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We have compared several computational techniques with the aim to compute the radial distribution
function (RDF) as a good characterization of water structure. In particular, we have used molecular
mechanic (AMBER99), semi-empirical (AM1, PM3, PM6) and ab initio (DFT) technique. It has
been shown that molecular mechanic gives very poor results in the case of water RDF. Ab initio
techniques which are in general accepted as very exact methods, in the case of water underestimate
intermolecular interaction. Unexpectedly, the semi-empirical method with PM6 parameterisation
gives the best results in comparison with RDF measured by X-ray scattering experiment.
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INTRODUCTION

Water plays a fundamental role in the nature and continues to be in the focus of many
scientists (Guillot et al., 2002). Water as a solvent can affect the drug interaction,
the stability and formation of ionic compounds, spectroscopic properties and spatial
conformation of molecules (Zhang et al., 2010, Azam et al., 2010, Woods et al., 2010,
Hugosson et al., 2006, Cordeiro et al., 2006, Garrido et al., 2010). Perhaps, as the most
common solvent in the nature is essential for human being. The properties of water, like
the heat of vaporisation, the self diffusion coefficient, the atom-atom pair distribution
function, the temperature of maximum density, the critical parameters, the dielectric
constant and many others have been intensively studied by physical experiments as well
as computer simulations (Sorenson et al., 2000, Campo, 2010, Head-Gordon, 2002, Tunon
et al. 1996).

The choice of a computational technique plays an essential role in all numerical
experiments. Today we have many possibilities - from fast and simple to exact and
computational demanding techniques. The simple ones, like molecular mechanics enable
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to calculate only rudimentary properties for basic systems. Semi-empirical methods
represent a “middle road” between the mostly qualitative results available from molecular
mechanics and the computationally time-consuming quantitative results available from ab
initio. Quantum mechanics approach provides the most accurate results at the price
of extensive computational time demand (Ramachandra et al., 2008). The availability of
full-blown computers which increased during last few decades gives good chance
to perform ab initio calculation from hundreds to thousand atoms. An alternative
possibility to reach a reliable description of the structure and properties of the system is to
apply combined quantum mechanics/molecular mechanics (QM/MM) method (Intarathep
et al., 2006).

In order to quantify the level of accuracy reached by different computational approaches,
it is necessary to compare simulated water properties with experimental results. Radial
distribution function (RDF) is usual output of computer simulations studies and it is
typical characteristic of fluids in the statistical mechanic theories. In particular, RDF
goo(r) gives the information about oxygen-oxygen, goy(r) about oxygen-hydrogen and
gun(r) about hydrogen-hydrogen density variation. RDF (Bandad et al. 2006, Kuhne et al.,
2009).

The aim of this paper is to compare different computational methods with the goal
to optimize the structure of water. In the present study, we have employed molecular
mechanic (MM) implemented in HyperChem7.51 (HyperChem™ Profesional 7.51), semi-
empirical approach implemented in MOPAC9 (Molecular Orbital Package) (MOPAC
2009) and ab initio DFT method implemented in SIESTA (SIESTA code, 1996) (Spanish
Initiative for Electronic Simulations with Thousands of Atoms).

COMPUTATIONAL METHODS

Three basic computational methods have been used in the particular investigation. We
have performed the accuracy of molecular mechanic (AMBER99 force field) (Cornell et
al.,, 1995), semi-empirical (AM1, PM3, PM6 parameterization)(Dewar et al., 1985,
Stewart, 1989, Stewart, 2007) and ab initio (DFT) calculation applied to water
optimization. Input entry of water molecules in various cubic boxes has been generated
by HyperChem 7.51. In particular, we have used cubic box with a site length of 8.5 A
(contains 21 water molecules), 10.0 A (33 water molecules), 11.0 A (43 water molecules),
12.0 A (51 water molecules) and 15.0 A (109 water molecules). In this paper, we will
refer water clusters containing 21 and 33 individual molecules as small and water clusters
containing 43, 51 and 109 water molecules as large.

Molecular mechanics (MM) uses analytical, differentiable and relatively simple potential
energy function for describing the interactions between a set of atoms. We have used
AMBER99 force field integrated in the program HyperChem 7.51. This force field was
originally developed for computations of proteins and nucleic acids and contains
parameters for bonded and non-bonded (electrostatic and Van der Waals) interactions
among atoms (Ponder et al., 2003, Perez et al., 2007). It should be noted that Van der
Waals interaction forms crucial forces of hydrogen bond. The interaction gives important
part of all simulations with water. Furthermore, force fields for MM could have a specific
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hydrogen bonding term to improve the accuracy of water interactions (e.g. original
AMBER force field). AMBER99 does not contain the specific hydrogen bonding term
and Van der Waals interactions are accounted by normal electrostatic interaction.
Semi-empirical program MOPAC9 has been used as the second and more precise
computational method. Water models were optimised by AM1 (Austin Model 1) (Dewar
et al., 1985), PM3 (Parameterized Model 3) (Stewart, 1989) and PM6 (Parameterized
Model 6) (Stewart, 2007). All techniques were implemented with MNDO model
(Modified Neglect of Differential Overlap) (Dewar et al.,, 1977). MNDO is a valence-
electron self-consistent molecular orbital treatment which employs a minimal basis
set of atomic orbitals and the NDDO approximation (Neglect of diatomic differential
overlap) (Pople et al., 1965, Pople et al., 1967). Semi-empirical methods could contain
hydrogen bond corrections to improve their quality (Korth et al., 2010, Korth, 2010). The
corrections improve the accuracy of bond lengths as well as the angels between the atoms
which form water dimmers.

The ab initio (DFT) (Hohenberg et al., 1964, Kohn et al., 1965) calculation was used
within the SIESTA software package. All simulations have been done on standard Kohn-
Sham self-consistent density functional method. The Kohn-Sham equations were solved
using generalized-gradient exchange-correlation functional approximation (GGA). One-
particle problem is solved by linear combination of atomic orbitals (LCAO). Atomic
pseudopotentials for hydrogen and oxygen atoms were taken from the web side
of SIESTA developers (http://www.icmab.es/siesta/). Multiple-basis set has been used
with polarization and diffuse orbital. Conjugate gradient method has been chosen
for coordinate’s optimization. For ab initio simulations we have used computational
cluster consisted of 16 individual nodes. Nodes are connected with infiniband network
with high data transfer speed. Time demand of used computation methods is shown in
Table 1.

Table 1. Time demands in seconds for used computation methods. Dashed line
represents extremely time consuming calculations which were not done.
Computation method

Number of SIESTA SIESTA
water AM1 PM3 PM6 serial parallel

molecules version version
21 9.9E+01 9.1E+01 6.6E+01  8.2E+04 5.1E+04
33 5.6E+02 4.4E+02 3.0E+02  2.9E+05 1.6E+05
43 6.9E+02 5.7E+02 3.6E+02  -------- 2.5E+05
51 1.4E+03 84E+02 7.2E+02 W ---eem- 4.7E+05
109 1.9E+04 1.7E+04 1.3E+04

Results from all used computational approaches have been interpreted in the frame of
radial distribution function g(r) (RDF). RDF describes how the atomic density varies as a
function of the distance r from the origin (Madan et al., 1999). The position and number
of peaks from RDF is crucial for the interpretation of a liquid(s) structure. RDF of
simulated water systems can be compared with X-ray and neutron scattering experiment
results, which are essential data about microscopic structure of water.
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RESULTS AND DISCUSSION

All used simulations gave regular radial distribution function for oxygen atoms (gpo(7)) in
water. The position of first gpo(r) peak is the key feature for liquid water. Second and
third peak indicates the residual ice structure in the liquid water. The position of these
three peaks is compared with experimental results from X-ray scattering experiment (Hura
et al., 2000).

It was shown that MM requires larger water system to obtain relevant RDF because small
clusters have goo(7) graph without evident peaks. Therefore, in Figure 1. only goo(7) for
large water clusters is shown.

First maximum of goo(r) X-ray scattering data leads to the value of 2.75 A. It can be seen
that optimized water systems by molecular mechanic show the maximum for oxygen-
oxygen distance at 3.30 A. This peak is broad and higher then experimental data. It
indicates larger firs hydration shell of water molecules. The position of second and third
peak could not be seen in Figure 1. The conclusion that follows from these findings is that
MM optimisation only roughly interprets the structure of liquid water. It can be caused by
the absence of the specific hydrogen bonding term in AMBER99 force field. This result
should be considered before choosing the force field for combined QM/MM techniques
(Hao et al., 2003, Murugan, 2011, Sakata et al., 2011).

Figure 1. Radial distribution functions for 41 (green line), 51 (blue line) and 109
(pink line) water molecules in cube box. It was used MM optimisation with
AMBER99 force field. X-ray scattering experiment data (dashed line)
(Sakata et al., 2011).

Figure 2. shows gpo(r) of water systems after semi-empirical (AM1) optimisation.
Position of the first peak (2.70 A) for small clusters is in good agreement with
experimental value. Large clusters have the first peak position little shifted towards the
value 0f 2.90 A.
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First peak represents the radius of first hydration shell of the water molecule. Second peak
is slightly shifted towards the value of 5.00 A. The value corresponds to second hydration
spheres around water molecule. This sphere (experimental radius 4.50 A) is typical for ice
in hexagonal crystal structure (Soper, 2000, Fan et al., 2010, Vega et al., 2005).

r(A)

Figure 2. Radial distribution functions for 21 (black line), 33 (red line), 41 (green
line), 51 (blue line) and 109 (pink line) water molecules in cube box. It was
used semi-empirical optimisation with AMI1 parameterisation. X-ray
scattering experiment data (dashed line) (Sakata et al., 2011).

Results for water systems optimized by semi-empirical method with PM3
parameterisation are shown in Figure 3. The radius of the first hydration shell of water is
2.90 A. This value was independent of the size of water system. The position of second
characteristic peak for optimized water is at 4.75 A what is close to the experimental
result obtained from X-ray scattering data. The graph of gpo(7) contains one more peak
with the position 3.50 A. This distance occurs in liquid water under high pressure or high
temperature when the second hydration shell collapses on the shell of first neighbours
(Urquidi et al., 1999). Extra peak, which is shown in Figure 3., is a systematic error
of PM3 parameterisation and is independent on the size of cluster.
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Figure 3. Radial distribution functions for 21 (black line), 33 (red line), 41 (green
line), 51 (blue line) and 109 (pink line) water molecules in cube box. It was
used semi-empirical optimisation with PM3 parameterisation. X-ray
scattering experiment data (dashed line) (Sakata et al., 2011).

The best results we have achieved using recently published PM6 parameterisation.
The position and shape of first goo(7) peak was 2.70 A (Figure 4.). The shape of second
peak was not very smooth however the broadness corresponds with the experiment.

r(A)

Figure 4. Radial distribution functions for 21 (black line), 33 (red line), 41 (green
line), 51 (blue line) and 109 (pink line) water molecules in cube box. It was
used semi-empirical optimisation with PM6 parameterisation. X-ray
scattering experiment data (dashed line) (Sakata et al., 2011).

In Figure 5. we can see that the position and shape of first hydration shell for optimised
clusters obtained with ab initio DFT method is in good agreement with experimental data.
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The position of firs peak 2.90 A almost coincides with the reference result. Generally,
second peak is well reproduced. Only the simulation with 21 water molecules has second
peak slightly shifted towards the lower value of 4.15 A. It is caused by too small number
of water molecules in cluster. In the ab initio simulation we have used GGA exchange
functional. It is known that this approximation underestimate intermolecular interaction
(Perdev et al., 1996). It can be the reason of getting poorer results for first hydration shell
with DFT than with semi-empirical method (PM6) although ab initio is the most accurate
approach.

Figure 5. Radial distribution functions for 21 (black line), 33 (red line), 41 (green
line) and 51 (blue line) water molecules in cube box. It was used ab initio
DFT method. X-ray scattering experiment data (dashed line) (Sakata et al.,
2011).

CONCLUSIONS

We have presented the comparison of different approaches with the aim to optimize

water clusters. Optimizations for the water systems have been carried out employing
molecular mechanic, semi-empirical and ab initio DFT method. The results are interpreted
with the assistance of radial distribution function (RDF). Radial distribution function
for oxygen-oxygen couple represents the oxygen density variations as the function
of a distance » from the origin (another oxygen atom). All results are compared
with the experimental RDF taken from X-ray scattering experiment data (Sakata et al.,
2011).
Molecular mechanic approach with AMBER99 force field is the simplest and fastest
method. Interpretation of water structure is very inaccurate. MM requires large clusters to
provide relevant RDF. Results with AMBER99 force field are poor, shoving the position
of first hydration shell at 3.30 A against experimental value of 2.75 A.
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Consecutively we have employed semi-empirical method. All used parameterisations
(AM1, PM3 and PM6) provides relatively correct position (2.7 — 2.9 A) of first hydration
shell for water molecule according to experimental value. The reproducibility of second
peak, which represents residual hexagonal ice structure, is poorer for AM1 and PM3
parameterisation (5.00 A and 4.75 A). From our results is seen that PM3 parameterisation
gets RDF with systematic error. RDF contains extra peak with position of 3.50 A, which
indicates collapse of second hydration shell.

The best results we have got using PM6 parameterisation. The position and shape of first
and second hydration shell is in very good agreement with experimental value. These
positions are independent of the water cluster size. Further, the computation with PM6 is
the fastest from all tested semi-empirical parameterisations (AM1, PM3, and PM6).

Ab initio method little underestimates intermolecular interaction in water clusters.
The radius of first hydration shell (2.90 A) is independent of the water cluster size.
Second hydration shell is well reproduced in all clusters except small cluster with 21
individual water molecules. In this case the number of water molecules was insufficient
for calculation and the position of second hydration shell is shifted towards the lower
value of 4.15 A. In spite of the fact that ab initio DFT approach is the most accurate and
time consuming from all tested methods we have got poorer RDF for all computed water
clusters.

In conclusion, our results indicate advantage of “middle road” semi-empirical approach
with PM6 parameterisation over AM1, PM3 and ab initio DFT approach.
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POROVNANIE ROZNYCH VYPOCTQVYCH METOD PRE OPTIMALIZACIU
STRUKTURY VODY

IStanik, R. — ?Ballo, P. — 'Benkovsky, 1.

'Department of Pharmaceutical Analysis and Nuclear Pharmacy, Faculty of Pharmacy, Comenius
University, Bratislava, Slovakia
“Department of Physics, Faculty of Electrical Engineering and Information Technology, Slovak
University of Technology, Bratislava, Slovakia

Porovnali sme niekol’ko vypoctovych technik s cielom ziskat’ radidlnu distribu¢nu funkciu (RDF),
ktora je vhodna na charakteristiku $truktiry vody. Menovite sme pouzili molekulovii mechaniku
(AMBER99), semi-empirické (AM1, PM3, PM6) a ab initio (DFT) techniky. Ukazalo sa, ze
molekulova mechanika poskytuje vel'mi slabé vysledky vzhl'adom na RDF vody. 4b initio techniky,
ktoré st vSeobecne akceptované ako velmi presné metdody, v pripade vody podcenuji
medzimolekulové interakcie. Prekvapujlico, semi-empirickA metéda s PM6 parametrizaciou
poskytuje najlepsie vysledky v porovnani s meranim RDF pomocou X-ray rozptylu.
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