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Abstract

In this paper, we present the implementation of an external
static magnetic field with the Velocity Verlet algorithm for
performing Molecular Dynamics simulations. Molecular
Dynamics simulations allow to understand at molecular
level the interaction mechanisms between atoms under
specific conditions. We performed our simulation with the
Gromacs package, usually used to simulate the action of an
external electric field acting on a molecular target. Here,
the integration of Newton equation is presented by
introducing the Lorentz force for the magnetic field action.
The implementation and preliminary trials are reported.

1. Introduction

The problem of magnetic field effects on living objects has
a long history. Unfortunately, no consolidated physical
foundation of low-level magnetic field action on
biosystems has been developed yet [1]. Several models
have been advanced to explain the possible mechanisms;
almost all have been essentially based on classical or
quantistic description of an ion in a binding site, and have
studied the problem through the precession of ion thermal
motion in magnetic fields [2]. The basic premise of such
models is that the effect of the magnetic field can
energetically overcome the perturbing influences of
thermal noise, moreover in almost all, a rigorous
interaction between the ion and its binding site is lacking
due to the inability to describe the target at molecular level.
This last issue seems an unavoidable requirement to
produce affordable results, therefore simulations based on
Molecular Dynamics (MD) to study molecules behavior
under different physical conditions of magnetic or electric
fields seem to become a strategic challenge.

The introduction of an external electromagnetic field into a
MD simulation requires a time-dependent forcing function
in Newton’s second law, to describe the forces exerted on
the charge sites by the field. For the constituent electrical
and magnetic fields E and B, the forces acting on each
charge site are incorporated, through Lorentz force, as
follows:

mi¥; = f; + qE(t) + q;v; X B(t) (1).

where q; is the charge and f; is the force on the site i. The
electric and magnetic fields are taken to be uniform and
plane-polarized.

Actually, several works have considered only the electric
field component in the Lorentz force [3, 4, 5, 6]. The
motivation was that the magnetic field, being normal to the
velocity of the particle, “does not work”, hence it cannot
heat the charged particles, giving them energy. It follows
that the magnitude of the velocity of a charged particle is
not affected by the presence of a magnetic field. However,
the magnitudes of the velocity components perpendicular
to B can vary, as can be shown for the cyclotron motion.
In this paper, for the first time, we implemented into the
Gromacs package [7], one of the most used tools for MD
simulations, a static homogeneous magnetic field. The core
of the numerical solution solved by Gromacs has been
modified to take into account the magnetic force acting on
a charged particle and the results have been compared with
the analytical expected behavior for the very simple case of
an ion in vacuum.

2. Materials and Methods

Gromacs [7] is a versatile software, used in the for MD
simulations, to study molecules behavior under different
physical conditions.

To implement the magnetic field, we employed the
Velocity Verlet (VV) algorithm proposed in [8], in which
the Lorentz force acts on the charged particles, which
perform Larmor oscillations at the Larmor frequency when
an external magnetic field is applied. In [8] three different
methods are reported to solve the motion equations when a
static homogeneous external magnetic field is applied.
Since we used in our simulations a time step sufficiently
small, we adopted the inversion algorithm to solve the
equations of positions and velocities, in which the strength
of the magnetic field is dependent on the value of the time
step.

Since Gromacs is not a software designed for the
application of a magnetic field, the first part of our work
has been to fully control atom velocities and positions
update by the Verlet integration and how to introduce the
magnetic field component.

Velocity Verlet [9] integration is a numerical method used
to integrate Newton's equations of motion. In particular, in



the Gromacs code it has been implemented through the
update at each time step of particle positions r and
velocities v (eq. 2 and eq.3):

At) = 4 A g @
r(t+ At) =r(t) + Atv(t) + ﬁ ®

At 3).
v(t+ At) = v(t) + ™ [F(t) + F(t + At)]

where F=ma is the force applied, m the mass of the particles
and At the time step used to perform the simulations. We
applied the magnetic field in the z direction introducing the
Lorentz force along the x and y axis for both positions and
velocities equations (eq. 4 and eq. 5):

r(t+ At) = r(t) + Atv(t) + ATtZ[aC(t) ).
— Qe, X v(t)]
v(t + At) = v(t) + % [a(t) — Qe, x v(t) +a(t
+ At) — Qe, x v(t + At)]

).

where e; = (0, 0, 1) is the unit vector in the z direction, a¢
represents the accelerations, which are independent from

atom velocities and the Larmor frequency (0 = %, where

B is the magnetic field intensity.

We performed MD simulations considering two different
charged particles (Na" and CI) in vacuum, to verify the
cyclotron motion of the ions when an external magnetic
field is applied. We used an NVT (number of particles,
volume and temperature are constants) ensemble at a
temperature of 300 K using the Nose-Hoover thermostat in
abox of 15 x15 x 15 nm® of dimensions (Fig. 1). Due to the
limit of the algorithm related to the time step (QAt<< 27)
and the magnetic field intensity, we applied a magnetic
field B = 10° T of intensity in order to be able to see the
particle motion in the picosecond time scale with a time
step AT = 0.1 fs, for a 35 ps of simulation. The initial
velocity of the particle has been settled to v = 0.37 nm/ps
with an angle 6 = 1° with the respect to the magnetic field
application.

Figure 1. Molecular dynamics model of the Na™/Cl- ion in
vacuum in a box of 15 x 15 x 15 nm®.

3. Results and discussion

The first result is presented in terms of the displacement of
the Na* ion due to the magnetic field. In order to validate
our numerical results, an analytical model has been settled
implementing the equations 4 and 5 to reproduce the Na*
particle motion under a B field of 10° T of intensity. It is
possible to notice in Figure 2a and 2b, how the analytical
and numerical model match perfectly. The charged particle
exploits a sinusoidal motion in the x and y direction during
the MD simulation as predicted by the analytical formula
with the same period of 14 ps.

o
e

Analytical Model

A
™

o
Qe

@

Displacement [nm]

0 5 10 15 20 25 30 35

Time (ps) (@)
.‘ . ‘ —X
E-14 MD Simulation Na+
Z1 e
E Izt
810
@
5 8
a
0 5 10 15 20 25 30 35
Time (ps)
(b)

Figure 2. (a) analytical displacement of the Na+ ion in 35
ps; (b) displacement in the box volume of the Na+ charged
particle along the three axis x, y and z in the time domain.

During the 35 ps of simulation, the charge particle Na*
describes an ellipsoid (Fig.3) going in the z direction along
the B field application. Due to the positive charge of the Na
ion the motion is a clockwise (Fig.3).
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Figure 3. Clockwise motion of the Na* particle in the box
volume (15 x 15 x 15 nm*) moving along the z axis.

The period of the sinusoidal motion matches perfectly with
the analytical period T = 27m/gB (table 1) considering the



sodium mass m = 1.67-*’x 23 kg and the charge ¢ = 1.6™"°
C.

Table 1. Period Value T, the Radius of curvature and the
pitch of the helix motion of the Na* and CI- ions.

14 223 072 1

1445 223 073 1.1 29 45

Moreover, in Figure 4 the projection of the Na* motion in
the xy plane is reported. By calculation the radius of
curvature R = mv/qB, with the x and y velocity components
(v« = 0.1 nm/ps and v, = - 0.03 nm/ps) results equal to 0.72
nm, perfectly matching with the one in Figure 4 obtained
from our MD simulation.
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Figure 4. Na" motion projected in the xy plane
perpendicular to the application of the magnetic field, R is
the radius of curvature.

Moreover, we analytically calculated the pitch of the
sinusoid (table 1), # = Tv., obtaining a value of 2.8 nm
which is in according with the MD simulation as showed
in Fig. 5.
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Figure 5. Na" motion projected in the z plane showing a
pitch of the motion /% equal to 2.9 nm.

The same study has been carried out also for the CI- particle
with a period of the sinusoid T = 22.3 ps (data not showed)
and a radius of curvature R = 1.1 nm in accordance to the
analytical formula (table 1) considering the Cl" mass m =
1.67%x 35.5 kg. In Figure 6 the Cl" motion is reported in
the box volume, it is possible to notice how due to the
negative charge, the particle moves in a counterclockwise
direction along the z axis starting from the center of the
box.
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Figure 6. Counterclockwise motion of the CI particle in

The complexity of the target will be increased addressing
first the Na* ion hydrated with water and then well-known
molecular systems as enzymes and relevant biochemical
macromolecules. In particular Myoglobin and Superoxide
Dismutase (SOD) (Fig.7), which have been already
investigated by the authors in presence of electric fields [4,
10] will be investigated.

(b)

Figure 7. Superoxide dismutase, SOD (a) and myoglobin
(b) molecular model, hydrated in a box of 10 x 11 x 9 nm?
for the SOD and of 8 x 8 x 8 nm? for the myoglobin.

4. Conclusions

In this paper, for the first time, the implementation in the
Gromacs software of a static external magnetic field by
introducing the Lorentz force with the Larmor frequency
component into the VV algorithm is presented.

We introduced in the update of velocity and positions the
term of the Larmor frequency to insert a magnetic field
applied in the z direction. The aim has been to give a first
validation of our code by preliminary simulations of a
charged particle in vacuum. We showed the displacement
of a charged particle in a static magnetic field by
reproducing the cyclotron motion of a positive or negative
ion in vacuum. The results confirmed the expected



behavior of the magnetic field acting on the single particle,
giving a first validation of the method implemented.

The future steps will be the study of complex systems as
hydrated ion and well known proteins to understand the
response of these molecular target to an external magnetic
field.
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