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Electrostatic Interactions of Water in External Electric Field:
Molecular Dynamics Simulations

Zhu Qiang, Kan Zi-gui, Ma Jing’
(Key Laboratory of Mesoscopic Chemistry of MOE School of Chemistry & Chemical Engineering,
Nanjing University, Nanjing, 210093, China)

Abstract : A series of molecular dynamics simulations with or without external electric field have been carried out for bulk wa-
ter with periodic boundary condition. The difference in radial distribution function of interatomic O---O distance is subtle, with and
without external electric field, except for the orientation of dipole moments of water molecules. Without the applied external elec-
tric field, distribution of the orientation angle of dipole moments is rather broad. The induced local electric field is analyzed as a
function of altitude in direction of electric field. The variation of the local induced electric field is increased with the increase of the
external electric field. The local induced electrostatic energy is mainly originated from the increase in the ordering of dipole orienta-
tion under the external electric field. Dielectric constant is evaluated according to the fluctuation of total dipole moment in the
whole system. The change of relative dielectric constant under the different external electric fields can be described in an exponen-
tial decay equation as the increase in the strength of electric field. This simple rule can be applied to understand the electrostatic in-

teraction and local induced electric field under various electrochemical environments.
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The simplicity of continuum electrostatic model
makes it popular in accounting for the long-ranged
electrostatics interactions in biological and materials
systems. As a consequence, the choice of the dielec-
tric constant is the key to mimic the environment of
the studied systems!'!. Dielectric constant is usually
measured under some mild conditions®, however, it is
difficult to perform the measurement under some ex-
treme conditions such as high pressure, high tempera-
ture, and the interfacial electrochemical reactions
with complicated composition. Using the molecular
dynamics (MD) simulations to investigate the dielec-
tric constant is becoming increasingly appealing.
Wasserman et al. have investigated the dielectric con-
stant under high pressure and high temperature con-
ditions using the extended simple point charge water
model (SPC/E)P.. They claimed that the SPC/E water
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model could reproduce the experimental data over a
wide range of temperature and pressure”, The employ-
ment of either the Kubic technique or the Ewald
methods resulted in no difference in the estimation of
the dielectric constant, and no evidence was shown to
support that the applied electric field could speed up
the convergence ratet.

A lot of water models, with polarizable or
non-polarizable force field, such as SPC/EY, TIP3PY,
TIP4P®, and MCDHO, have been implemented to
reproduce the physical properties of water. It is still a
big challenge for theoretical chemists to reproduce all
the experimental data, such as the liquid density, tem-
perature, pressure, heat of vaporization, the dielectric
constant and so on”. A systematic study suggested that,
to get a good estimation of the dielectric constant,

trajectories should be longer than 6 ns, in addition, the
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model size and the methods for controlling the tem-
perature could affect the dielectric constant strongly®!.
Sprik also compared the performance of different
water models (TIP4P, SRWK and their corresponding
polarizable models)™. It was claimed that, dielectric
constant was dependent on the magnitude of the
dipole moment strongly, and to get the correct dielec-
tric constant, the average dipole moment for a water
molecule should fall in a range of 2.5 ~ 2.6 Debyel..

However, the dependence of dielectric constant
on the external electric field was rarely studied un-
til now. By using the MD simulation, Yeh presented
that!"), regardless of the choice of the boundary con
ditions, the dielectric constant varied a little, and a
threshold value, 5 ~ 10 V-nm™, of the applied electric
field was proposed for the water to undergo recon-
structing transitions. The ordered and ice-like phase
was observed at external field, 30 V -nm’, and red
shift of the frequency spectrum was found when the
external electric field was increased!". The present
work attempts to give an insight into how the dielec-
tric constant is reflected by the conformational
changes of water under different electric fields, and
to analyze the relationship between the external field
and the induced local electric field of the system we
studied.

This work was organized in the following sec-
tions. The theoretical model and the technical details
of MD simulations were summarized in the section of
the computational methods; Subsequently, in the sec-
tion of results and discussion, results for the O:-- O
radial distribution function were shown, as well as
the distribution of orientation angle of water
molecule. Furthermore, the trend in ratio of dielectric
constant under different external fields was drawn as
a function of the strength of electric field. Finally, the
induced local electric field under different external
field, as well as the relationship between the total
electrostatic energy and the external electric field
were presented. Our results will give an exponential
decay trend of the relative dielectric constant with the
increasing strength of electric field and the detailed

microscopic picture, which are applicable to study

the electrostatic polarization and distribution of local
induced electric field in various interesting electro-

chemical environments.

1 Computational Methods

Independent MD simulations were carried out
using software NAMD ", GROMACS™! and AM-
BERM., TIP3P was selected for the water model. In the
scheme of NAMD and AMBER, the dimension of
initial box was 25.0 A x 25.0 A x 25.0 A. It was com-
posed of 464 water molecules in the cubic cell, the
total number of atoms in the system was 1392. In the
MD simulation with GROMACS, the initial setting
was slightly different: 466 water molecules were
added in the cubic box of 24.0 A x 24.0 A x 24.0 A.
All MD simulations were performed in the cubic box
with the periodic boundary condition.

We performed MD simulations in the NPT en-
semble until the density of the box approached the
value that obtained from the experiments (1.0 kg-m™),
the final dimension of box was 23.8 A x 23.8 A x
23.8 A, and the corresponding density was 1.03 kg-m".
The system was equilibrated at constant temperature
(T=310.0K) and pressure (1 atm), MD trajectory was
saved in an interval of 10 femtoseconds. The Langevin
dynamics parameters and Nose-Hoover Langevin pis-
ton were used to maintain the temperature and pres-
sure. To incorporate the polarizable effect, the bond
is set to be flexible!™.

In all simulations, no matter in which ensem-
bles, the cutoff distance of van der Waals interaction
and electrostatic interactions were both set to 12 A.
The switch distance was 10 A, which ensured the po-
tential to be smoothly reduced to 0 at the assigned
distance. In addition, particle mesh Ewald (PME) was
applied for the periodic boundary conditions.

The system performed at NPT ensemble was
equilibrated for 100 ps. Subsequently, the rest simu-
lations in NVT ensemble were run for 30 ns (without
external electric field), and 10 ns (with different ex-
ternal electric fields), respectively, long enough for
the convergence of the dielectric constant®?. The ex-
ternal electric filed applied in our simulations was a

homogeneous one using a constant electric potential.
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2 Results and Discussion
2.1 Changes of Conformation and Dipole

Moments under Electric Field

To investigate how the structure changed when
the external electric field, £, was applied, the radial
distribution function, g, was introduced to show the
probability of finding an oxygen atom at an inter-
atomic O--- O distance, from the other oxygen atom,
as defined bellow:

dN
p % 411'r2 dr

00

g, (1) = (1

where dN represents the particle numbers be-
tween r,, and r+ dr, p is the system density. The val-

ue of g.(r) can be interpreted as the ratio of local
density to bulk density. The local density is different
from the bulk density when the distance r,, is close to
the reference molecule, but they are the same when
the distance is large enough.

The radial distribution functions of two oxygen
atoms under different external electric fields are
shown in Fig. 1. No matter how strong was the exter-
nal electric field applied, the difference between radi-
al distribution function of two oxygen atoms was
rather subtle. The first peak under different external
electric fields all occurred at 3 A, then they passed
through a minimum value around r = 4.5 A. The sec-
ond peak was found to locate at the 5.5 A. The first
peak and corresponding matched well with the ex-
perimental results derived from the neutron diffrac-
tion datal'*'®,

Despite of the negligible difference in radial dis-
tribution function of two oxygen atoms caused by the
electric field, the orientation of each water molecule
was observed to differ a lot from zero filed to -2.175
V-nm' (-5 x 0.435 V-nm™"). In consideration of the
varied degrees of the orientation of water molecule
and the dipole moments, as a consequence, both the
magnitude and orientation of molecular dipole mo-
ment were analyzed (Fig. 2A). As shown in Fig. 2B,
the orientation of dipole moment was defined as an-
gle, 6, which is the angle formed between the dipole
moment, ﬁ, and the z axis. The distributions of orien-

tation angle, 6, presented in Fig. 2 were the averaged

—E«=0 v/nm
loo: ——— E, =-1x0.435
: Eex = -2 x0.435
2r ———E_ =-3x0435
= Eoy = -4 x0.435
§ —— Egq = -5 x0.435

0 2 4 6
rool(A)

Fig. 1 Radial distribution function, g, (r), under different
external electric fields.

values over the last 1 ns of each MD simulation under
different electric fields.

As shown in Fig. 2A, in the absence of electric
field, water oriented freely, so the orientation angle, 6,
ranged from 30 to 150 degrees with comparable prob-
abilities. Once the external electric field was added
on the opposite direction of z direction in simulation
box (Fig. 2B), the water molecule directed in the same
orientation parallel to the electric field (Fig. 2C). As
the strength of the E-field increased, more ordered
orientation was observed for the water molecule. The
orientation angle under such condition is between
150 and 180 degrees. This can be reflected from Fig.
3A, which is the selected snapshot at 10 ns with E., =
-4 x 0.435 V-nm™. In contrast, the water molecules
packed disorderly without the applied external elec-
tric field (Fig. 3B).

2.2 Changes of the Dielectric Constant un-
der External Electric Fields

One can use the variance of the total dipole mo-

ments M of system to estimate the dielectric constant,

&, as expressed as follows!™:
2

A7 g A
1= <M >-<M > 2
& 3k, TV ( ) (2)

Where k5 is the Boltzmann constant, 7 is the temper-

ature and V denotes the volume of the simulation

box. M is the vector sum of each dipole moment ﬁi of
N individual water molecules, denoted as bellow:

2

i, G)

i /

2
"

2
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Fig. 2 Magnitude of dipole moment and orientation angle, 6, of individual water molecules in MD trajectories. A. Zoomed figure

without external electric field; B. Illustration of the orientation angle 6; C. Distributions of magnitude of dipole moment

and orientation angles under different external electric fields. X-axis represents magnitude of the dipole moment of indi-

vidual water molecule in unit of Debye. Y-axis represents the orientation angle, 6, in unit of degree.

The parameter G, was related to the fluctuation of the
total dipole moments of the simulation cell, which

was estimated from Equation 42,
2 2
_ <M ><M>
2
N

The convergence rate of G, was a criterion to reflect

Gy “4)

how fast the convergence was reached. The variation
of G, under different electric fields is shown in Fig. 4.
With the application of external electric field, 10 ns
MD was performed for each electric field after 30 ns
run without external E-field. In Fig. 4, the last 6 ns

trajectory of each simulation was taken to calculate

G.. The results indicated that the external electric
field could accelerate the convergence of the simula-
tion. It was different from the conclusion made in
previous work®!, where a NVE ensemble was taken,
and the magnitude of the external electric field was
0.0985 V-nm™, much smaller than that 2.175 V -nm
in our work.

Independent MD simulations on dielectric con-
stant, ¢, have been carried out by using GROMACS,
AMBER, and NAMD. Without external electric field
(Ko = 0 V-nm™), the simulated value of static dielec
tric constant, £(0), using GROMACS software is 93.64,
which coincided well with the literature value (92 + 5)2",
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Fig. 3 The selected snapshots of two simulation cases. A. 10 ns under an external electric field with E,, = -4 x 0.435 V-nm™; B.

15 ns without external electric field.

However, the estimated dielectric constant is depen-
dent not only on the choice of the force fields of wa-
ter models, but also on the setting of different soft-
wares, as already being pointed out in many previous
worksP®##, In this work, we laid an emphasis on the
change of the relative dielectric constant under differ-
ent electric fields, e(E.), thus, the ratio of &(F.)/e(0)
is listed in Table 1 for comparison.

It has been addressed that, when the external
electric field is small (i.e. pwE<<3kgT, ), the dielec-
tric constant is linear in the external electric field®*. In
this work, the value of is about 8.77 x 10" K when
E.= -0.435 V -nm", much larger than the room tem

200

*Eexl = 0
——E_ =-1x0435
Eext E_ =-2x0.435
~—E, =-3x0.435
~—E_ =-4x0435
~—E_,=-5x0.435

(M?) = (M)*
Nu?
5]
o

increasing

0 1 2 3 4 8 6
t/ns

Fig. 4 Converge test of G,. Each MD simulation under elec-
tric field was performed for 10 ns (after the 30 ns MD

simulation without E-field)

perature. Under such a strong external electric field,
the dielectric constant exponentially decays with the
increased external electric field, E.,. As shown in
Fig. 5, the value of decreases along with the increas-
ing strength of external E-field. An exponential decay
function was fitted from the calculation results, as

presented by Equation 5.

e(E,,) LSSE, 25k,
el = . +0. +0.
o0 = 04 0.46¢ 006  (5)

Where £(E.,) represents the dielectric constant under
certain external electric field, and £(0) denotes the one
without external electric field.

As depicted in the Figure 5 and Table 1, when
the external field raised up to -0.435 V-nm™, the ratio
of decreased steeply to 0.28. This trend is similar to
what was obtained by Yeh’s!"” simulations of bulk wa-
ter, using 3-D Ewald summation, under the external
electric field of 0.525, 1.22, and 5 V -nm™ (hollow
circle in Figure 5), respectively. The difference in the
decay speed of field-dependent dielectric constant
with the increasing strength of electric field between
ours and Yeh'’s results is ascribed to the choice of the
models and parameters of force fields. In addition,
Yeh used the SHAKE algorithm™ to preserve the rig-
idity of the water molecules, while we used the flexi-
ble water in the present work. And the times scale of
ours (10 ns) is 100 times of theirs (100 ps).

2.3 The Local Induced Electric Field
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Fig. 5 Trend of relative dielectric constant to the zero-field
case under different external electric fields, as shown

by the fitting curve derived from the calculated points.

Having possessed the relative dielectric con-
stants under different electric fields, the induced local
electric field was predicted as a function of relative
position along the direction of the electric field. As-
sumption was made that the x and y components of
the induced field should be zero in two parallel
plates, and the local E-field was only dependent on
the position where the attitude in z-direction.

The local electric field was achieved by a Tool
Command Language (TCL) script written by ourselves
embedded in the VMD™!, which was implemented in
the following procedure: (a). Slicing the system into
Nga slabs evenly as shown in Fig. 6A; (b). For each
slab, total charge at each side was summed, and de-
noted as the Q(Ziwe) and Q(Zy), respectively; (c).
Using Equation 6 to calculate the local electric field.
The induced electric field, £;,4(z), in z-direction could
be estimated by the following expression!®:
Qe )> = <QZper)>

2xell, ) xA

) > represents the total charges below

E ind(z ) (6)

ext

where < Q(Z,
Z

lower

ower

averaged over n frames, < Q(Z,) > represents

the total charge above , A is the cross-section area of
the slab. According to the total charge () and the area
A, the charge density between two plates can be cal-
culated, as shown in Fig. 6B. The value of e(E_,)

denotes the whole system dielectric constant under an

external electric field, £ which is obtained from

ext ?

the Equation 5.

The induced field without external field is
shown in Fig. 6C. Although the local E-field oscillat-
ed, the up and down amplitudes canceled each other
to zero, almost resulting in the zero field as a whole.

The influence of different slab thicknesses, 2d,
was also tested. A fictitious plate may divide a neu-
tral water molecule into two parts, namely, the upper
one and the bottom one. The resultant two fragments
above and below the plate should be negatively or
positively charged, respectively. Thus, the induced
electric field was generated between two adjacent
plates. As depicted in Fig. 6C, the amplitude of fluc-
tuations decreased when we choose the thicker slab.

The fluctuation extent of the induced electric
field was rationalized by the charge density on the
plate. Taking a snapshot at 0.5 ns, for example, the
charge density located at the middle of the z direction
(10.9 A) was analyzed. As shown in Fig. 6B, the cal-
culated charge density corresponding to the usage of
slab of 0.4 A thickness is slightly smaller than the
other two, d = 0.1 A and d = 0.5 A, respectively.

In a water molecule, the distance between O
atom and the middle point of two H atoms is 0.612 A.
Such a distance is happened to fall within the range
of 2d = 0.6 ~ 0.8 A. When the thickness, d, approach-
esto 0.5 A, i.e., 2d = 1.0 A, the possibility of cutting
another water molecule into two parts is increased so
as to rise up the fluctuation extent of induced electric
field.

Applying the same model to the simulation cell
with external electric field, the £ (z) under different
external E-fields, is shown in Fig. 6D. From Fig. 6D,
one could conclude that when larger electric field
was applied externally, the local electric field varied
more significantly. This was consistent with the phe-
nomenon observed from the distribution of dipole
orientations in Fig. 2, where the water molecules
packed more orderly under the applied E-field (Fig. 3).
When the external electric field was added up to
2.175 V -nm™ in this work, no evident restructuring
transition to the ice-like ordered water was observed.
This was in good agreement with the threshold value
of electric field, between 5 and 10 V-nm™ for the phase
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Fig. 6 Comparison of different thicknesses and induced local electric fields under different external electric fields. A. Illustration
of the thickness used; B. Charge density on the plate with different thicknesses; C. Induced local electric field of different

slab thicknesses when E., = 0 V-nm™; D. Induced local electric field of simulations under different external electric fields.

transition of bulk water, as proposed by Yeh!'”.
2.4 The Relationship between the Induced

Dipole and the External Field

To better study the influence of the structure
changes, interaction between induced-dipole and ex-
ternal field was addressed in detail. Usually Equation
7 is used to calculate the dipole-electric field interac-
tion, W.

W=-M-E, ()
As expected, the dipole-electric field interaction en-

ergy, W, was zero without the applied electric field,
where M denoted the total dipole moment of the sys-

tem, E _ is the applied external electric field. It re-

ext
flected the orderliness of the system to some extent.
The interaction between the total dipole moment and
external electric field is increased with the increase in
the strength of electric field. The interaction energy
was increased up to -1086.03 kcal - mol”, when E, =
-2.175 V-nm™.

More details of the dipole moment per water
molecule, dipole-electric field interactions (W) are
listed in Table 1. The magnitude of induced dipole

moment per water molecule, M/N, was the averaged
value over several frames of the last 1 ns trajectory.
E\ was composed of the energy of bonded and non-
bonded terms as well as external electrostatics energy
under the applied electric fields.

3 Conclusions

We have investigated the bulk water in a cubic
periodic box under different electric fields. With or
without the external electric field, the packing struc-
ture varied a little, except for the orientation of dipole
moment of individual water molecules. The restruc-
turing transition was not observed when the electric
field was lower than the critical value, in agreement
with the previous predictions!'*'!,

An exponential decay curve of the relative di-

electric constant was shown as a function of the ex-
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Tab. 1. Summary of total dipole moment, dipole-electric field interaction and ratio of dielectric constant under

different external electric fields

E/(V-nm™)
0 -0.435 -0.870 -1.305 -1.740 -2.175
M/N(Debye) 0.29 1.79 2.13 221 226
W/(kcal-mol™) 0 -172.32 -391.65 -619.51 -853.67 -1086.03
E\yw/(kcal -mol™) -3141.02 -3371.68 -3610.31 -3852.95 -4105.04 -4319.68
&(E.)/e(0) 1.0 0.283 0.157 0.105 0.081 0.071

ternal electric field when the applied external electric
field was about -0.435 ~ -2.175 V :nm™. The ampli-
tude of the local induced electric field increased with
the enhancement of the external electric field. The
acceleration in convergence rate of G, was observed,
which means that the applied external electric field
could speed up the calculation of dielectric constant.

This work gives a general trend and a prediction
of relative dielectric constant under high electric
fields, which is helpful for understanding the electro-
static polarization and distribution of local induced
electric fields. Aimed at the simulations of more
complicated systems, such as the biosystems, the
field-dependent dielectric constant instead of the ex-
plicitly polarizable solvents can be used to speed up
the calculation of electrostatic interaction in MD sim-
ulations, by representing the local electrochemical
environment with local induced field.
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