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� Batteries
� Biosensors for harmful gases 

and chemical analyses 
� Capacitors 
� Cathodes for microwave tubes 
� Chemical factory-on-a-chip 

applications 
� Computers and TVs (with nano

circuits)
� Conducting composites 
� Conductors for micro electronic 

devices 
� Controlled drug release 

applications 
� DNA chips 
� Electronic applications 
� Electronic rectification, ballistic 

switching, and logic functions 
� Electronic nanocomponents

and material protection 
applications 

• Field effect transistors
• Field-emission flat panel 

displays 
• Filter applications 
• Fuel cell membranes 
• Heat pipe 
• Hydrogen storage 
• LEDs
• Microscope probes 
• Molecular pumps 
• Nanometric test tubes 
• Nanotube reinforced 

composites
• Nano-data storage 
• Quantum wires 
• Single electron transistors 
• Sporting goods 
• Water desalinators
• Wireless devices 
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Motivation

� Interesting phenomena and physical properties 
may be found in the water-nanotube composites. 
Since the discovery of carbon nanotubes, 
researchers vigorously investigated the fantastic 
behavior of carbon nanotubes with or without 
inclusion atoms. 

� providing available information to estimate the 
effective Young’s modulus of the water-nanotube 
composite.
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Paper Survey
Publisher Nature
Year 2001
Author Hummer G, Rasaiah JC, Noworyta JP 
Title Water conduction through the hydrophobic channel of a carbon   nanotube 

Hummer et al. utilized the 
molecular dynamics method and 
found that water arranges in one-
dimensional order inside a 
hydrophobic carbon nanotube by 
strong interaction of hydrogen 
bonds. He investigated water in a 
long chain order and its fluidity in 
a pulsed mode 
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Paper Survey
Publisher Nano Letts
Year 2004
Author N. Naguib, H. Ye, Y. Gogotsi, A. G. Yazicioglu, C. M. Megaridis, M.

Yoshimura
Title Observation of water confined in nanometer channels of closed carbon nanotubes 

Naguib et al. studied water passing into 
the defects of a carbon nanotube, and 
investigated the behavior of water inside a 
carbon nanotube. They found that the 
flow of water is much less than that of 
macroscopic water, in agreement with 
Liu’s results. Also, water can be solidified 
by increasing the pressure, and it is found 
that hexagonal and heptagonal icy 
columns change to rectangular and 
pentagonal ones when external pressure is 
increased
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Paper Survey
Publisher Phys. Rev. B
Year 2005
Author Liu YC, Wang Q
Title Transport behavior of water confined in carbon nanotubes 

Liu and Wang found that water inside a carbon 
nanotube behaves as of anisotropic transportation 
by the molecular dynamics method. They also 
investigated that axial heat conduction rate, 
diffusive rate, and viscosity are much more than 
longitude that. The diffusive rate of water 
decreases noticeably with the decrease of a 
carbon nanotube’s diameter. However, the axial 
heat conductive rate and shear viscosity of water 
are much more than that of macroscopic water. 
Moreover, the chiral order and laminar 
distribution of water were also investigated 
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Paper Survey
Publisher J. Phys.: Condens. Matter
Year 2006
Author N R de Souza, A I Kolesnikov, C J Burnham and C-K Loong
Title Structure and dynamics of water confined in single-wall carbon nanotubes 

Souza et al. used the neutron diffraction and the 
molecular dynamics method to investigate water 
inside a carbon nanotube, and found that water is 
able to pass through a SWNT in a shell-chain 
structure at lower temperature. They identified 
that water rearranges and changes into a cubic icy 
structure, which contains chain-structured water 
molecules. The hydrogen bonds are created and 
broken violently with the temperature increasing. 
He found that the shell-chain structure disappears 
when the temperature is beyond 210K
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Paper Survey
Publisher Nano Letts
Year 2007
Author Wang, Z., Ci, L., Chen, L., Nayak, S., Ajayan, P.M., and Koratkar, N. 
Title Polarity-Dependent Electrochemically Controlled Transport of Water  through Carbon

Nanotube Membranes 

Wang et al. observed water in negative charge 
by bringing positive voltage on a water-
embedded carbon nanotube, and found that a 
carbon nanotube’s properties change to 
hydrophilic from hydrophobic. Moreover, the 
flow rate increases substantially with the 
electric field increasing. They indicated that 
the technique can be applied to purify 
drinking water and gene research.
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Molecular Dynamics

A computer simulation technique that allows 
one to predict the time evolution of a system of 
interacting particles (atoms, molecules,.. etc.)
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Two Steps to perform MD simulation

(I)
•Setting initial conditions (e.q. initial position 
and velocities of all particles in the system)

•Selecting accurate interaction potential for 
describing the forces among all the particles.



1st HPC-NMR 
Aug. 14

( )ijr� : interatomic potential

(II)(II)
••Solving a set of classical equations of motionSolving a set of classical equations of motion
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Schematic diagram of a basic MD code
Part A

Part B

Part C

Part D

is max1 tt n ��

Define initial positions and velocities          and)(r i 0t�
)( 0tiV

�

Calculate forces at current time nt
)rrrrV(F N1 ,,......,,, 32 ati

������
���

Solve equations of motion for all particles in the system
Over a short timestep )()( 1�	 nini tt rr ��

)(V)(V 1�	 nini tt
��

Calculate desired physical quantities,
write data to trajectory file 

Write to the disk final atomic configuration & finish

t

ttt nn 
��� 1
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Setting Initial Condition
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t

ttt nn 
��� 1

� establishing initial positions and velocities of all atoms 
before MD simulation

� Two skills to achieve the relaxation process

� using values after relaxation process
� Undergoing a relaxation process

Relaxation cycles Production cyclesRe-zero
simulation
sums

Part A

Schematic from lecture  of D. A. Kofke
18
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Generating an Initial Configuration

The arrangement of the Initial configuration is mainly 
based on the material nature we want to simulate (for 
example, b.c.c, f.c.c, h.c.p, amorphous.)

H.C.P F.C.C

Part A

Part B

Part C

Part D

Part A

Part B

Part C

Part D
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Initial Velocities

� Generating velocities of atoms (in x, y, z directions) 
over a uniform random numbers over (-1,1).

� Scaling the kinetic energy of the system to the 
corresponding temperature we desired.

� shifting the center-of-mass momentum to be zero
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Part D
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Tables from the lecture of D. A. Kofke

� Scaling by model parameters
� size s
� energy e
� mass m
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pN rNQ

� momentum temperature is proportional to total 
kinetic energy

� energy fluctuate between K and U

2
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� ��p
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1.1. IsokineticIsokinetic ThermostattingThermostatting

1.Andersen Thermostat
2. Nosé Thermostat 
3. Nosé-Hoover Thermostat

Thermostatting via Wall Collisions

Force momentum temperature to remain constant
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Periodic Boundary Condition

(geometric boundary)
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the MD simulation
(a) bond strength (b) bond bending

(c) bond torsion
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(d) Van der Wail

(e) Coulomb force
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Pairwise Potential Many body potential

Two types of interatomic
potential
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�Many body potential
� Tight-binding potential (Co, Cu, Ti, …)

� Where      is an effective hopping integral
� is the distance between atom i and j

is the first-neighbor distance
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• Many body potential
– Tersoff potential (C, Si, Ge)
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Progress of simulation

Schematic from lecture 11 of D. A. Kofke
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MD SIMULATION

� The initial conditions:
� The bottom end of the carbon nanotube is fixed.
� The time step is chosen to be �t=1.0 fs for the case of a 

carbon nanotube without water; �t=0.5 fs for carbon 
nanotubes with water.

� The temperature is set to be 1, 300, 1000 and 2000K.
� The NTV ensemble is chosen and the cut-off distance is 12 Å.
� For the water-nanotube composite or the carbon nanotube, 

there are 100,000 executed for initial relaxation and additional
500,000 time steps for reaching the lowest energy 
configuration.
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MD SIMULATION
� The controlled parameters:

� The interval of time step and the cut-off distance are pre-chosen. 
� Temperature (1, 300, 1000, and 2000K). 
� The number of water molecules (0, 1, and 125).
� The running time of a case (100,000, 500,000 time steps). 

� The investigated parameters:
� The vibration displacements, their amplitude, and the variance and the 

mean value of the amplitudes of the carbon nanotube are studied.
� Summary:

� The free-vibration displacement of the carbon nanotube’s tip is 
investigated, and the dynamical behavior of water inside the carbon 
nanotube is also recorded. 

� The relationship between the variance and mean value of vibrating 
amplitudes of the carbon nanotube and temperature are discussed.
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Tersoff (Carbon)
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Tersoff (Carbon)
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where E is the total energy of all 
the covalently bonded carbon 
atoms, Ei the energy for atom i, Vij
the interaction energy between 
atoms i and j, rij the distance 
between them, ijk is the bond 
angle between atoms ij and ik,
and fc is a cutoff function to 
restrict the range of the potential. 
In the present work, the total 
energy calculated from the Tersoff
potential is assumed to be the 
total strain energy of the system. 
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Tersoff (Carbon)
Parameters used in the Tersoff potential for carbon-carbon binding. 

2.1S (Å)
1.8R (Å)

- 5.7058 10 -1H
4.384 10 0d

3.8049 10 4c
7.2751 10 -1n
1.5724 10 -7

2.2119(Å-1)
3.4879(Å-1)

3.467 10 2B (eV)
1.3936 10 3A (eV)

ValueParameter
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� TIP3P water (Water)

Methodology
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where and are constant. They are in units of g-Å12/fs2 and Å, respectively.



1st HPC-NMR 
Aug. 14

MethodologyMethodology
�� ME3Organic (Bonding Terms) (WaterME3Organic (Bonding Terms) (Water--Carbon)Carbon)

(a) Bond Stretching Potential(a) Bond Stretching Potential

(b) Bond Angle Potential(b) Bond Angle Potential
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Here K is a constant, in units of kcal/mol/Å2. r (Å) is the 
distance between atom i and atom j. R0(Å) is the equilibrium 
bond stretching distance.

Here C is a constant, in units of kcal/mol.    (deg) is the equilibrium bond angle. 
0-
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MethodologyMethodology
�� ME3Organic (Bonding Terms) (WaterME3Organic (Bonding Terms) (Water--Carbon)Carbon)

(c)(c) TorsionalTorsional Angle PotentialAngle Potential
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Here V is a constant, in units of kcal/mol.       (deg) 
is the equilibrium torsional angle and n is a 
periodic parameter.

(d) Out(d) Out--ofof--Plane PotentialPlane Potential
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MethodologyMethodology
�� ME3Organic (NonME3Organic (Non--bonding Terms)bonding Terms)

(Water(Water--Carbon)Carbon)
�� (e) LJ only UFF Potential(e) LJ only UFF Potential

'
%
"

&
$
! �� 60120

0 )(2)(
r

R
r

R
DE

The above equation is the non-bonding term. D0 is a constant, 
whose unit is kcal/mol. R0 (Å) is also a constant.
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RESULTS AND DISCUSSION
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The relationship between the mean value and the variance
of a capped SWCNT and temperature without water

It shows that longer running time (blue line, 
500,000 time steps), predicts less variation 
than shorter running time (white line, 
100,000 time steps), but not significantly, 
indicating our results have reached 
numerical equilibrium. Also, by this slight 
difference, it can be seen that the transient 
state of a carbon nanotube’s vibration is 
more violent than the steady-state one. The 
variance of the amplitude of a capped 
carbon nanotube’s tip decreases with the 
executing time increasing.
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RESULTS AND DISCUSSION
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The relationship between the mean value and the variance
of a capped SWCNT and temperature with only one water molecule

It shows that the amplitude of a SWCNT’s tip 
increases with temperature. Its increasing rate is 
nearly linearly. Also, it is found that the variance 
of a carbon nanotube is the largest near 300K.
We observe that the system containing one water 
molecule disturbs the tube’s vibration most when 
temperature is near the boiling point. It is 
suspected that water’s boiling is responsible for 
this observation. When the temperature of water 
is above the boiling point, the volume of the 
water vapor expands more than that of the water. 
Hence, the collision between water molecules 
and the wall of a carbon nanotube increases and 
results in the variance of the amplitude of a 
carbon nanotube. 
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RESULTS AND DISCUSSION
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The relationship between the mean value and the variance of a 
capped SWCNT and temperature with 125 water molecules.

It shows that the amplitude of a 
SWCNT’s tip increases with 
temperature. Its increasing rate 
is nearly linearly when the case 
has 125 water molecules inside 
a SWNT.
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RESULTS AND DISCUSSION

(a) (b)

The spatial position of one water molecule in the 
axial  direction of a capped SWCNT, which is 
executed 100,000 time steps at different 
temperature (a) 1K; (b) 300K; (c) 1000K; (d) 2000K.

The trend of dynamical behavior of one 
water moleculeis like walking randomly in 
a one-dimensional space, as shown in Fig. 
One water molecule behaves in random-
walk fashion more noticeable with 
temperature increasing. The kinetic energy 
of water increases with the increase of
temperature and results in the movement 
of water molecule. However, the 
increasing the number of water molecules 
decreases the random-walk trend. The 
diffusion pathways are driven by the 
mechanism of random-walk and the 
concentration of water. With temperature 
and executing time increasing, water 
molecules distribute uniformly gradually 
along the axial direction of the SWCNT. 
The breathing and stretching-shortening 
modes of the SWCNT are currently under 
investigation by our group

(c) (d)
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RESULTS AND DISCUSSION
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RESULTS AND DISCUSSION

52(5,5) 20 Å 298K(a) 500K(b)
(a) (b)
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53

(a) (b)

(a) (9,0) (b) (5,5)
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Results

(Å) (Å) (Å)

(3,3) 4.13 1.467 0.592 

(5,5) 6.87 2.822 0.616 

(6,6) 8.25 3.557 0.568 

(9,0) 7.15 2.733 0.844 
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Conclusions
(1)The more temperature is, the more the vibrating 

amplitude of the SWNT and the dynamical 
behavior of water monomer inside it is.

(2) The optimal geometrical distance is almost 
linearly related with the diameter of a SWNT, not 
with the chiral vector of that.

(3) The water monomer remains the optimal 
geometrical distance and stays closer to the wall 
of a SWNT instead of to keep nearly the z-axial 
center of a SWNT after achieving the steady state. 
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