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Abstract  — The interactions between various single-walled 
carbon nanotubes (SWNTs) and water molecules have been 
studied using first principles calculations and molecular 
dynamics (MD) simulations. The SWNTs were modeled by 
varying the diameter ranging from the chiral vector (6,0) to (9,0), 
and by modifying the terminal ends with hydroxyl (-OH) and 
carboxyl (-COOH) functional groups for the nanotubes having 
chiral vector (9,0). Based on the potential energy surface study, it 
was found that movement of a water molecule into the tip-
modified tubes is easier than that of the pristine tube. It was also 
found that the tubule diameter play an important role for 
solvation. The results from MD simulations indicate that the 
orientation of waters interacting with all of model tubes is rather 
similar. Water molecules prefer to occupy around the tip of 
carbon nanotubes than other parts. The hydrophilic behavior of 
functionalized SWNT is improved over the pristine tube as 
described by the first principles results.

Keywords  — Carbon Nanotube, SWNT, Functionalization, 
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I. INTRODUCTION

Carbon nanotubes (CNT) were first discovered in 1991 by 
Iijima [1]. After that discovery, research on CNT reaches a 
critical mass in many areas of physics and chemistry. Because 
of its remarkable electronic and mechanical properties, CNT is 
one of the best candidate materials for use in various 
applications including biosensors, nanocomposites, and gas 
storage [2]. A common aspect of these applications involves 
the interaction of the CNT with the surrounding medium and 
more specifically the surrounding water molecules. In 
particular, the hydrophobic/hydrophilic behavior of the CNT 
also plays a key role in bionanotechnology [3]. However, the 
pristine carbon nanotubes are insoluble in water and common 
solvents [4,5] which hinders ordinary chemical approaches and 
preparation of nanocomposite materials. To overcome this 
obstacle, many approaches were employed to functionalize 
carbon nanotubes such as adding surfactants or hydrophilic 
groups (i.e., hydroxyl (OH), carboxyl (COOH) and aliphatic 
amines) to the open ends of the tubes [6-8]. After 
functionalization, these tubes are able to solubilize in common 
solvents because such functional groups can prevent the 
aggregation of carbon nanotubes. From a theoretical point of 
view, quantum mechanics (QM) and molecular dynamics (MD) 
simulations have been widely used for studying the behavior of 

carbon nanotubes with water molecules. For examples, J.H. 
Walther et al. [9] reported the hydrophobic hydration of 
pristine carbon nanotubes in water. C. Dellago et al. used ab 
initio molecular dynamics simulation to calculate the dipole 
moment of water molecules in carbon nanotube [10]. The 
structural characteristics and energetics of water surrounding 
CNT have also been examined by MD simulations [11]. 
Although several computational and theoretical studies have 
been reported in the literature on pristine tube-water interaction, 
study on behavior of the functionalized tube-water interaction 
is rather limited. Therefore, in the present study, the hydration 
structures and the behavior of water interacting with the 
functionalized carbon nanotubes have been addressed. These 
results can be used to compared with the results of the pristine 
tube. We expect that such data will be useful to complement 
the experiments in previous studies [6-8]. 

II. COMPUTATIONAL DETAILS

A. QM of Nanotube-water interaction 
The cyclacene structure (single-walled carbon nanotube or 

SWNT having a length of 1 unit-cell as shown in Fig. 1) was 
used throughout this study to represent CNT. Size dependency 
was studied by varying the diameter ranging from the chiral 
vector (6,0) up to (9,0). Functionalization was modeled by 
chemically modifying the open-ends of the (9,0) SWNT with 
hydroxyl (-OH) and carboxyl (-COOH) functional groups. The 
geometries of all model tubes were fully optimized based on 
the semi-empirical AM1 method [12]. Interactions of model 
SWNTs with one water molecule were studied based on the 
density functional theory B3LYP using 6–31G* basis set [13] 
(denoted by B3LYP/6-31G*). Potential energy surfaces based 
on a longitudinal trajectory of water into the nanotube’s center 
(Fig. 1) with various water orientations (Fig. 2) were 
calculated and plotted in Fig. 4. On such trajectory, the water’s 
oxygen atom was moved along the tube axis z, and the 
hydrogen atoms were symmetrically placed giving the water 
molecule a fixed orientation. At first, the smallest (6,0) SWNT 
was chosen for studying of the effect of water orientation on 
the tube-water interactions. Then, the effects of diameter sizes 
and functional groups on the tube-water interactions were 
investigated respectively. 
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Figure 1. Definition of the longitudinal trajectory for SWNT interacting with 
a water molecule of fixed orientation at various positions along the tube axis. 

Figure 2. The orientations of a water molecule around an inertial axis. 

B. MD Simulation of Nanotubes  in water 
The hydration structure and hydrophobic-hydrophilic 

behavior of the functionalized SWNTs have been studied 
using MD technique and GROMACS software. The (9,0) 
SWNTs terminated with hydrogens (H-SWNT), hydroxyls 
(OH-SWNT), and carboxylics (COOH-SWNT) were 
simulated in aqueous environment. 

The structures of all functionalized SWNTs employed in the 
simulations were obtained by geometry optimizations based 
on the semi-empirical AM1 method. B3LYP/6-31g* was used 
to compute atomic charges for describing the tube-water 
electrostatic interactions. Hence, the AM1 method is good 
enough for geometry optimization of the nanotubes [14] while 
the B3LYP/6-31G* level was found to be more reliable for 
charge calculation [15]. The simulations were performed at the 
constant volume and temperature in a rectangular box 
containing one SWNT and 871 water molecules (see Fig. 3). 
SWNTs were represented by a flexible model based on OPLS 
force field [16] as well as the SPC water model [17]. The 
SWNT - water and water - water interactions were given  by  a  

sum of the Lennard-Jones and Coulomb potentials. 

(1) 
       
Here, � and � are Lennard-Jones parameters, and qi and qj

represent the charges on atom i and atom j, respectively. 

Initially, water molecules and a SWNT were placed in the 
rectangular box having a dimension in x-, y- and z-axis of 3.00 
nm to reproduce the water density of 1 g/cm3. All simulation 
systems were controlled via a temperature coupling bath to 
maintain the temperature at 298 K. Density control was 
achieved by Berendsen pressure coupling [18]. The box was 
scaled every time step. In consequence, the volume of system 
was adjusted in the equilibration phase to match the desired 
density of water. After equilibration, the system was run for 1 
ns with a time step of 0.5 fs. Trajectories were stored every 
100 time step for subsequent analyses. 

III. RESULTS AND DISCUSSION 

A. Interaction Energy 
After geometrical optimization using the AM1 method, the 

average C-C bond lengths of all tubes are nearly the same and 
close to the C-C bond length in the perfect nanotube with sp2

hybridization (1.42 Å). The single point calculations with 
B3LYP/6-31g* method were performed to find the total 
energy of each system. In order to evaluate the interactions 
between these model tubes and the water molecule, the 
interaction energies are evaluated via the equation: 

Eint = E(SWNT-water) - E(SWNT) - E(water)        (2) 
where E(SWNT-water) is the total energy for the model 

SWNTs (pristine and functionalized) presented with one water 
molecule. E(SWNT) represents the total energy of the model 
tubes, and E(water) for the water molecule. 

The effect of water orientation on the tube-water 
interactions of (6,0) H-SWNT is demonstrated in Fig. 4a. It 
was found that the water molecule encounters a difficulty to 
move into the (6,0) H-SWNT which has a diameter size of 4.8 
Å, whereas the orientation of water has less effect on the 
water–tube interactions. The potential energy barrier appears 
to decrease rapidly when the diameter size of carbon nanotube  

Z

Figure 3. The snapshots of the simulations of the (a) H-SWNT, (b) OH-SWNT and (c) COOH-SWNT in water at 298 K 
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increases (see Fig. 4b). From the results, water molecule can 
enter into a pristine tube only when the tube diameter is larger 
than 7.0 Å. Therefore, the (9,0) SWNT was chosen for 
studying the tube-end functionalization and a water molecule 
was fixed at the orientation of 0 degree only. 

Figure 4. Potential energy surface for (a) the CNT601H interacting with a 
water molecule which rotates along center of mass and (b) the SWNTs 

varying diameter interacting with a water molecule of fixed orientation at 
various positions along the z-tube axis. 

The interactions of functionalized SWNTs with a water 
molecule are displayed in Fig. 5. One can observe that the H-
SWNT has a slight potential barrier in the range of 2-4 Å from 
the center of nanotube. However, such energy barrier is not 
high enough to hinder water entrance into the interior of H-
SWNT at room temperature. For OH-SWNT and COOH-
SWNT, the potential barrier moves to a farther distance from 
the tube. Specifically for COOH-SWNT, there is a deep 
potential well in front of the tubule open end that can localize 
the water molecule. As a result, water molecule can enter into 
the OH-SWNT and H-SWNT easier than the COOH-SWNT. 
In the latter case, the terminal ends will be solvated by water. 

Figure 5. Potential energy surface for the functionalized SWNTs interacting 
with a water molecule of fixed orientation at various positions along z-axis 

B. Solvent Structure and Hydration Shell 
From MD simulation, the hydration structure of 

functionalized SWNTs can be extracted from the simulation in 
terms of atom-atom radial distribution function analysis (RDF) 
, gx-y(r), which represents the probability of finding an atom of 
type y in a spherical volume of radius r around the central atom 
of type x as defined in the following way: 

where Y local�� �  the particle density of type Y averaged 
over all spheres around particles X. 

The RDFs, gx-y(r), and corresponding running integration 
numbers, nx–y(r), from the tips of each tube (H atoms of each 
tube) to the H and O atoms of water are shown in Fig. 6a and 
6b, respectively. From Fig. 6a, only one RDF peak was found 
for each type of nanotubes, i.e., positioned at 3.61 Å for H-
SWNT, 2.47 Å for OH-SWNT and 2.51 Å for COOH-SWNT, 
respectively. It indicates that the water molecules prefers to 
locate at the tips of the functionalized tube (OH-SWNT and 
COOH-SWNT) closer than that of the pristine tube (H-
SWNT), corresponding to RDFs of Fig. 6b based on the first 
peak, positioned at 3.31 Å of H-SWNT, 1.91 Å of OH-SWNT 
and 1.81 Å of COOH-SWNT. The functional groups increase 
the interactions between the tube and water molecules. 
Therefore, the probability of finding water molecules 
surrounding the functionalized tube is higher than that 
surrounding the pristine tube. However, the orientation of 
water interacting with all model tubes is rather similar, 
directing the O atoms of water toward the tip of tubes. The 
RDF plot for the center of mass (COM) of water to COM of 
each model tube (see Fig. 6c) does not yield any sharp peak. 
The shoulder at 2 Å of all functionalized tubes indicate that 
water molecules move closely to the center of nanotube. The  
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functionalized groups ease the entering of water into the 
hydrophobic tube’s interior. The results are in good agreement 
with potential energy surface obtained by first principles 
calculations.

Figure 6. Radial distribution functions, gx–y(r), and corresponding running 
integration numbers, nx–y(r), from (a) H atoms (b) O atoms of the water to the 

H atoms of H-SWNT, OH-SWNT and COOH-SWNT (c) the center of mass 
(CoM) of water to the CoM of tubes 

Based on the overall characteristics of RDF peaks in Fig. 
6a-6c, one can conclude that water molecules favor to bind to 
the tip of tubes and the interactions between the water 
molecules with pristine tube are rather weak than that with the 
functional tubes. In addition, a number of water molecules 
surrounding the tips of both OH-SWNT and COOH-SWNT 
are nearly the same. The eighteen H atoms located at the tips 
of the functionalized tube are solvated by about five H atoms 
and one O atom of water molecules. It implies that there are 
about twenty water molecules surrounding the tip of the 
functionalized tube and these water molecules are highly 
mobile.  

The number of tube-water and water-water hydrogen bonds 
were calculated and given in Table 1. In case of the 
functionalized tube, it was found that the average number of 
water-water hydrogen bonds decreases whereas that of tube-
water hydrogen bonds increases, comparing to the pristine 
tube. Hydrogen bonding is a special type of attractive 
interaction that exists between certain chemical groups of 
opposite polarity [19]. It means that after functionalization, the 
water molecule has more attractive interaction with such a 
tube. The hydrophilic behavior has an increasing trend 
depending on the functional groups. 

TABLE I. AVERAGE  NUMBER OF HYDROGEN BONDS FOR CNTS WITH 
WATER MOLECULES (TUBE-WATER) AND WATER MOLECULES - WATER 

MOLECULES (WATER- WATER)

IV. CONCLUSION

The interactions between various SWNTs and water 
molecules have been studied using ab initio calculation and 
molecular dynamics (MD) simulations. Based on a study of 
potential energy surface using quantum mechanics calculation, 
it was found that the movement of water molecule into the tip-
modified tubes is easier than that of the pristine tube while the 
large diameter size of nanotube also play an important role. 
The results from MD simulations indicate that the hydration 
structure of all system is quite similar. There is only one 
hydration shell around model carbon nanotubes. In contrast, 
the hydration shell position of functionalized tube is different 
from the pristine tube. The hydration shell of functionalized 
nanotubes locates at ~2-3 Å, while the hydration shell of the 
pristine system locates at ~3-4 Å. The water molecules prefer 
to occupy around the tips of nanotubes than the sidewall. In 
the functionalized systems, the number of tube-water 
hydrogen bonds is higher than that in the pristine system 

Number of H-bonds 
CNT Type 

Tube-Water Water-Water 

        H-CNT - 1501.09 

     OH-CNT 23.29 1463.04 

  COOH-CNT 23.77 1435.08 
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whereas the number of water-water hydrogen bonds has the 
opposite trend. From this simulation, it can be concluded that 
the hydrophilic behavior of functionalized SWNT is improved 
over the pristine tube. It means that such functional groups can 
be used to increase the solubility of SWNTs, in agreement 
with previous experimental works. 
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