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Abstract

Water is used as a main solvent in model systems containing bioorganic molecules.
Choosing the right water model is an important step in the study of biophysical and
biochemical processes that occur in cells. In the present work, we perform molecu-
lar dynamics simulations using two distinct force fields for water - the rigid model
TIP4P /2005, where only intermolecular interactions are considered, and the flexible
model SPC/Fw, where intramolecular interactions are also taken into account. The
simulations aim to determine the effect of the inclusion of intramolecular interactions

on the accuracy of calculated properties of bulk water (density and thermal expansion
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coefficient, self-diffusion coefficients, shear viscosity, radial distribution functions, and
dielectric constant), as compared to experimental results, over a temperature range
between 250 K and 370 K. We find that the results of the rigid model present the
smallest deviations relative to experiments for most of the calculated quantities, ex-
cept for the shear viscosity of supercooled water and the water dielectric constant,

where the flexible model presents better agreement with experiments.

Introduction

Water is abundant in liquid solid forms in our planet, and it exhibits several thermodynamic,
dynamic and structural anomalous behaviors.! ™ From agriculture to travel, public health
to commerce, water’s properties shape human activity and define the geography, topography,
and environment in which we live. 1414725 Water is so central to life on Earth that it conditions
the search for the possibility of life elsewhere.!®> Many living beings can survive only a few
days without water because it is involved in most biological processes,!® such as nutrient
metabolism catalyzed by enzymes, and it serves as a medium for cell communication.
Although water molecules have simple geometric structures, this molecular liquid is still
challenging for experimental, theoretical, and computational methods. Water is a complex
substance to model, because of the competing effects of hydrogen bonding and van der Waals
interactions. In the past few decades, much effort from the molecular dynamics (MD) simula-
tion community has been devoted to develop force field models to simulate bulk and confined
water. These include models with three, four, and five, coulomb interaction sites with rigid
or flexible geometry, and other models that incorporate the electronic polarization.?¢™4 Re-
cently, new models have also been parameterized from a deep neural network.3%3 In general,
each of these water models has been optimized to reproduce only a few of the thermody-
namic properties of water, usually from experimental data. In this context, their success
depends on being able to reproduce additional experimental properties both in bulk and

confined water. A force field capable of describing the macroscopic properties of bulk and



confinement systems at the same time is still a significant challenge. The challenge is to
define the minimum and simplest model which is able to describe distinct anomalous and
non-anomalous thermodynamic, dynamic, and structural properties of water.

TIP4P /2005 is one of the most used rigid models.?® It is composed of four points: oxy-
gen with mass, two hydrogen with positive charges, and a fictitious location between the
oxygen and hydrogen to represent the dislocated charge of oxygen. This model was parame-
terized using experimental data such as the maximum density temperature, the enthalpy of
vaporization, and the density of liquid water at ambient conditions. It can reproduce ther-
modynamic and dynamic properties of water in a wide range of temperatures®® but is not
able to capture the changes in the water polarization due to variations in temperature and
pressure. To circumvent this limitation, flexible models were created. They represent the
O-H bond lengths and angles by harmonic functions and are better equipped to reproduce
flexibility transport properties.?” Even though these models provide good agreement with
experiments for phase coexistence, dielectric constants, viscosity, and diffusion,®® they do
not significantly improve the prediction of thermodynamic properties in general. 552

Anders Wallqvist and Olle Teleman®? indicated that the reason for the better description
of the water dynamics by flexible models when compared with rigid models is that the
flexibility slows down the motion of isolated water molecules, probably due to the increase of
the dipole moment. Then, while thermodynamic properties would be more dependent on the
local arrangements if water forms open or close clusters, the dynamics would be the result
of a more global organization. This suggests that what defines if the water property can be
described by a rigid or a flexible model is whether it depends on the local structure being
short range or if it is dependent on the dipole-type longer range interaction. For instance,
density, specific heat, and compressibility are usually well represented by rigid models since
they are properties that depend on the two-length scales interactions, tetrameters connected
by hydrogen bonds, or by van der Waals interactions. These ”volumetric” properties can

even be represented by effective potentials® which take into account the competition between



these length scales, but which do not exhibit any long-range interaction.

Among the several flexible models, the SPC/Fw?® and SPC/FH? models are the simplest
systems. They were fitted from the three points SPC to describe dynamic properties even
for the system under confinement®*5¢ On the other hand, TIP4P/2005°"5% and TIP4P /e
give an outstanding agreement with the experimental results for a wide range of properties.
This raises the question of what flexibility does actually add to the description of the system
properties.

In this work, we attempt to answer the question of the role of flexibility by evaluat-
ing the dynamic, transport, and thermodynamic properties of bulk water for the models
TIP4P /2005 and SPC/Fw. The properties will be separated in to two types: ”volumetric”
and "electrostatic”. The first group refers to water anomalies that appear event in effective
models where the electrostatic effects are not present directly. The second group is related
to the effects that are of long-range interaction and where water dipole might play a relevant
role.

The remainder of this paper goes as follows. In Sec. Il computational details are pre-

sented. Results are discussed in Sec. III, while conclusions are shown in Sec. IV.

Methods

We performed molecular dynamics simulations in the canonical NVT or isothermal-isobaric
NPT ensembles at 1 bar and a range of temperatures, using the LAMMPS package.% The
simulation box was filled with 512 molecules and periodic boundary conditions (PBC) were
applied in all directions. The Nosé-Hoover chains of thermostat and barostat were employed
to keep temperature and pressure constant. The equations of motion were solved using
the Nosé-Hoover integration scheme with a timestep of 1 fs for the rigid model and 0.5 fs
for the flexible models. This choice of timestep is compatible with the literature.%! The

equilibration runs lasted between 3 ns and 10 ns, whilst the production was longer than 15 ns.



For water, we used the rigid model TIP4P /20052 which reproduces several thermodynamic
water properties conditions®*® and the flexible SPC/Fw5® model which reproduce water
dynamic properties. The models use Lennard-Jones and Coulomb potentials to describe the

intermolecular interactions,
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where 7;; is the distance between sites 7 and j, ¢; is the electric charge of a site i, €, is the
permittivity of vacuum, € is the LJ energy scale and o is the repulsive diameter for a pair
17. For the flexible models, an additional term is included to account for the intramolecular

interactions that are defined, in the present work, by harmonic potentials in bonds and

angles,
U(r) = =5 (r —1,)° (2)

and
U =20 -0, )

where k is the corresponding spring constant, r, and 6, are, respectively, the bond and
angle at their equilibrium values. The hydrogen bonding, these interactions arise from the
interplay between the oxygen and hydrogen atoms of one molecule and their corresponding
atoms in neighboring molecules. These interactions are characterized by both electrostatic
and Lennard-Jones (LJ) components. The electrostatic component reflects the attraction
between the opposite charges of the involved atoms, while the LJ component addresses
short-range repulsion and attraction contributions. The precise definition of a hydrogen
bond is based on criteria related to the distance and angle between the involved atoms,
providing a rigorous approach to each force field in the literature.

For the rigid model, the intramolecular part was constrained by using the SHAKE al-



gorithm with a tolerance of 10~*. The force field parameters for the models are listed in
Table 1. Coulomb long-range interactions were computed with the Particle-Particle-Particle-

Mesh (PPPM) method, and a tail correction was added to the LJ energy evaluation.

Table 1: Force field parameters used for each of the water models. The Lennard-Jones site is
located on the oxygen atom, with parameters o and €. The charges of oxygen and hydrogen
are go and qg, respectively. The TIP4P /20052 model has four interaction sites — on the
three atoms, and on a fourth site along the symmetry axis between the hydrogen and oxygen
atoms, which is referred to as the M site with negative charge ¢, and distance to the oxygen

dom

. The distance between the oxygen and hydrogen sites is rog. The angle formed between
hydrogen, oxygen and another hydrogen atom is given by 0gog. For flexible model
(SPC/Fw5® the koy and kg are the potential depth parameters, and OH and 6 are the
reference bond length and angle, respectively.

TIP4P /2005 SPC/Fw

coo (kcal mol™!) 0.1852 0.155
erpm (kcal mol™1) 0.0 0.0
ooo (A) 3.1589 3.165
opn (A) 0.0 0.0
qo (e) 0.0 -0.82
qm (e) 0.5564 0.41
qu (€) -1.1128 *
don (A) 0.1546 *
rom (A) 0.9572 1.012
Onow (°) 104.52 113.24
kon (kcal mol~* A=2) * 1059.162
ke (kcal mol™* rad=2) * 75.90

Results and discussion

In order to understand the characteristics of each force field, we evaluated two sets of prop-
erties: density and thermal expansion which we identify as the ”volumetric” effects and
self-diffusion coefficient, shear viscosity, and Dielectric Constant which we identify as ”elec-
trostatic” effects. In order to understand the distinction between these two sets we also

compared the radial distribution function of the rigid and flexible models.



Density and Thermal Expansion Coefficient

First, we explore the ”volumetric” properties. Figure 1 exhibits the dependence of the
density with temperature at atmospheric pressure, where the results and experimental data
were fitted to a 5 order polynomial in 1/7".%® From that, the temperature maximum of the
maximum density (7,4) was determined by the maximum of the fitted curves.

The flexible model shows an inverse dependence of the density with temperature, without
a maximum within the considered interval (250-370 K). Additional simulations with SPC/Fw
at temperatures below 250 K show that it exhibits a maximum density at 254 K. The
TIP4P /2005, as expected, reproduces very well the water anomaly, showing a maximum at
277.3 K (only 0.3 K higher than the experimental value of 277 K) with a density of 1.0
g/cm?.

The agreement between TIP4P /2005 and the experiment is excellent at all temperatures
above room temperature (298-370 K), with no systematic deviation being observed in this
temperature range. Note that most of the differences in relation to the experimental values
are due to the degree of freedom and flexibility of the models, where for temperatures below
the ambient temperature 298 K the flexible model loses effectiveness and results in a denser
structure in relation to the rigid model. This fact may be related to the ability to form and
break hydrogen bonds, where the flexible model favors at low temperatures a capacity to
form hydrogen bonds greater than the rigid one and therefore suffer an increase in density

in relation to the experimental values.
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Figure 1: Density as a function of temperature comparing the results of TIP4P /2005 (trian-
gles), and SPC/Fw (squares), and experimental data®% (stars) at atmospheric pressure.

Another ”volumetric” quantity is the thermal expansion coefficient. It was calculated
through analytic differentiation of the polynomial fit of the densities. The calculated values
for a range of temperatures are plotted in Figure 2. As expected, the TTP4P /2005 gives a
good agreement with the data experiments along all the range of temperatures. The flexible
model, however, gives the worst behavior when compared with the rigid atomistic model.
The experimental expansion coefficient data illustrated in figure 2 were acquired through
the analytic differentiation of the density experimental which was subsequently incorporated

into the reference database.%?
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Figure 2: Thermal Expansion Coefficient comparing the results of TIP4P /2005 (triangles)
and SPC/Fw (squares), and experimental data® (stars) at atmospheric pressure.

The density anomaly observed in liquid water is the result of a competition between the
van der Waals and the hydrogen bond interactions between the molecules. As a result
bonded and nonbonded clusters are formed. This is usually represented by two length
scales interaction in effective models which are able to describe the effect.’* Because the
phenomenon can be explained in terms of sizes we called the volumetric effect and this is
the reason that rigid models in which the bonds are present can represent it. In the flexible
models, the competition between the two length scales becomes less important and as a

result, they show a worst representation of the phenomena.



Self-Diffusion Coefficient, Shear Viscosity and Dielectric constant

Next, we analyze three properties in which the polar properties of water seem to be relevant.

First, in order to calculate the self-diffusion coefficient, the mean squared displacement
(MSD) of oxygen atoms was obtained and plotted against time, as shown in Figure 3 for
several temperatures, respectively. From the slope of the curves, the diffusion is calculated

according to the Einstein equation,

6D = lim (Je(t) — r(0)[?) (4)

Figure 3 shows the self-diffusion constant as a function of temperature. The models
reproduce qualitatively the diffusion for with the increase of the temperature this property
increases as well, as expected by the nature of intermolecular interactions. Both SPC/Fw
and TTP4P /2005 models are in good agreement with the experimental curve. At 298 K,
the SPC/Fw gives an error of 0.12%, followed by the rigid model with 17% with respect
to the experimental value of 2.30 x 107°m?/s.%* The introduction of intramolecular degrees
of freedom in the SPC/Fw model notably reduces the self-diffusion coefficients, obtaining
satisfactory values when compared with the experimental data and with the TIP4P /2005
rigid model.

All the models exhibit a typical Arrhenius-like behavior expected for water. Further-
more, from the slope of the curves, the activation energy may be obtained, which gives a
description of the hydrogen bonds dynamics. The TIP4P /2005 and SPC/Fw give energies
of -18.2 kJ/mol and -17.0 kJ/mol, respectively, which agree with the experimental value of
-17.8 kJ/mol.%®
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Figure 3: Water Self-Diffusion Coefficient as a function of temperature at 1 atm pressure com-
paring the results of TIP4P /2005 (triangles), SPC/Fw (squares), and experimental data5*
(stars). The experimental curve was omitted to preserve the graph scale and improve the
visual comparison between the simulated results.%*

Next, the viscosity was calculated with the Green-Kubo relation evaluated at equilibrium
through a sufficiently long run in order to minimize the tail errors inherent to that method.
The dependence of viscosity with temperature is plotted in Figure 4.

Both models reproduce, to a certain extent, the experimentally observed relation between
viscosity and temperature, The TIP4P /2005 results converge well for higher temperatures
(over 300 K), having an average deviation of 6.1% with respect to the experimental curve.5°

SPC/Fw gives a better description than TIP4P /2005 below 300 K, but its average deviation

at all temperatures is large (49%) due to its overestimation above 300 K. The values sug-
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gest that the flexible model gives a better performance than the rigid when compared with

experimental results.
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Figure 4: Comparing the Viscosity of water as a function of the temperature using
TIP4P /2005 (triangles), SPC/Fw (squares ), and experimental data%(stars) at 1 atm pres-
sure. Below 275 K, the experimental curve is extrapolated to compare with the results
obtained for the model at the supercooled fluid region.

Next, we calculated the dielectric constant of bulk water. We employed the method pro-
posed by Neumann, et al.%” The static dielectric constant is computed from the fluctuations

of the total dipole moment M,

A7

=1+ g (M2) = (M), o)
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where Kp is the Boltzmann constant and T the absolute temperature. The dielectric
constant is obtained for 40 ns simulations at constant density (1g/cm?® and temperature or
at constant temperature and pressure

Figure 5 shows the dielectric constant for water bulk using several temperatures for
models TIP4P /2005 and SPC/Fw at density 1g/cm® and P = 1 atm. The TIP4P /2005
model shows much lower values of dielectric constant when compared with the SPC/Fw
model, other models for water® and experiments.®®% The results for SPC/Fw model follow
the same trends as the experimental values® in all temperature ranges analyzed. The fact
that the SPC/Fw gives a good estimate for the dielectric constant at room pressure and
temperature is not surprising since the model was fitted to give this result. However, it does
represent for a wide range of temperatures what suggests that the flexibility of the model

allows for changes in the dipole moment with temperature.
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Figure 5: Calculated dielectric constant for water bulk using the TIP4P /2005 (triangles),
SPC/Fw (squares ) models, and experimental data%(stars) at several temperatures at den-
sity 1g/cm? and P =1 atm.
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Radial Distribution Function

Figures 6 (a)-(b) shows the radial distribution functions of the O-O pair for the different
models, as well as their dependence on the temperature at atmospheric pressure and 1 g/cm?.
As expected, with increasing temperature, there is a significant loss of structure and ordering.
The TTP4P /2005 model shows more structure with a higher first peak for low temperatures
when compared with the SPC/Fw model but the distinction decreases as the temperature
is increased.

To understand how the distinction of structure is compared with the actual water behav-
ior, our results are compared with experimental results at 300 K. In figure 6 (c) a comparison
is made, at a temperature of 300 K, between the models. The first peak of the graph, corre-
sponding to the first solvation layer, is present in the two models at approximately the same
height and the same distance. The coordination number associated with the first shell was
calculated up to a distance of 0.487 nm, for TIP4P /2005 and SPC/Fw with 0.461 nm each.
The SPC/Fw the high values of density are justified by the second solvation shell, as its
corresponding coordination number (calculated up to 0.55 nm) is 23.09, slightly higher than
TIP4P /2005 with 22.81 which is consistent with the TIP4P /2004 being more structures and
with lower density.

Compared to the experimental G(r),% the models overestimate the height of the first
peak, but the distance values to this peak are close to the experimental one, as well as the
coordination numbers (experimental 4.67%).

Figure 6 (d) shows the radial distribution functions of the O-H pair T = 300 K for the
different models. The models also produce an overestimation in the amplitude of the first
peak of the O-H correlation compared with the experimental.%>™ However, the SPC/FW

69-71 in contrast to the

model exhibits a first peak position that is approximately 0.18 nm,
TIP4P /2005 model, which positions it at 0.2 nm. For the second peak, the models are in
agreement with the experiment is very good.

While the O-O pair distribution functions of the two models are quite similar, this is not
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the case of the O-H pairs. The distinction between the two models is observed not only in

all the peaks which indicates a distinct organization of the hydrogen bonds between the two

models. The graph indicates that the oxygen-hydrogen network for the SPC/Fw is more

compact at the first layer and less compact at the second layer which enhances mobility.

When complying with the two models, the dipoles form a different network which might be

the source for the different dielectric behavior of the two models.
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Figure 6: O-O pair distribution function at several temperatures (a) TIP4P /2005, (b)
SPC/Fw, (c) O-O and (d) O-H pair distribution function at 300 K at atmospheric pres-
sure and 1 g/cm?.
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Conclusions

We compared density, thermal expansion coefficient, self-diffusion coefficients, shear viscosity,
radial distribution functions, and dielectric constant between the water models TTP4P /2005
and the flexible water model SPC/Fw at temperatures ranging from 250 K to 370 K.

Even though the TIP4P /2005 was parameterized to give the experimental density of
water at 300 K, here we test how well the model performs for different temperatures and for
other thermodynamic and dynamic properties. Similarly, the SPC/Fw was parameterized to
give the value of the diffusion at room temperature we explore this model for thermodynamic
properties and other temperatures.

The TTP4P /2005 model exhibited better behavior in thermodynamic properties compared
to SPC/Fw. This is consistent with the fact that the TIP4P /2005 model was specifically
fitted to yield good results in these properties, benefiting from the advantage of having more
parameters to adjust than three-point models.

The SPC/Fw model offers a more accurate prediction for the dielectric constant at room
pressure and various temperatures. This finding aligns with the notion that flexible models
are advantageous for representing electrostatic-based properties.

The distinction between the two models becomes evident when examining the radial
distribution function. While the O-O radial distribution function shows almost no difference
which indicates that both models show the same number of water first neighbors, the O-H
radial distribution function exhibits a clear distinction. For the SCP/Fw the oxygen of one
molecule are closer to the hydrogens of the other, what indicates a lower number of hydrogen
bonds. This disruption of the hydrogen bond network facilitates the mobility. In fact, the
SPC/Fw model represents better the experimental results.

Our findings suggest that flexible models, even the simplest three-point case SPC/Fw,
more effectively capture the long-range electrostatic structures. In contrast, rigid models,
particularly the four-point model studied here, offer a more reliable description of thermo-

dynamic properties.
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