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Simulations of a neutral complex (OH, H3O *)

2

Abstract

In recent years, molecular dynamics simulations on water-based deep eutectic solvents (DES)
have increased. Most of these studies highlight the fact that to faithfully reproduce the dynamic
properties of the latter using an atomic force field (TIP3P, COSMO, SPC / E and model 1) at a
fixed charge, it is necessary to resort to updating the scale of the load. In this work, we propose
an alternative to the scaling of the charges on the complex ((OH, H3O") and show that the only
refinement of the LENNARD-JONES parameters of oxygen of the hydroxyl function in TIP3P
and SPC / E allows an accurate description of the static, dynamic and structural property
parameters of two commonly used DES. Various physicochemical properties calculated for
mixtures with our modified version of TIP3P and SPC / E are in good agreement with the
experimental data. Finally, the calculated radial distribution functions correspond to those
reported in the literature.

Keywords: Water; the hydrogen bond; model ; molecular dynamics.

1. Introduction

Water is the most abundant solvent in nature. It plays an important role in several chemical and
biological processes. Various physical properties of water, such as density, dielectric constant,
compressibility etc, are well established. Besides this, water has many unusual properties such as
high dielectric constant, negative volume of melting, numerous -crystalline polymorphs,
anomalously high melting and high mobility transport for H" and OH" ions, boiling and critical
temperatures for a low-molecular-weight substance etc. Such properties can be explained in the
light of the formation of three-dimensional water-water hydrogen bonding networks.

Further, it has been found that the structural and dynamic properties of biomolecules are highly
dependent on the solvent, such as the water surrounding them. These waters are popularly known
as “biological water [1].

The main theoretical approaches to address these questions are quantum mechanics (QM) and
molecular dynamics (MD), respectively. Dynamic Car-Parrinello simulations based on the DFT
representation of the potential energy can combine both approaches but remain limited to
relatively small systems.
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The motivation for this work lies in the fact that elucidating the key design differences between
the hydroxide ((OH) and hydronium ( H3O *) diffusion mechanisms will play an important role
in the discovery and determination of key design principles for the synthesis of new membrane
materials with high ion conductivity for the use in emerging fuel cell technologies this end, ab
initio molecular dynamics simulations(AIMD) are presented to explore (OH, H3O") solvation
complexes and diffusion mechanisms in the modell, TIP3P, COSOM and SPC / E systems at
hydration in confined environments. The two systems were first equilibrated at room temperature
using a massive Nosé—Hoover chain thermostat ,followed by 0—1000 ps of canonical (NVT)
dynamics, Dispersion forces were accounted for using the Dispersion-Corrected Atomic Core
Pseudopotential (DCACP) scheme .within the Kohn—Sham formulation of Density Functional
Theory using the B-LYP exchange-correlation functional . The B-LYP+DCACP has been
selected for this study, as it has previously been shown to produce satisfactory results for water-
acene interactions [2], liquid water [3],

The studies here involve a single( HO—... H30+ ) pair in a water box with (H30+) counterions,
corresponding to a concentration of about 0.01 mol/l. Further investigations are being pursued:
(1) First, the effect of aqueous concentration by simulating a more concentrated solution (about
0.1 mol/l)

(i1) we want to evaluate to what extent the results of model 1 were satisfied with respect to the
models (TIP3P, COSOM, SPC/E) of the (-OH, H30+)(H20)n complex.

2. Materials and methods

The systems were simulated by classical molecular dynamics “MD” using the modified
AMBER.10 software [4] in which the potential energy U is described empirically by a sum of
the bond, angle and dihedral strain energies and one additive per pair 1-6-12 (electrostatic + van
der Waals) interactions between unbound atoms.

U= Zbonds K: (r'req)2 +Zangles Ke(e'eeq)2 +ZdihedralsZn Vn( 1+cos n(I))
+2i<j 48 (R%/ Ry)'? - (R%/ Ri)® )+ n qiqi/Ryj - C/R°

Cross terms in van der Waals interactions were constructed using Lorentz-Berthelot rules. The
parameters of the ( H3O ") and (HO - ) ions were taken from references [5], respectively, and the
(H3O *) charges were adjusted to the electrostatic potentials (DFT-B3LYP / 6-31G **
calculations). For the solvent, we used the TIP3P model [6] for water [7]. We also tested the SPC
/ E model [8] of water for the solution , (OH, H30")(H20) 256

All the simulations were performed at 300K with periodic boundary conditions in a cubic box
with a side length of 5 A. Each box contained 256 water molecules. The systems were first
minimized using the conjugate gradient energy minimization method. Then, gradually, the
temperature of each system was increased to the room temperature of 300 K within a short MD
run. This was carried out at constant pressure (P=1 atm) under the isothermal-isobaric ensemble
(NPT) conditions. It was then followed by an NPT equilibration run at 300 K for 10 ns duration
for each of the systems. The temperature and pressure of the systems were controlled by
Langevin dynamics and Nose—Hoover Langevin piston methods.

The cell volumes were allowed to fluctuate isotropically during this period. At the end of these
NPT runs, the volumes of the system attained steady values with cell edge lengths 39.68, 39.48
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and 39.65 A for simulations. The dimensions of the simulation cells were then fixed, and the
conditions were changed to constant temperature (300 K) and volume (NVT ensemble) after 10
ns.MD time step of 1 fs was used to integrate the equations of motion via the leapfrog
algorithm.was employed for each of the simulations, and the trajectories were stored every 1000
fs for subsequent analysis.

3. Results

3.1. Temperature and energy

The temperature and energy of the four simulation models (TIP3P, COSMO, SPC / E and model
1) are carried out.We have presented only Model 1 It is clear , that during the equilibration
period, there are fluctuations in temperature and energy values, which is expected. Further, it can
be seen that during the production run, the temperature of the four systems remains constant. The
energy of the systems also achieved almost steady value. This indicates that the systems are
well-balanced.

3.2. (OH, H30%) (H20)2s6 Structure

In this work, we have calculated g(r) between the oxygen atoms O-O of the ions. The
calculations were carried out for all three models(TIP3P,SPC / E and model 1) , and the results
were compared with experimental data. The calculations were carried out by taking the average
of all oxygen atoms of ions, and the result is displayed in Figure (1). We did not take into
consideration the COSOM model because it presents a larger volume of O-O of 20% compared
to the TIP3P model, according to the literature.

4 E I I I | I I I I 2|
B —— TIP3P
3 ,- —— SPC/E
T i e Modell
L) 15
&l L

——
IIIIIIIIIIIIIIIII

=
b2
i
=
o0
o




UNDER PEER REVI EW

Figure ( 1). Pairwise correlation function, g(r), of ions for all three models.

For all three models, there is a sharp first peak. The first peak for TIP3P ,SPC/E and Model 1
appears at around 2.8 A, 2.7 A and 2.6 A respectively. The first peak is followed by a second
peak at around 4.6 A for the modele 1 and SPC/E model. Beyond that, the structure of the ion
almost disappears except for the modéle 1. Further, among the three models, the modéle 1
shows a highly intense first peak, which is followed by second and third peaks of low intensity,
indicating the highest structuring of the modele 1 as compared to the other two
modelsTIP3P ,SPC/E . The highest structuring of the mod¢le 1 may be due to the formation of a
larger number of intermolecular hydrogen bonds than the other two modelsTIP3P ,SPC/E. The
values are shown in TABLE (I).

TABLE (I): Parameters of TIP3P, SPC/E ,COSOM and Modell ((OH, H3;O")

Parameters TIP3P SPC/E COSOM Model 1
r 00 (A°) 2.80 2.80 2.08 2.08
000 (A°) 5 5 5 5

rOH( A°) 0.98 0.98 0.98 0.98

HOH angle 110.02 110.02 110.02 110.02

qi(e) -0.83 -0.83 -0.83 -0.83

qie) 0.417 0.417 0.417 0.417

Cy - - - 8210.2

3.3.Translational Motion

T

he translational motion of ions was studied from the simulated trajectories by calculating the
mean-square-displacements (MSD) <Ar?> of ions. The MSD can be defined as,

<Ar> = <ri(t) — ri(0)]2>

where the ri(t) and 1i(0) are the position vectors of the oxygen atom of the i th ion molecule at
time t and at t = 0, respectively.

The averaging is carried out over all ion-lead at different time origins. The calculations are
carried out for the four models. The values are shown in Table (II).
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TABLE (II ). Self-Diffusion co-efficient, D (10-9 m2 s-1) values of TIP3P, SPC/E, MOSOM
and model 1. The experimental D value for ion-water has also been included in the table for

comparison.

Systems Self diffusion Self diffusion Self diffusion
co-efficients (D)water | co-efficients (D)H3O" | co-efficients (D)OH-

TIP4P 3.8 - -

SPC/E 2.8 - -

MOSOM 2.5 0.09 0.35

Model 1 2.7 0.07 0.13

OH [32] 0.17 - 0.45

Water 23 - -

(experiment )*!°

We have compared the values with experimentally available data and found that among the four
models(TIP3P, SPC/E, MOSOM and model 1), the self-diffusion coefficient value for COSOM
and Model 1 ion-waters are well correlated with the experimental value.

4. Discussion

The first solvation envelope of oxygen hydroxide(‘OH) is located at 2.7 A, as was previously
shown for the overall solution [11,12,13,14,15,16,17,18,19] and contains two water oxygens and
one hydronium ion ( H3O") (instead of three). Oxygens of water as was observed in the overall
solution). The CN of the second solvation shell (located ~4 A into the bulk solution
[11,12,13,14,15,16,17,18,19]) the second solvation shell of two water oxygens contains eight
oxygens. It is well known that the diffusion mechanism of hydroxide ions ("OH) is strongly
affected by the solvation structure of OH [11,12,13,14,15,16,17,18,19].

While in bulk solution, the hydroxide ions ((OH) typically share similar solvation patterns, which
results in a similar diffusion mechanism in this low-hydration model 1, the heterogeneity of the
environments of each hydroxide ((OH) suggests that over the time scales of the simulations, each
OH™ might be governed by different diffusion mechanisms, The hydroxide ion (OH) and the two
water molecules continue to diffuse by vehicular diffusion toward the neighboring cation until
the hydroxide ion ((OH") forms, once again, the stable, “at rest” triple structure near the next
cation.
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The first solvation shell of the hydronium ion ( H3O") is located at 2.6 A. In order to better
understand the conditions that allow the diffusion of hydronium ions ( H3O"), indicated, the first
peak, located at ~4.2 A, corresponds to H.. “OH, in which an H3O" has transferred a proton to an
HO", while the second peak is located at ~3.7 A. The values for the first and second solvation
layers are 2.7 and 4.2, respectively. This suggests that, following the following reaction: -
OH+H30"<—H,0+H,0, a neutral species exists in the system. To verify this, we calculate the
percentage of time hydronium ions ( H3O") spend as HO™ and H,O, which shows that the
hydronium ion ( H3O")appears as H,O for 48.78% of the simulation time.

This leads us to conclude that the protonation state of the system ((OH, H3O" ) is an important
factor in the diffusion mechanism of hydronium ions ( H3O") because the reaction: -
OH+H30"«<H>0+H-0 is a key element in the process of diffusion. The first peak is located at
2.7 A, and the CN values for the first and second solvation are 4.2 A°, respectively. First, the
hydronium ion ( H3O") is located in the center of the cell, solvated by two water molecules and a
hydroxide ion (OH ).

In the present work, we used Model 1 and MOSOM simulations to obtain an in-depth atomistic
perspective of two models, SPC/E and idealized in confined geometries under hydration
conditions (A = 10 and 1000). We found that for both systems, the distribution of water within
the simulation cell is not uniform. However, the effect of this unique water distribution on the
diffusion mechanisms of hydroxide (‘OH ) and hydronium (‘H3O" ) is fundamentally different.
Hydroxide ions have both a first and a second solvation shell; the diffusion mechanism is mainly
vehicular [20]. However, the diffusion of hydronium ions (H3O" ) is structural rather than
vehicular, with the participation of anions according to the reaction:OH+H30"«H>O+H,0 see
Figure (2).

Figure (2). The structure (*OH, H;O").

Comparing water diffusion, we find that for model 1, the diffusion coefficients of hydroxide ions
(OH ) and water molecules are similar because vehicular diffusion requires synchronized
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diffusion of both species. However, for the TIP3P, SPC/E model, water molecules diffuse much
more slowly than hydronium ions (H3O" ), suggesting that water mobility is not necessarily
required in the structural diffusion process of hydronium ions.

In this work, we have identified the fundamental atomistic steps governing the transport
phenomena of hydroxide ((OH )and hydronium (H3O" ).We find that hydroxide ("OH ) diffusion
is mostly vehicular, while hydronium ( H3O" ) diffusion is structural.

The results presented show that the OH™ ions diffuse only when they have a second solvation
shell of at least one water oxygen. The second solvation shell provides the necessary hydration
that is required for the OH™ to shift the competition between its hydrophobic repulsion from the
cation and its electrostatic attraction to the cation, which results in vehicular diffusion . Hence,
we find that the presence of a second solvation shell promotes vehicular diffusion.

Using AIMD simulations, we have been able to provide atomistic insight, gaining a fundamental
understanding of the uniqueness of hydroxide ((OH) and hydronium ion (H3O" )solvation
patterns and diffusion mechanisms in this hitherto unstudied regime.

5.Conclusion:

In this work, we used Model 1 with other models (TIP3P, COSMO, SPC/E), the latter of which
are well referenced in the literature. For Model 1, the diffusion coefficients of hydroxide ions (-
OH) and water molecules are similar, as vehicular diffusion requires synchronized diffusion of
both species. However, for the TIP3P and SPC/E models, water molecules diffuse much more
slowly than hydronium ions ( H3O" ), suggesting that water mobility is not necessarily required
in the structural diffusion process of hydronium ions ( H3O" ). We concluded that hydroxide("OH)
diffusion is primarily vehicular, while hydronium ( H3O" )diffusion is structural. From this
research, we identified the fundamental atomistic steps governing hydroxide ("OH) and
hydronium ( H3O" ) transport phenomena.
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