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Chapter 2

Methods

This section covers a brief explanation of generic methodology used in different chap-
ters of this thesis, including force fields, vibrational frequencies and molecular dynam-

ics.

2.1 Force Fields

A force field is a vector field of non-contact forces acting on a particle at a certain
position in space. Within theorectical chemistry, the term is used to refer to a potential
that describes the forces and energies acting on a system of atomic particles. Various
force fields have been used in the research carried out in this thesis. Although they are
referred to as force fields, within theorectical chemistry the description focuses on terms
contributing to the potential energy, which are traditionally physically motivated.

Forces are naturally calculated by taking the negative gradient of the potential,
F=-VV (2.1)

where F is the force and V is the potential energy. The force fields used for the
research within this thesis are explained within this section, along with a few general

considerations.

2.1.1 General Considerations

The evaluation of a force field can be done with a distance-based cutoff, since at
large distances interactions are negligible and ignoring them saves computational time.
Additionally, to replicate bulk systems, force fields can be evaluated under periodic
boundary conditions. In practice both of these techniques require careful implemen-

tation to avoid introducing artifacts in the potential energy of the system.
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2.1 Force Fields

Smoothing Functions

In order to take the gradient of the potential, the potential must be differentiable
(ie. smooth and continuous). A distance based cutoff for interactions would result
in a non-smooth or continuous potential. As such, a smoothing function (also called
switching function) needs to be introduced.

A smoothing function smoothly truncates the interaction energy at a given cutoff

value. There are many smoothing functions available, an example is,

1 r <7,
S(r)=Q2(£#2)3 =3(LZ )2 +1 re<r<r, (2.2)
0 >,

where r is the interaction distance, rs is the distance at which smoothing starts,
and r. is the interaction cutoff. This smoothing function is then multiplied with the
interaction energy to give the smoothed interaction potential. An important caveat
from smoothing the interaction energy is that upon calculating the gradient, this will
also result in additional terms for the forces. In the simplest case of an interaction
potential depending only on distances, this results in:

0 _08(r)

—ES(’/‘)V(T) = o

Vir)—S(r) (2.3)

or

Without properly including the addtionaly forces terms the energy and forces will
be divergent, which prevents geometry optimizations from succeeding and causes the
total energy to not be conserved in NVE molecular dynamics simulations (vide infra).

Smoothing functions can be applied at the atomic level, or at the molecular level.
Although both methods are possible it is important to note that frequently force fields
are pair potentials, meaning the interaction energy is fitted for a pair interaction. In
these cases applying a smoothing function at the atomic level will introduce artifacts,
notably due to imbalances of the pair potential interactions. For these cases the
smoothing function must be applied to all pair interactions based on the same pair

distance (either the center of mass or a particular atom).

Periodic Boundary Conditions

To approximate the structure of bulk systems it is common to apply periodic boundary
conditions (PBCs) to all particles within a unit cell. In Figure an example of a
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Chapter 2. Methods

small unit cell under PBCs is shown.
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Figure 2.1: Illustration of how PBCs is used to approximate bulk structures. The promi-
nent black box around 4 water molecules is the unit cell. Each cell surrounding the original
unit cell contains images of the molecules within the unit cell.

An important consideration to avoid artifacts is that the total energy of the system
should be consistent with the number of particles (or molecules) within the unit cell.
As such, if all interactions between particles and images are counted, then interactions
with images and particles can only add half their energy to the total energy of the
system. Similarly, self-interactions (ie. a molecule interacting with its image) are
forbidden, which arises from the extra total energy the system would have if these
interactions are counted. A popular method for applying PBCs without violating

these above stipulations is the minimum image convention (MIC).

Under the MIC only interactions between real particles and the closest represen-
tation (an image or real particle) of other particles is counted. In order to ensure
that self-interactions are ignored under this convention, it is typically required that
an interaction cutoff smaller than half the shortest cell length is used. To be clear,
this means that two particles on opposite ends of a unit cell will only interact via the

images that are closest to the other real particle.
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2.1 Force Fields

2.1.2 Force Fields for H,O

There exits a wide variety of force fields describing water, ranging from simple point
charge models (SPCY, SPC/E?, SPC-F*, and TIP4P%) to highly sophisticated many-
body polarizable models (TTMx-F210 POLI2VSH, AMOEBAL2 17 SCME /{18121
and MB-pol?225), The work in this thesis utilizes two of the highly sophisticated
many-body polarizable models, MB-pol & SCME/f, which are briefly explained here.

MB-pol

MB-pol?2722is derived from the many-body expansion (MBE) of the interaction energy

between water molecules. The MBE for a system of N molecules is given by,

N N

V=> Vip(i)+ Y Vap(i,j) +...+ Van(l,...,N) (2.4)
i=1 i<j

where V;p is the one-body potential, V5p is the two-body potential, and Vg is the

N-body potential. The 7 and j indexes run over all atoms in each molecule for all

pairs of molecules in the system. The MB-pol potential only extends to the three-

body term in the MBE, and includes addtional dispersion and electrostatic terms.

The total MB-pol energy is given by,
V= VlB + VQB + VBB + VDispersion + VElectrostatics (25)

where Vpispersion 18 the dispersion interaction energy, and Vgiectrostatics is the electro-

static interaction energy.

The one-body term in MB-pol is taken from Partridge and Schwenke2%, which is
the gold standard of one-body water potentials. The two-body potential is given by,

N
Vap =Y S(ro,.0,)Vap—prp(X, X;) (2.6)

i<j
where N is the number of molecules, ro, o, is the distance between the ith and jth
oxygen atom positions, X; and X, are the ¢th and jth molecule positions (all atoms
plus two lone-pair sites), S is the switching function, and Vop_prp is the two-body

PIP potential. Figure [2.2] shows the interaction sites of the MB-pol pair potential.
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L

o H
..........O

Figure 2.2: Interaction sites of MB-pol pair potential. Figure taken from Babin et al.?2,

The dispersion interaction is also a two-body interaction within MB-pol given by,

N ol o)
VDispersion = Z fG (T'LJ)TT + fS(rij) ’I"»8» (27)
i<j B K

where f,, are the Tang-Toennies damping functions®?, C,, are constants, and ;5 is the
distance between the 7th and jth atoms.

The electrostatic potential, within the MB-pol(2023) model, is composed of four
terms; the charge—charge interactions (V,), charge-dipole interactions (Vj,,), dipole—

dipole interactions (V,,,,), and the many-body polarization (Vjo1).
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2.1 Force Fields

Vag =Y @aToras (2.8)
b>a
n A ~
Vaw = Y (18T — aaTy ) (2.9)
b>a
Vi = — Z Ngfﬁﬁ/ﬁg (2.10)
b>a
I .,
Vool = 5 Zﬂaaa Ha, (2.11)
a=1

In the above equations for the electrostatic terms n is the total number of electro-
static sites, ¢, is the charge of site a, p, is the dipole of site a, &, is the polarizability
of site a, Greek superscripts define Cartesian coordinates where Einstein notation is
used for repeated superscripts, and T terms are the electrostatic tensors. The tensors

are given by,

R 1
Ty = SO(Rab)R (2.12)
ab
i 3 Rgb
ab = VaTa = —51(Rap) 13° (2.13)
ab
ror \ 3R RP Sa
TP =V, 15 = Sa(Rap) 5 Sl(Rab)R—; (2.14)
ab ab

where R, is the distance between sites a and b, S,, are the screening functions, and §

is the Kronecker delta. The screening functions are given by,

So(Rap) =1 —exp (—w(RIZbYl) + wzjabf (Z,w(RZb)4> (2.15)
1) = 1 - oxp (1) (2.16)
Sy(Ruy) = S1(Ra) — %"(RA“Z’)%xp (—w(ij)‘l) (2.17)

where w is the Thole damping factor, A = (aaab)é, and « is the polarizability.
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SCME/f

The flexible single-center multipole expansion (SCME/f)4# 2L potential is another

many-body water potential. The total interaction energy is given by,
V= VlB + Vv2B + VDispersion + VElectrostatics (218)

where Vip is the one-body potential, Vop is the two-body potential, Vpispersion is the
dispersion interaction energy, and Vglectrostatics 1S the electrostatic interaction energy.

The one-body potential is identical to the one used in MB-pol (described above).

The two-body potential employs a Born-Mayer potential,

Vap =Y ArjjFei (2.19)

1<j

where r;; is the distance between the ith and jth oxygen atoms, and A, k, & h are

constants which can be found in Jonsson et al.2l.

The dispersion energy is similar to that of MB-pol but with an additional term.

VDispersion = Z fG(rij)W + fS(rij)T + flo(rij)rT (220)
1<j ) (¥ iJ

Again, here f,, are the Tang-Toennies damping functions*’, C,, are constants, and
ri;j is the distance between the ith and jth atoms. The ¢ and j indicies run over all
atoms in each molecule for all pairs of molecules in the system. The electrostatic
energy is given by,

Velectrostatic = Vint-pol + Vsels (2.21)

where Vinipol is the combination of the electrostatic interaction between intrinsic
molecular moments and the field-induced polarization energy, and V. is the self-
energy. The self-energy is the energy required to polarize a molecule and is given

by,
N

1 1
Veelt = =5 Z(AMLV; + §A935)Vaﬁ (2:22)

K3
where Einstein notation is used for the Greek indicies, Ay is the change in the dipole

moment due to the field-induced polarization, and Af is the change in the quadrupole
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2.1 Force Fields

moment due to the field-induced polarization. The other term is given by,

1 N

Vintpol = 5 > (i (') + Apl)Vi + 3(0as(r™) + A, p)Vas+

EQaB'y afy + ﬁ(ba,@'yévaﬁ'yé] (223)

where € is the octupole, and ® is the hexadecapole.

2.1.3 Force Fields for CO

Compared to water there are significantly fewer force fields developed for studying
carbon monoxide. The generic COMPASS force field was parameterized for 14 inor-
ganic molecules, one of them being CO.%% Beyond generic potentials being fitted to
CO, there are two potentials focusing specifically on CO. The first is a site-site pair
potential®? and the other a neural network potential based on permutation-invariant
polynomials (PIP-NN)=0,

Site-Site Pair Potential

This potential was originally developed by van Hemert et al.??, where it models CO
interactions as a site-site pair potential that was parameterized using CCSD(T) cal-
culations for the CO dimer with the aug-cc-pVQZ basis set in combination with the
Boys-Bernardi counterpoise correction. The values for all parameters in the force field

are summarized in Table 2.11

‘ VMorse
re (A) Do (eV) v (A7)
1.1282 11.23 2.3281

Vexeh + Vdisp
i,j | Aij (V) Bi; (A71)  Cy (eVAY)

C,C 361.36 2.836 33.37
0,0 | 6370.10 4.253 10.52
C,0 1516.74 3.544 15.16
Vel
i Q) (e) o (AT
C -0.47 3.845
O -0.615 2.132

Table 2.1: CO-CO Potential Parameters
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The interaction potential is composed of an intramolecular Morse potential (Viorse ),
and intermolecular contributions that are intended to capture exchange (Vexcn), dis-

persion (Vgisp), and electrostatic (V1) interactions between pairs of CO molecules:
V= VMorsc + V;:xch + Vdisp + ‘/cl (224)

The Morse potential is given by

N
Wiorse = ZDe(l — 67’Y(mirc))2, (225)

i=1

where D, is the dissociation energy, r; is the CO bond length of the ith molecule, r,
is the equilibrium CO bond length, IV is the number of molecules in the system, and
~ a constant given in Table All of the Morse potential parameters were obtained

from fitting to experimental data. A Buckingham potential is used for the exchange

and dispersion contributions.
V. Vi — E A —Byry _ Ci 296
exch T disp — ij € 6 ( : )
ij | i<y i

Here, 1;; is the distance between the ith and jth atoms, and all other terms (A;;, B;;,
C;;) are constants, given in Table Note, 7 and j are atoms of different molecules.

Finally, the electrostatic contribution is given by

Ve = Z | 47360 Q;Sj, (2.27)
ij | i<j
where €y is the vaccum dielectric constant, and the point charges @; and @; are
each located on a different molecule at a distance r;; with respect to each other.
The C and the O atom form negative charge centers. A compensating total positive
charge, @ = —(Q¢ + Qo), is placed on the center of mass of each molecule, resulting
in 9 Coulomb interactions between each pair of CO molecules. The charges mimic
the ab-initio derived dipole and quadrupole moments. The moments were originally
calculated using MCSCF /CCI calculations with the aug-cc-pVQZ basis set®” and the

coordinate-dependence of the charges is given by,

Qi = Qe (rimre) (2.28)
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where r; is the intramolecular CO distance, QY is the charge distribution at the equi-
librium bond length and o; is a constant, given in Table

PIP-NN

L 30

This potential was originally developed by Chen et al.*¥) and unlike potentials de-

scribed by physically based interaction equations, PIP-NN potentials do not have
parameters that can be directly linked to physical or chemical properties.
The total energy V is represented by the sum of the intramolecular Vi, and

intermolecular Vi potential energies.

V' = Vintra + Vinter (229)

The intramolecular energy is given by,
Vintra = bg + s - tanh(gl + U71$) (230)

where by & 51 are biases, W, & ws are weights and z is the bond length The
intermolecular potential is a 2-layer PIP-NN given by,

Vinter = bg + Ws - tanh(l;4 + Wo tanh(l;g + Wlé)) (231)

where 53, by & bs are biases, ws is a weight, Wi & W5 are also weights but capital-
ized to denote matrices, and G is the symmetry functions. The symmetry functions
are permutation invariant polynomials related to the distances between pairs of CO

molecules.

G1 = poi,c1 + po2,c2

G2 = po1,c2 + po2,c1

G3 = P?)Lm +p202,02

G; = p201,02 + p?)2,Cl

G2 = po1,c1po1.02 + Po2,c2P02.C1
G¢ = po1,02

G7 = pci,c2

The above 7 functions are all the symmetry functions for this potential, with p;; given

Itanh applied on a vector is done by applying tanh element-wise.
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by,
Pij = exp(—Arij;) (2.32)

where A = 0.3%” is an empirical parameter, and r;; is the distance between atoms 7
and j.

An implementation of this potential in Julia can be found in YASS, which was
developed during this PhD.

2.2 Geometry Optimization

Computing the optimized geometry, i.e., the atomic structure that minimizes the en-
ergy, of a system is often the first step in molecular simulations. For vibrational
analysis this step ensures that the “imaginary modes”, i.e., modes that represent mo-
tion toward a minimum on the systems potential energy surface, are not calculated.
For molecular dynamics simulations, this step provides a stable starting point for
simulations, which avoids unwanted simulation results.

Geometry optimization is done by using mathematical optimization techniques on

the energy of the system as function of the 3N atomic coordinates of the system

(E(r1,...,r3n)). The solution is one where the derivative of the energy with respect
to all coordinates is zero (% = 0), and the Hessian matrix ( afiﬁ -) is positive semi-
i i OTj

definite, i.e. all of its eigenvalues are non-negative. In computer simulations finding the
solution is done iteratively, where several algorithms exist but the general concepts are
consistent. Here I cover the gradient descent optimizer, also known as steepest descent,
which serves as a simple model for explaining the concepts of geometry optimization.

Gradient descent assumes the objective function, the function being minimized, is
defined and differentiable which is always the case for the energy of a system. It then
follows that the object function decreases the fastest when traversing in the negative
gradient of the function. In simulations this is done iteratively by traveling in steps
along the negative gradient, typically via

Rps1 = R, — nVE(R) (2.33)

where 7 is the step size, R is the 3N atomic coordinates and E(R) the energy (or
objective function). This is repeated until either reaching the maximum number of
iterations or a convergence threshold on either the energy, gradient of the energy or the
change in coordinates. Other more sophisticated optimization algorithms are typically

used, however, the core concept of iteratively minimizing the energy until convergence
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2.3 Vibrational Analysis

is consistent.

An important consideration here is that the optimization algorithm finds the near-
est local minima, not the global minima. This means the optimized geometry found
is dependent on the initial geometry supplied to the optimization routine. Algorithms

that seek to find the global minia also exist but are more computationally demanding.

2.3 Vibrational Analysis

Vibrational frequency calculations are of great interest since vibrational properties of
solids are accessible through different experimental techniques. Here I briefly describe
two commonly used computational methods to calculate vibrational density of states

(VDOS) that can be used with the force fields presented in the previous section.

2.3.1 Harmonic Approximation

To better understand the harmonic approximation it is beneficial to first briefly cover
the physics of a much simpler system. Consider a frictionless system where a mass is

attached to a massless spring attached to a wall (see Figure [2.3).

0
| > J

e —

iz

Figure 2.3: An illustration of a mass attached to a massless spring attached to a wall.

In order to simplify the problem we take the coordinate system where ¢ is defined
as the displacement of the mass (m) from its equilibrium position. The kinetic energy
is then given by,

T = %qu (2.34)
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where T is kinetic energy, m is the mass, and ¢ is the time derivative of the coordinate

q. Assuming a spring constant of k, then the potential energy is as follows.
Lo

The equations of motion for this system are then given by,

dor oV

——+ —=0 2.36

dt 0q + dq ( )
mG = —kq (2.37)

where ¢ is the second time derivative of ¢. Solving this differential equation gives a

description of the motion,

q(t) = Asin(QW\/Zt + 9) (2.38)

where A is a constant describing the amplitude of the oscillations, ¢ is a constant
descibing the phase of the oscillations, and the frequency of the oscillations is given
by 1/ % This simple system is commonly referred to as a harmonic oscillator, and the

solution to the differential equation is the normal mode of the system.

This same process can be applied to more complex systems to calculate the normal
modes of the system. Consider a 3-dimensional system with IV atoms at equilibrium.
The problem can be simplified by changing the coordinates to mass weighted displace-
ments of the atoms from equilibrium, ie., defining the coordinates ¢; = /miAz;,
2 = V/mi1Ay1, ..., ¢sn = /mnAzy. The kinetic energy of the system is given by the

following expression.
3N
T = Z i (2.39)

A generalized potential energy for the system, which is valid for any interaction po-
tentials, is less straightforward. In order to achieve it, a Taylor series expansion of the

potential is taken about the equilibrium position.

3N
0*v
qi + "
0 ’ %: 8%‘8%'

qiq; + - .. (2.40)

3N
Vv
VZV()—I—Z
i 0

0q;

The approximation in the term “harmonic approximation” comes in at this stage,

where the vibrations are assumed to be small and so the potential energy is truncated
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2.3 Vibrational Analysis

at the third term in the Taylor series expansion. The remaining expression is further
simplified by defining that the potential energy at equilibrium is zero (Vy = 0). Sim-

ilarly, the gradient of the potential at equilibrium is zero (g—(‘; = 0), as defined by
0

the optimization of the system (ie. the equilibrium point of a system is where the
gradient of potential energy is zero). Resulting in the following potential energy for

the system.
3N oV 3N
V=3 Fa 00, | 1% = > fijaias (2.41)
ig (4947l i

Newton’s equations of motion (one equation for each j = 1,...,3N coordinate) for this

system are given by the following expressions.

dor oV
——+ — = 2.42
dt 0g; i dq; ’ (242
3N
Gj=—Y_ fija (2.43)

This gives 3N coupled differential equations, each of which bears a remarkable similar-
ity to Equation (2.37). Analogous to the one-dimensional harmonic oscillator above,

we make the following ansatz:
(1) = Ajsin(2mV At + €) (2.44)

Here, A; is the amplitude of the jth coordinate, A is the frequency, and ¢ is the phase.
To solve for the frequencies the ansatz is substituted into Equation (2.43).

3N
—AAsin(VAE 4 €) = =Y fij Aisin(VAE + €) (2.45)
a

—AjA=— Z fijAi (2.46)

3N Z
Zfiin —AjA=0 (2.47)

.

> (fij = 65X Ai =0 (2.48)

7

In Equation (2.48) J;; is the Kronecker delta. Only for certain values of A does
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Equation (2.48) have a non-trivial (ie. A; # 0) solution. These particular values can

be determined by solving the characteristic equation.

fii—A fi2 fisn
.
fo1 fa2 fo.3n _o (2.49)
fan1 oo fanan — A

In total there should be 3NN values of A that satisfy the non-trivial solution criteria.
Some of these values may be identical to another value, these are called degenerate
values. When V describes an internal interaction potential, 3N —6 A values correspond
to the vibrational frequencies under the harmonic approximation, which are commonly
referred to as normal mode frequencies. The exact solutions for the other 6 A\ values
is 0, and these solutions correspond to centre-of-mass translation and rotations of the
entire system.

Figure shows an example of the normal modes frequencies calculated for a bulk
ice Th cell with 768 molecules using the TIP4P /2005f potential. The histogram shows
the OH stretching mode (3000 — 3400 cm™!), the water bending mode (&~ 1800 cm™1),
the water librational mode (500 — 1000 cm™!), and the lattice modes (< 500 cm™1)
of the hexagonal phase of ice (ice Ih).

Normal mode analysis results in 3N — 6 number of modes, where N is the number
of atoms. When a large system is used and the modes are plotted as a histogram,
the density of states becomes clear. For small systems the number of modes will not
be large enough to produce a statistically converged sampling of the density of states
of real systems. In computational practice, this method requires highly optimized
systems, to avoid imaginary modes, which results in the frequencies being devoid
of temperature information. In order to artificially smear the frequencies to model
temperature effects the frequencies can be broadened with a Gaussian or Lorentzian
lineshape. However, these artificial line broadening techniques do not capture the
reallity of the thermal occupancy of the system, so care must be taken when using this

technique.

2.3.2 Velocity Autocorrelation Function

Autocorrelation is the measure of correlation between a signal and a time-delayed
copy of itself. This is used to identify periodic trends, even those obscured by noise,

within timeseries. In atomistic simulations the VACF is a method for identifying
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Figure 2.4: A histogram of the frequencies calculated from a normal mode analysis under
the harmonic approximation. These frequencies are calculated for a bulk ice Th cell using the
TIP4P /2005f potential.

periodic motion of atoms (ie. vibrational modes). Taking the Fourier transform of
the VACF gives the vibrational density of states (VDOS) of the system. For the sake
of computational efficiency, the fast Fourier transform (FFT) is typically used. The
VACEF is given by,

N

M
<w(t)-v(t — At) >= %Z%Zw(ti) -v;(t; — At) (2.50)

where v is the velocity of an atom, M is the total number of timesteps, IV is the total
number of atoms, ¢ is the time, and At is the timestep. In practice this expression is not
used to calculate the VACF since it is slow, instead an FFT of the velocity timeseries
is taken then multiplied by its conjugate and run through an inverse FFT. This is
a significantly faster way of calculating the VACF, as long as the FFT algorithm is
sufficiently fast. The majority of codes that calculate the VACF employ this technique.
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The result of this is typically normalized by the total number of timesteps, resulting in
a VDOS where the scale is proportional to the strength of the oscillation at a particular

frequency.

Additional consideration also needs to be taken to avoid spectral leakage, a phe-
nomenon in signal processing where the energy of a single frequency is spread across
several frequency bins. Spectral leakage is caused by signals that are non-periodic
within the time window. This will always be true when performing VACF analysis,
but can be reduced by using a window function that smooths the signal edges. Some

commonly used window functions are the Hann and Welch window functions.
The frequency resolution is determined via,

L

cn

Aw (2.51)

where Aw is the frequency resolution in wavenumber (cm™1!), f, is the sampling fre-
quency, c is the speed of light, and n is the number of timesteps in the trajectory. The
maximum frequency is then given by,

n_1ts

w =Aw—- = 2.52
max 2 2 ( )
where the half factor comes from slicing the frequencies to be only those that are
positive. From these equations it is clear that the frequency resolution and the largest

frequency are determined by the MD timestep size and the length of the MD trajectory.

The velocitity data used in the VACF is taken from MD simulations, where the
total number of timesteps determines the largest observable frequency and the size of
the timestep the resolution of the VDOS. Additionally, the signal-to-noise of the VDOS
can be improved by taking a long MD simulation (ie. 200 ps) slicing it into several
timeseries of smaller duration (keeping in mind the length determines the highest
frequency in the VDOS), then computing the VDOS of each timeseries and averaging
them all.

Besides decreasing the size of the timestep in the MD simulation there are a few
other tricks that can artificially increase the resolution of the calculated VDOS. One
can mirror their VACF signal, pad the ends of the signal with zeros, or do both (note
that zero padding must be done before mirroring to maintain symmetry). These tricks
artificially increase the resolution of the VDOS, which means that small features might

be blurred out despite the resolution improving.

Figure 2.5 shows the VDOS of a bulk Ih cell with 768 molecules calculated through
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Figure 2.5: The VDOS of a bulk Ih cell with 768 molecules calculated through the VACF
method using TIP4P/2005f. A 15 ps long MD simulation at 120 K (vide infra) was sliced
into 3 5 ps long trajectories, where the VACF was calculated for each slice. A Welch window
and mirroring was used on the autocorrelation signal, however, no zero-padding was used.
The VDOS from the slices were averaged to produce this plot.

the VACF method. All of the same modes seen in Figure [2.4] can be seen here as well,
however, here anharmonicity and temperature effects are included.

2.4 Molecular Dynamics

Molecular dynamics (MD) is a computational method for simulating the dynamics
of atomic (or molecular) systems in a particular statistical ensemble. The statistical
ensemble of the system, Figure [2.6]illustrates the possible ensembles, represents which
thermodynamic properties of the system are held constant and which are free to vary
with time. Within this thesis only the microcanonical and canonical ensembles are
used, as such, only those two will be explained here. The dynamical motion of the

system is calculated by solving Newton’s equations of motion for a given system,
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where the forces on the atoms are used to calculate the accelerations of the atoms.
MD simulations provide insights into a wide range of dynamic properties, and are
used across various fields of research such as physics, chemistry, materials science and

biology.

Statistical ensembles

—insulation

Microcanonical Canonical
(const. NVE) (const. NVT)

Figure 2.6: Illustration of the different statistical ensembles for thermodynamic systems.
This illustration was taken from Wikimedia Commons and is free to use and share under the
Creative Commons license.

A simple MD simulation only requires an integrator and a force field. As the name
implies, the former integrates the equations of motion to update positions and veloc-
ities for the particles in the system. The most commonly employed MD integrator is
the Velocity-Verlet integration scheme, which calculates both the velocity and position

of a particle at a moment in time.

ot + At) = 2(t) + v(t) At + %a(t)Atg (2.53)

a(t) + a(t + At)

v(t+ At) =v(t) + 5

At (2.54)

Naturally, the accuracy of this numerical integration method depends on the choice of
timestep (At), where smaller timesteps improve accuracy. The basic sequence of steps
an MD simulation are shown in Figure where the loop exits at the desired final

simulation time.
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2.4 Molecular Dynamics

Initial Positions
and Velocities

Update Positions

4

Update Velocities

\

Calculate Forces

Final Simulation
Time Reached

Figure 2.7: Typical sequence for MD simulations.

Prior to the extraction of observables from an MD trajectory, the system is typically
equilibrated to make the kinetic and potential energy reach desired target values. How-
ever, certain phenomena require analysis of simulations that are not equilibrated, this
is referred to as non-equilibrium molecular dynamics (NEMD). Frequently the topic
of interest is how the system relaxes from the non-equilibrium state to an equilibrated
state (ie. in VER studies), which is also done here in this thesis (see Chapter [6).

2.4.1 Microcanonical Ensemble

The microcanonical ensemble (NVE) describes a system that has constant number of
particles (N), volume (V), and total energy (E). This ensemble is often used to study
intrinsic properties of a system without external interactions. For instance, Figure[2.5
was produced from the analysis of an NVE simulation.

Within the NVE ensemble the total energy is conserved, the largest deviations in
the total energy are correlated to the timestep of the simulation. Smaller timesteps
allow for better energy conservation, because the numerical MD integrator produces
more accurate trajectories. This relation is often also used to test newly developed or
implemented potentials, by checking that the energy drift is reduced when the timestep

is reduced. If the energy and forces in the potential are divergent, the energy drift will
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not abide by this relation. In those cases the implementation of the potential needs
to be debugged.

2.4.2 Canonical Ensemble

The canonical ensemble (NVT) describes a system that has constant number of par-
ticles (N), volume (V), and temperature (T). This ensemble is often used to study
thermodynamic properties of a system at a specific temperature.

In order to maintain a constant temperature in an NVT simulations a “thermostat”
is required. Thermostats are algorithms that regulate the temperature of the system,
typically through scaling the velocities of the particles in the system. Careful consid-
eration needs to be taken with the thermostat selection to avoid the so-called “flying

ice cube” problem. 3132

This issue is an atrifact of the velocity rescaling where high-
frequency motions are drained into low-frequency, typically zero-frequency, motions
like the translations and rotations of the whole system.

The Berendsen thermostat is one of the simplest thermostats, however, it is plagued
by the flying ice cube problem. Regardless, the simplicity of the thermostat makes it
perfect for explaining how thermostat algorithms work. The thermostat attempts to

couple the temperature of the system to a heat bath,

e IA0) (2:55)

where T} is the bath temperature (the desired simulation temperature), T'(t) is the
simulation temperature at time ¢, ‘fj—f is the rate of change of the simulation temper-
ature, and 7 is a coupling parameter that describes the equilibration time according
to which the Berendsen thermostat modifies the velocities. The temperature of the
system is calculated by setting the total instantaneous kinetic energy of the system
equal to the thermodynamic energy of the system and solving for temperature. This

gives,

o i mav
3NEkpg

where m; is the mass of the ith particle, v; the velocity of the ith particle, N the

(2.56)

number of particles, and kp the Boltzmann constant. The thermostat then rescales

the velocities by the factor,

- \/1 + A:(j% _1) (2.57)
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where At is the timestep. Although the Berendsen thermostat should not be used for

studies, the concepts carry over to other more exact thermostats. Within the works

in this thesis, the canonical velocity rescaling thermostat by Bussi et al33 is used

instead.
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