGER F.H., RAHMAN A., J. Chem. Phys., 55 (1971) 3337. 

Received 7 September 2004 
Revised 18 October 2004 


