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Introduction

Newton’s Equations of Motion

Eliminating Translation

Implementing Constraints

Molecular dynamics (MD) is defined as the computational
study of atomic motion over a period of time. Most MD
programs use predetermined potentials or force fields in
order to determine the forces on, and by extension the
kinematics of, the atoms in the system. Because this method
requires little computationally heavy work to determine
forces, accelerations, and velocities, it is possible to observe
very large systems comprised of thousands of atoms. The
downside of this method is the fact that chemical changes
cannot be properly observed if the electronic structure of the
system is not taken into consideration. A solution to this
problem is to use ab initio molecular dynamics (AIMD). While
classical MD uses predetermined values to assign forces to
atoms, AIMD uses electronic structure calculations to find the
energy of a system as well as the atomic forces at each step
of a calculation, giving a much more accurate simulation at
the cost of time and system size. Because the electronic
structure is considered, chemical bonds and electron
interactions can be tracked throughout the course of a
simulation, leading to a more complete picture than one
would get otherwise.

For any molecular dynamics simulation to work, Newtonian
mechanics of motion must be taken into consideration at
some point. While classical mechanics may not be used to
derive forces, they are required to propagate the motion of
the atoms or molecules being studied. In every case,
accelerations are derived from the forces, new velocities are
derived from current velocities and accelerations, and new
positions are derived from current positions and velocities.
The propagation method, however, can change drastically
from program to program, and even within programs. In MD,
there are currently two methods of propagation that are
used. The first is a simple extrapolation used to find the
velocities in the first step of the calculation, when limited
information is available.

All energies that are external to the system must be
eliminated to ensure that all kinetic energy is applied to the
normal modes of the system. To accomplish this, the
translational and rotational energies of the system must be
removed at the beginning of the simulation. For translation,
this means finding the average velocity of the system, and
correcting each atomic velocity by that amount.

The next goal for the MD program is to implement
constrained dynamics. This involves adding more
components to the program that can constrain reaction
coordinates and change them throughout a simulation.

Implementation

Energy Conservation
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Eliminating Rotation
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This information is passed to the body of the our program,
which is called MD. Using the velocities and positions given in
the input file, a simple extrapolation is used to predict the
next geometry. This new geometry is passed to Gaussian,
the computational chemistry packaged used to give the
energy of each geometry as well as the forces on each atom.
From these forces, the accelerations of each atom are
derived, and a more accurate extrapolation method is used
to determine the next geometry. This is repeated until the
simulation is ended.
Input
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In later steps, when more information is available, a different
extrapolation that utilizes the accelerations at both the
previous and current position is used to find velocities.

After the velocities are found, another simple extrapolation is
used to find the next geometry.

New geometry
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Our AIMD program begins with an input file containing
information relevant to the calculation. This includes, but is
not limited to, the initial geometry of the system, the initial
velocities of all atoms, a reference energy, and a simulation
energy. The reference energy should be the equilibrium
energy of the system found using the same level of theory as
used throughout the simulation. The simulation energy is a
sort of energy threshold above the reference energy that the
system will never cross. As the potential energy (U) of the
system approaches the sum of the reference and simulation
energy, the kinetic energy (T) of the system will decrease so
that the total energy will always equal the aforementioned
sum.
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Eliminating the rotation is slightly more complicated that
translation, as angular momentum is conserved about the
principal axes of rotation, not the Cartesian axes.
Consequently, the principal moments of inertia and principal
axes of rotation must be found before rotation may be
removed. After this is done, rotation is removed as follows.
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In our simulations, the system being observed is treated as
being completely isolated, meaning there is no way for
energy to enter or exit the system. Because of this, it is
essential that energy be conserved to ensure accurate
results. This is done by scaling the velocities given in the
input file once at the beginning of the simulation to raise or
lower the kinetic energy so that the simulation energy is
reached.
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With constrained dynamics implemented, we can study more
aspects of a system than before. This includes the mean
potential energy surface for a reaction, found by making
small steps along one or more reaction coordinates and
running a simulation at each step. Large amounts of data will
be found at each step, meaning that it is very likely that
more information can be ascertained from a constrained
dynamics simulation than for a regular molecular dynamics
simulation.

Continuing Effort
Going forward, more progress will be made towards
implementing constrained dynamics capabilities, as well as
making other changes to the program. Elimination of
translational and rotational energy will be made optional, and
more extrapolation methods will be made available. These
and many more user options will be made available to allow
flexibility in the program and more specific simulations to be
performed.
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