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Abstract

The aim of the paper is to examine the effect ofious molecular models on the
Molecular Dynamics (MD) simulation of water nanafle® The simulations of water
nanoflows in copper channels for three moleculardelm TIP4P, PPC, TIP5P were
performed. The MD simulation input parameters ctigrizing the systems were identical.
Various values of velocity profile in nanochannekse obtained
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INTRODUCTION

Dynamic behavior of water in nanochannels is cidolathe design of molecular sensors,
devices, machines and for many biological applocesi

The understanding of the water transport insidelygae flat nanochannels is highly
desired for practical applications. The study offudion of water molecules through
nanochannels can help to explain operating meamsnisf water channels, which are
responsible for many important biological procesedkle cell (Karniadakis et al., 2005).

When characteristic dimension of the flowléss than approximately ten molecules, the
continuum hypothesis breaks down (Kucaba at alQ9pGnd theMolecular Dynamics
method should be employed to simulate the atomisltavior of such system. To simulate
a nanoflow by use of the MD, the atomistic descriptis necessary for liquids contained in
nanochannels and a substrate forming the chanhel.cbmputer simulations need specific
input parameters characterizing systems in questirnch either come from theoretical
considerations or are provided by an experiment.

The anomalies that exist in the bulk propertiesvater caused that a large number of
atomistic models of water has been developed.dinseto be very important to understand
properly the effect of various atomistic water miedmn MD results, before they can be used
for a nanotechnology design.

MOLECULAR MODELSOF WATER

The structure of a water molecule (Fig. 1) is me&y complex and can be properly
described only in the framework of quantum mechartitowever, this kind of description is
not applicable for the Molecular Dynamics simulatidherefore a number of simplified
models have been proposed. Unfortunately, eadhmeof thas a limited range of applications.



Fig. 2. The most frequently uséd geometrical__rn_ixltelpes of a water molecule (Chaplin,

2008)

In Table 1 and Fig. 2 we present three moleculadetso of water, selected for our
Molecular Dynamics simulations of flow in nanochalmn

Table 1. Parameters of the water molecular modsdd in simulation (Chaplin, 2008).

Model Geo- Lennard- | Lennard- h b a ® a &

metrical | Jones Jones 1*10°1° 1*10°m (e) (e)

confi- molecul. | potential | m

guration diameter | well

(Fig. 2) 0, depth

1*10%%m €
kJ/mol

TIP4P C 3.15365 0.6480 0.9572 0.15 +0.5200 -1.04004.52 52.26
PPC B 3.23400 0.6000 0.9430 0.06 +0.5170  -1.0840 .0006 127.00
TIP5P D 3.12000 0.6694 0.9572 0.7 +0.2410 -0.241m4.52 109.47

MOLECULAR DYNAMIC SIMULATION

Molecular Dynamics is a computer simulation techeigescribing the time behaviour of a
set of interacting molecules. The laws of classmathanics are followed. The force exerted

on a moleculé by its neighbours consists of two components:
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where fmw — short range van der Waals force exerted atom of molecule by 5 atom of
moleculg,
f” — long range Coulomb force acting on molegule

The motion is governed by the Newton — Euler equisti

MR =F +F, | lo, — o x| [o, = N, (2.3)

where M; — the total mass of the molecule i,
R — the position vector of its centre of mass,
Fx— the force necessary to set water in motion,
li —the inertia tensor,
wi — the angular velocity,
N; — the torque

Stages of simulation:
Initiation: Placing the molecules of water and the coppenato the knots of crystalline
mesh. After that the velocities of the molecules iaitialized. Their values are sampled
at random from the Maxwell — Boltzmann distribution the assumed temperature.
Equilibration: After initiation the positions of molecules am@ firom equilibrium. The
whole ensemble is allowed to move freely for sometto attain equilibrium positions.
This is always connected with decreasing the piateand increasing the kinetic energy
of molecules, i.e. increasing the temperature ef tiedium. This excess temperature
must be removed by a suitable “thermostat”.
Actual simulation After attaining equilibrium the actual simulatigtarts. The required
data are accumulated in “dump-files” in fhreselected time intervals.

RESULTS

The simulations of water nanoflows in copper chéfa three molecular models: TIP4P,
PPC, TIP5P were performed. TRED simulation input parameters characterizing th&teams
were identical.

In the performed simulation, MD unit cell was iretform of a rectangular prism and
contained water molecules bounded by walls comgjstf another kind of molecules/atoms
and was identical as in (Kucaba at al., 200%g mumber of water molecules in the MD cell
with cooper walls was equal to 280. The nanochawadls were built of copper atoms and
their width was equal to 5 diameters of the wataletule. The physical properties of
materials and their electrostatic interactions wialeen into account. The Lennard-Jones
potential was assumed for interactions betweennmatdéecules and between water molecules

and wall (copper) atoms. All Lennard-Jones paramedie &) were taken from (Allen et al.,
1987). The program MOLDY (Refson, 2001), suitablgdified, was used for this purpose.
The Gaussian thermostat was applied to contraieimperature of water molecules during the
whole simulation. On the beginning this temperatuas fixed at 300 K.

To drive the flow, a constant nondimensional foFgevas applied to the centre of mass of
each water molecule. The calculations were cawigdover 100 000 time stepd = 0.5 fs



long, after the system has reached the equilibripmsjtions and velocities of all molecules
were recorded in dump files every 100 time stemstHe further use.

Figure 3 shows the velocity profile obtained frone tMD simulation. We observe that the
velocity obtained from the MD simulation by use 5P model is much smaller than by
use of the PPC and the TIP4P models.
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Fig. 3. Velocity distributions for two water flows nanochannel. The flows driven by various
nondimensional forcEx was applied to the centre of mass of each wateecutd, a)F,=2.5,

b) F«=5.0. Point® denote the values from simulatien; denote approximating curves

We can observed that value of fordgseffects on the velocity values of the flow. The
velocity changes from 2.5 m/s (Fig. 3a) to 5.5 iti/gy. 3b) and the values depend on
molecular model water used to nanoflow simulatisnvall.

To clear this situation corresponding Radial Dimttion Function (RDF) was plotted on
Figure 4. The Radial Distribution Function (RDF)ashasic measure of the structure of the
matter, its shape is different for different statésnatter, gases, liquids and solids.
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Fig. 4. The Radial Distribution Function for simidd two water nanoflows. Flows driven by
use of the force &),=2.5, b) F=5.0

When the flow is driven by the forde, = 2.5, the RDF shape for nanoflow of water
modelled by use of the TIP5P model is typical like a solid state of matter and RDF'’s
function shapes for nanoflows of water modelingubg of the PPC and the TIP4P models are
typical like for a liquid state of matter (Fig.)2a

However, when the value of force increases,Fxe= 5.0. the RDF’s shape for nanoflows
of water modelled by use of the TIP5P model isdgplike for a liquid state of matter, RDF
shape for nanoflows of water modelled by use oRRE€ and TIP4P models is typical like for
a gaseous state of matter (Fig. 4b).



To clear this situation we plot values of the waenperaturd as a function of time step
of the performed nanoflow simulations.
From results presented in Fig. 5, we can note ¢batputer model of water effects on the
water nanoflow temperature.
When the forcd~ = 2.5 (Fig. 5a) is applied to drive the nanoflomdahe TIP5P model to
represent a water molecule, the temperaludecreases after 87 000 time steps. The water
temperature of nanoflows simulated by use of th€ BRd the TIP4P models increases, but
for the PPC does not exceed the temperature dfdifiag of water (373 K ).
However, when forcéx = 5.0 is applied to drive the flow (Fig. 5b), thater temperature for
nanoflows simulated by use of the TIP5P water m@lebnstant, but for simulation based on
the PPC water model and the TIP4P water modektiheerature quickly increases above the
temperature of the boiling of water.
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Fig. 5. The water temperature of nanoflows — thassen thermostat applied, the flow driven
by the force af«=2.5, b) F=5.0.

Results presented in Fig. 4 and Fig. 5 indicatat during the nanoflows simulation based
on various water computer models the water temperadepends strongly on a) computer
model used in simulation, b) fordg applied to drive the flow. The simulation, for whi
results are presented above, were performed fonticdé parameters. The Gaussian
thermostat was applied to controlling the tempeeatf water molecules during the whole
simulation. The initial temperature was= 300 K, time stepat = 0.5 fs, when the system
reached the equilibrium the positions and velogité all molecules were recorded in dump
files every 100 time steps.

Therefore we can conclude that for each computateiof a water molecule we should
individually choose parameters of the MD simulatio

Below we want to show how effects the time steluean the water temperature during
nanoflows simulation. We want to present resultswater nanoflows driven by use of the
nondimensional forc&, = 5.0 and for two cases, when simulation was peréa by use of
the TIP4 water model and the second one, when atmonl was performed by use of the
TIP5P water model.
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Fig. 6. The temperature of the system — Gaussemitbstat used with different time steps for
the model of water TIP4P (forég = 5.0).
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Fig. 7. The Radial Distribution Function — Gausdia@rmostat used with different time steps
for the model of water TIP4P (forég = 5.0).

340

w
N
o

o
o
I

0]
o

—time step = 0,1fs
— time step = 0,3fs
time step = 0,5fs
time step = 0,6fs

D
o

temperature (K)
N N 8 N w
o

N
o

200

OO0 O © OO OO
SIS L LPS
ST SR Sl SN I S S SN S\
RN AN I SN S S S

time steps

Fig. 8. The temperature of the system — Gaussemitbstat used with different time steps for
the model of water TIPSH{ = 5.0).
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Fig.9. The Radial Distribution Function — Gaussiermostat used with different time steps
for the model of water TIP5F{ = 5.0).

From the results presented in diagrams (Fig. § we9can conclude, that the temperature
of water remains constant during nanoflows simudldig use of the TIP4P and the TIP5P
models, if we chose small time stap = 0.1 fs. Inappropriate time step can effect quick
increment of the temperature (Fig. 6 and Fig. &) tae change of the water state from liquid
to gas (Fig. 7 and Fig. 9).
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Fig. 10. Velocity distributions for flow of waterni a nanochannel, forcé&=5.0,
time stepAt = 0.1 fs. Point® denote the values from simulatien,- denote approximating
curves

Moreover it can be seen that the velocity vakligsined from the MD simulation by use
of the TIP5P model are smaller than by use of tHe4P model. Comparing results from
Fig. 3b and Fig. 10 we can see that the differdrete/een values of velocity distribution for
the TIP4P and the TIP5P decreases when simulathenstep decreasesAo= 0.1 fs.

In conclusion: for each simulation and each compumbodel of a water molecule we
should individually choose the parameters of the &ftBulation.
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