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Structural properties of water around uncharged and charged carbon nanotubes
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Abstract—Studying the structural properties of water molecules around the carbon nanotubes is very important in a
wide variety of carbon nanotubes applications. We studied the number of hydrogen bonds, oxygen and hydrogen density
distributions, and water orientation around carbon nanotubes. The water density distribution for all carbon nanotubes
was observed to have the same feature. In water-carbon nanotubes interface, a high-density region of water molecules
exists around carbon nanotubes. The results reveal that the water orientation around carbon nanotubes is roughly de-
pendent on carbon nanotubes surface charge. The water molecules in close distances to carbon nanotubes were found
to make an HOH plane nearly perpendicular to the water-carbon nanotubes interface for carbon nanotubes with negative
surface charge. For uncharged carbon nanotubes and carbon nanotubes with positive surface charge, the HOH plane
was in tangential orientation with water-carbon nanotubes interface. There was also a significant reduction in hydrogen
bond of water region around carbon nanotubes as compared with hydrogen bond in bulk water. This reduction was
very obvious for carbon nanotubes with positive surface charge. In addition, the calculation of dynamic properties of
water molecules in water-CNT interface revealed that there is a direct relation between the number of Hbonds and self-
diffusion coefficient of water molecules.
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INTRODUCTIONS

Carbon nanotubes (CNTs) have a high potential in a large variety
of applications due to their special properties, including nanoelec-
tronic devices [2,3], high strength materials [4,5], gas and energy
storage systems [6-8], heavy metal ion adsorption process [9-12],
and drug delivery [13]. The majority of these applications depend
on the wettability of the CNT surface and its hydrophobic-hydro-
philic behavior. In addition, the structural properties of fluid and gas
around CNT play important roles in the properties of CNTs [14].

The investigations on the structural properties of water molecules
surrounding an uncharged CNT show that the water molecules make
a shell-like layer around CNT [15]. In addition, some water prop-
erties like density and number of hydrogen bonds of water mole-
cules around the CNT surface are subject to change [15,16]. The
results also showed that fluids with the surface tension less than
100 mN/m (like water) can wet the CNT surface [17,18].

Most studies on water structure around CNT have been for un-
charged CNT, but in the majority of the applications, the CNT surface
has positive or negative charge. For example, about CNTs in water
the experimental studies proved that the surface charge of CNT is
a function of the pH of the solution. There is only a certain pH value
named “point of zero charge (PZC)” for which the CNTs are actu-
ally uncharged [19-21].

In this investigation, the structural properties of water molecules
around CNT were predicted by using molecular dynamics simula-
tion. Various structural properties such as reduced density profile,
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number of hydrogen bonds per water molecule, and angular distri-
bution functions of HOH plane and OH bonds of water molecules
relative to CNT plane have been investigated. We chose five differ-
ent CNTs having carbon atoms with point charges of —0.01e, —0.05e,
0.0, +0.01e, and 0.05e. The experimental data show that the elec-
trical charges of CNT in different pH vary in the above range [20].

SIMULATION DETAILS AND POTENTIAL MODELS

1. Simulation Details

A system consisting of 1557 water molecules, and a (6, 6) CNT
was considered in this study. The simulations were carried out using
TINKER code Package. The (6, 6) CNT was 12.2 A in length and
4.13 A in radius; it was located in the center of a periodic computa-
tional box with dimensions of 36.3x36.3x12.2 A’. The CNT was
considered a rigid body and had a fixed location during the simulation.

The NVT ensemble was applied in the system, and the Berendsen
method [22] was used to keep the system at constant temperature
of 298 K. The Rattle algorithm was used for integrating the motion
equation of molecular dynamic problem with internal constraint. In
all simulations, the time step was chosen as small as 0.5fs. This is
necessary for simulation of the bonding and bending of the water
molecules. The complete simulation required that the MD code runs
at 10° time step. The first 2x10" time steps were necessary to guaran-
tee equilibrium condition between water molecules and CNT. The
remaining 8% 10* time steps were needed to carry out water struc-
tural properties.
2. Potential Models

The water molecules in MD can follow different models such
as SPC [23], SPC/E [24], and TIP3P [25]. We chose the flexible
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TIP3P model for water molecules:
UT})tal:Uhr»7d+Uang[e FUo U coutoms Q)]

where U, and U,,,,,, are the bond strength and angle bending en-
ergy, respectively. They are defined as
Upona= Z khnmj(ro.H - rg].H)2 )]

bond

Uangle = Z; kuﬂgle( Or-o.n— 918170#)2 (3)
where k; is the (bond or angle) force constant, 1, , is the bond length,
1, is equilibrium bond length, 8, is the angle between H-O-H,
and 6,/ is the equilibrium angle between H-O-H. The last two
terms in Eq. (1) describe the van der Waals (vdW) and electrostatic
non-bonded interactions, respectively:
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We used a simple Lennard-Jones 12-6 potential form to simulate vdW
interaction. £and o are the well-depth and diameter of the potential
[26]. The parameters g, and q; are charges of atoms i and j, which
are located at the center of the atoms. The van der Waals and electro-
static interactions were used for simulating the interaction between
CNT and water molecules and the Lorentz-Berthelot mixing rule can
be used for computation of £and o between unlike atoms [27]:

Ej=N &G, ;= (O-i%jl) ©)
The cutoff distances for vdW and electrostatic forces were consid-
ered 9.5 A. The Lennard-Jones parameters, the bond strength param-
eters, the angle bending parameters and partial charges used in the
present TIP3P water model are listed in Table 1. The Lennard-Jones
parameters for CNT potential are listed in Table 2. The simulation
was performed for CNT carbon atom charges of 0.05¢, 0.01e, 0.0e,

Table 1. Parameters used in TIP3P model [25]

Symbol Unit TIP3P
Ton [nm] 0.9572
Oon [’] 104.52
&0 [kcal/mol] 0.15
Ovo [nm] 0.315
Ennr [kcal/mol] 0.0
Oun [nm] 0.0
Qo Electron unit -0.834
Qu Electron unit 0.417
Kberd [kcal/(mol-A?)] 450.0
kemete [kcal/mol-rad?] 55.0

Table 2. Parameters used in CNT potential model [28]

Symbol Unit Amount
£ [kcal/mol] 0.055
o [A] 3.4
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—0.001e, and —0.05¢.
RESULTS AND DISCUSSION

1. Water Molecule-CNT Total Energy
The schematic diagram showing the water molecule and CNT
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Fig. 1. (a) A schematic diagram of a water molecule and a CNT,
o is the angle between OH bond and CNT plane, Sis the
angle between HOH plane and CNT plane, yis the angle
between the plane of the water molecule and CNT plane.
(b) Different configurations: 1- =127.74, =180, y=90;
2- a=90, =90, y=180; 3- «=52.26, 5=0, y=90.
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Fig. 2. The total energy between a water molecule and CNT (a)
CNT with charge of 0.01e (b) CNT with charge of —0.01e
at configurations: 1- =127.74, /=180, y=90; 2-a=90, =
90, y=180; 3- ¢=52.26, =0, y=90.
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is in Fig. 1(a). In addition, three special configurations for water
molecule and CNT are shown in Fig. 1(b). Fig. 2 demonstrates the
total energy between a water molecule and CNT for the above con-
figurations. The total energy is defined as a sum of the vdW energy
and the electrostatic energy. As shown in Fig. 2, the total energy is
a function of water molecule-CNT distance. In infinite distance,
there is no interaction between water molecule and CNT. By de-
creasing the water molecule-CNT distance, the interaction energy
causes attractive energy between water molecule and CNT. In dis-
tances shorter than the equilibrium distance, the water molecule and
CNT repel each other. The results also show that for CNT with nega-
tive and positive surface charges, the first and second stable con-
figurations are 3 and 1, respectively. A more stable configuration is
one that has minimum total energy in equilibrium distance. It can
be interpreted as the water molecules direction toward CNT is related
to CNT charge. For CNT with negative surface charge, the water
molecules are in the direction that the hydrogen atoms are located
in closer distance to CNT due to attractive electrostatic energy be-
tween CNT and hydrogen atoms of water molecule.
2. Water Density Profiles

Fig. 3 demonstrates the water radial density distribution around
uncharged CNT. Water radial density profile reveals that there is a
high-density region in water-CNT interface located about 3.2 A away
from CNT sidewall. Behind the high water density region, there is
also a low-density region that indicates that interaction energy be-
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Fig. 3. Water radial density profile for uncharged CNT.

tween water molecules and CNT is big enough to create a water
layer around CNT. Water density is affected until 6.1-7.2 A away
from CNT sidewall. The results also proved that water molecules
around uncharged CNT arranged in the direction that the hydrogen
atoms are located in closer distance to CNT. The predictions are in
very good agreement with previous studies about water around un-
charged (16,0) CNT [15] and graphite sheets [29].

Fig. 4 presents the water radial density profile around CNTs with
different surface charges. The water reduced density profile in all
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Fig. 4. The water radial density profile for charged CNTs, the carbon atoms of CNT with point charge: (a) +0.05e, (b) +0.01e (c) —0.01e,

and (d) —0.05e.
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Fig. 5. The ADF of angle o for water molecules around uncharged
CNT.

cases displays a similar pattern like the water density around un-
charged CNT [this study, 15] and water around graphite sheets [29].
Nevertheless, the results show some change in density profile due
to the electrostatic interaction between water molecules and CNT
surface. The results indicated that with increasing the negative sur-
face charge of CNT, the existence of hydrogen atoms is more than
oxygen atoms in closer distances from CNT sidewall. These results
are in good agreement with the total energy profile corresponding
to three configurations shown in Fig, 2, which shows that when CNT
has negative surface charge the water molecules are arranged in a
direction in which the hydrogen atoms are located in closer dis-
tances from CNT. On the other hand, when CNT has maximum
positive surface charge (Fig. 4(a)) the oxygen atoms are located a
closer distance to CNT because of electrostatic attraction force be-
tween CNT and oxygen atoms. With increasing the positive charge
of CNT, the water density around the CNT is increased. A similar
behavior is observed for increasing the negative charge on CNT
surface. However, for net equal positive and negative charges, the
value of maximum reduced density for negative charge is lower
than that for positive charge.
3. Orientation of Water Molecules

For studying the water molecule orientation relative to CNT, the
distribution of the angles « and £ are calculated. Fig. 5 shows the
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Fig. 7. The ADF of angle £ for water molecules around the un-
charged CNT.

OH bond angular distribution function (ADF), angle ¢, around the
uncharged CNT. The ADF is calculated for three ranges of water
molecules:

Range 1, 3.5 A<r<6 A: first maximum in reduced density pro-
file (water molecules in water-CNT interface).

Range 2, 6 A<r<8 A: water molecules contributing the first min-
imum peak of radial oxygen density profile.

Range 3, 8 A<r<10 A: water molecules contributing the second
maximum peak of radial oxygen density profile.

The ADF for angle o proves that the OH bonds around the CNT
are tangential to the plane of CNT. In contrast, in farther distance
from CNT sidewall, the OH bond of water molecules shifts to higher
angles to CNT plane. These results are in good agreement with [15].

The ADF of angle « for water molecules around charged CNT
are shown in Fig. 6. For every case the angle « is the smaller angle
between two OH bonds in a water molecule and CNT plane. The
ADF for CNT with negative surface charge indicate the parallel
orientations between OH bond and CNT plane. This is due to the
attractive force between hydrogen with positive charge and CNT
with negative charge. For the CNT with positive surface charge the
ADF shows the maximum probability for OH bond angle is about
80°. The positive charge on CNT causes slight distortion and little
variation in angle & compared with the negative charge.

To evaluate the orientation of water molecules around CNT, in
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Fig. 6. The ADF of angle o for water molecules around charged CNT’s, the carbon atoms of CNT with point charge: (a) +0.05e, (b) —0.05e.
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Fig. 8. The ADF of angle S for water molecules around charged CNTs, the carbon atoms of CNT with point charge: (a) +0.05e, (b) —0.05e.

Fig. 9. Snapshot of water molecule around CNT with point charge: (a) +0.05e, (b) —0.05e white denotes hydrogen atoms, red denotes

oxygen atoms, and blue denotes CNT atoms.

this investigation the ADF of angle f was also calculated and is
shown in Fig, 7 and Fig. 8 for uncharged and charged CNT, respec-
tively. The ADF distribution shows that the water molecules in the
vicinity of CNT (Range 1) make an angle of about 90° with CNT
plane. For charged CNT, the peak of ADF shifts to lower angles.
Fig. 9 demonstrates a snapshot of water molecules around charged
CNT. The effect of water orientation due to CNT charge is clearly
shown in this figure.
4. Hydrogen Bond

For a better understanding of the water structure around CNT, the
mean number of water hydrogen bonds per water molecule (Hbond)
is considered. We used a geometrical definition for realizing an Hbond.
In this definition, two water molecules are contributing in Hbond
when all of three following conditions are satisfied [15,30-31]:

- The distance between both oxygen atoms of two water mole-
cules is smaller than 3.6 A.

- The distance between the oxygen of acceptor molecule and
the hydrogen of the donor is less than 2.4 A.

- The bond angle between O-O direction and the molecular O-H

direction of the donor, where H forms the Hbond, is smaller than
30°.

The number of Hbonds around charged and uncharged CNTs is
reported in Table 3. At the nearest distance to CNT, it can be ex-
tracted a reduction in number of Hbonds in comparison with bulk
water that is 3.7 Hbond per water molecule [31]. This number is

Table 3. The number of Hbonds in different regions around CNT

First maximum First minimum Second maximum

Pechs R D, P inR.D.P. inR.D. P’
~0.05 3.10 3.4 3.4
~0.01 2.82 33 3.4
0.0 2.85 3.4 35
+0.01 26 35 3.5
+0.05 223 3.6 3.5

“Point charge of CNT carbon atoms
"Reduced density profile belong to oxygen density

Korean J. Chem. Eng.(Vol. 30, No. 3)
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Table 4. Diffusion coefficients, D, for water molecules in water-CNT

interface
P.ch. D (x107° m%/s)
-0.05 1.41
-0.01 1.53
0.0 1.62
+0.01 1.02
+0.05 0.96

“Point charge of CNT carbon atoms

smaller for CNT with negative charge. For CNT with carbon atom
point charge of —0.05e, this reduction is about 0.26%, whereas for CNT
with carbon atom point charge of +0.05e, this reduction is more than
0.39%. This is probably due to the effect of CNT on water mole-
cules orientation and water density where at shorter distance than
water-CNT interface the number of water molecules goes to zero,
and this reduces the opportunity of constraining Hbond. Further-
more, at near distance to CNT, the water molecules orientation is
almost the same and this phenomenon causes difficulty in making
Hbond between water molecules. The diffusion coefficient of water
molecules in water-CNT interface was calculated and reported in
Table 4. For calculating D, the mean square displacement (MSD)
of water molecules is used which is defined as [27]:

D= llimMSD - llim<[r(t+ dy -

615w o t

™

Where r is the vector position of water molecule and t is the time.
Tables 3 and 4 indicate that a direct relation holds between the num-
ber of Hbonds and self-diffusion coefficient. By reducing the dynamic
mobility of water molecules in water-CNT interface the number of
Hbonds is also decreased. The same behavior is reported in the litera-
ture for water molecules around or in the CNTs [32,33] and gold
substrate [34].

CONCLUSIONS

A molecular dynamics simulation is used to investigate the struc-
tural properties of water molecules around charged and uncharged
CNT. The reduced density profile was analyzed and the same pattern
observed in density profiles of water molecules around CNTs. A
high-density region of water molecules was observed in water-CNT
interface. The results reveal the presence of a low-density region
behind the high-density region. In the interface region, the hydro-
gen atoms are located at closer distances to uncharged CNT and
CNT with negative surface charge. The maximum reduced density
in water-CNT interface belongs to CNT with positive charge. We
also found some characteristic properties of water molecules orien-
tation around CNT. In water-CNT interface, the angle between OH
bond of water molecule and the plane of uncharged CNT is about
90°. More investigation about water molecules orientation in water-
uncharged CNT interface demonstrated a tangential situation of water
molecules to CNT plane. At near distance to CNT, an important
decrease was also observed in the number of Hbonds relative to
bulk water for both charged and uncharged CNT. This distortion of
the Hbond network is because of changing of water molecule orien-
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tation and water molecule density due to the effect of water-CNT
interaction.

NOMENCLATURE

Abbreviations

ADF : angular distribution function

MD : molecular dynamics

P. Ch. : point charge of CNT carbon atoms
R. D. P. : reduced density profile

U,,.. :bond strength energy [kcal/mol]
U, : angle bending energy [kecal/mol]
U, : van der Waals energy [kcal/mol]
ULuoms - €lectrostatic energy [keal/mol]
English Symbol

D  :diffusion coefficient [m¥s]

k> : bond force constant [kcal/(mol-A?)]
k¢ : bond force constant [kcal/mol]

q : atom point charge, e

r :distance [A]

o, :bond length [A]

9, :equilibrium bond length [A]

U, : total potential energy [kcal/mol]

t : time [s]

Greek Symbols

A :angstrom [107° m]

6.0. : angle between H-O-H [degree]

Oy - equilibrium angle between H-O-H [degree]

e :well-depth of potential [kcal/mol]

&  :permittivity of free space [8.8542x 107> C*N'm ]
o :diameter of the potential [A]

A :angstrom [107'° m]
e : electron unit [1.6x107"° C]
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