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Abstrakt: Pomoci molekulovych simulaci jsme studovali chovani molekul na rozhrani
voda/vzduch. K tomuto ucelu jsme vyzkouSeli rizné techniky ziskavani profila kon-
centrace a volné energie pro pfechod rozpousténé latky ze vzduchu do vody pfes
rozhrani voda/vzduch. Tento profil volné energie se také nazyva potencial st¥edni
sily (PMF). Po porovnani vyhod a nevyhod jednotlivych metod se ukizalo, Ze nej-
vhodnéjsi je nova nepiimé metoda omezujictho harmonického potencidlu v souiadnici
kolmé k rozhrani voda/vzduch. Ke studiu jsme vybrali sadu atmostéricky dulezitych
molekul, radikilu a iontu: N2, 02, HQO, 03, OH, HOQ, H202, OHf, Na+, Ff, H3O+
a H5Oy . Simulace neutralnich molekul dobie reprodukuji hydrata¢ni volnou energii
odvozenou z experimentalné zjisténych Henryho konstant. Pro ionty, kde je situace
komplikovanéjsi, jsme byli schopni ziskat alespon vodni a povrchovou ¢ast profilu.
Zjistili jsme obecnou zavislost zmén PMF na ruznych simula¢nich parametrech. Z
nasich simulaci plyne, Ze zvysena koncentrace na rozhrani voda/vzduch je obecny jev
pro v8echny neutralni molekuly (jak hydrofobni tak hydrofilni) kromé vody samotné.
Zvysena povrchova koncentrace atmosféricky dilezitych molekul mé zavazné dusledky
pro heterogenni chemické procesy probihajicich na vodnich ¢asticich v atmosfére.
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Abstract: By means of molecular dynamics simulations we studied the behaviour
of molecules at the air/water interface. For this purpose we investigated different
simulation methods for obtaining the concentration and free energy profiles of the
solute moving from the gas phase into the aqueous phase across the air/water inter-
face, i.e. the Potential of Mean Force (PMF). After comparing the advantages and
disadvantages of individual methods we chose a novel indirect method employing a
constraining harmonic potential in the coordinate perpendicular to the air/water in-
terface. A set of atmospherically relevant molecules, radicals, and ions was selected
for our study: N2, 02, HQO, 03, OH, HOQ, H202, OHf, Na+, Ff, H30+, and
H5O051. The hydration free energies of neutral molecules derived from the experi-
mental Henry’s law constants were well reproduced. For the ions, where the situation
is more complicated, we obtained at least a part of the PMF at the interface and
in the bulk water. We found general dependencies of the PMF changes on different
simulation parameters. According to our simulations the concentration enhancement
at the air/water interface is a generic effect for all neutral species (both hydrophobic
and hydrophilic) with the exception of water vapor itself. The surface enhancement of
atmospherically relevant gases has important consequences for heterogeneous chemi-
cal processes occurring on aqueous particles in the atmosphere.

Keywords: molecular dynamics, air/water interface, free energy, hydration, solva-
tion, ions, atmospheric gases



Chapter 1

Introduction

The Earth’s atmosphere is created mostly by gases, however, it also con-
tains liquid and solid particles that significantly influence the atmospheric
chemistry. Chemical reactions at the surfaces of these particles are het-
erogeneous processes, the importance of which has been demonstrated
in both the stratosphere and the troposphere over last decades [1]. For
example the global atmospheric models from the 1980s did not contain
heterogeneous processes, as a result they were not able to predict the
creation and development of ozone holes in polar regions. It is known
today that activation of chlorine that destroys ozone at the surface of
particles forming polar stratospheric clouds is responsible for the Arctic
and Antarctic ozone holes [1].

There is a wide range of particles in the atmosphere on which het-
erogeneous reactions may occur. The main ones are fog and cloud water
droplets (present mainly in the lower troposphere) and ice crystals (pri-
marily in the upper troposphere). On average more than half of the Earth
is covered by clouds and about seven percent of the volume of the tro-
posphere is filled with clouds. If all the cloud droplets are approximated
with spheres of diameter of ten micrometers, there is about one million
of them in a litre of air and the total area of water surface is three square
centimeters per litre [2]. Thus the water surface area in the troposphere,
on which the heterogeneous reactions may occur, is enormous and the
effect of the surface reactions on atmospheric processes can be large and
global.

The amount of reactants at the surface is important for heterogeneous
reactions, because the speed of chemical reactions depends on their con-
centrations. However, the surface concentrations for a wide variety of
substances are not well known. It is difficult to measure these directly,
moreover, it is not obvious that the concentration switches monotonously
from the gas phase into the aqueous bulk. Chemical processes at the sur-
face usually run much faster than in the bulk, because the reactants do
not diffuse in 3D but rather in 2D. Some reactions may even occur pri-
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marily at the surface. This concerns cases where the reactants are sepa-
rated in different phases. For instance the measured release of molecular
chlorine from aqueous sea salt aerosols did not agree with the predic-
tion from atmospheric models until the surface reactions of ClI” with OH
were included. The unexpected enhancement of the chloride anion at the
surface was confirmed by molecular simulations |3, 4].

Molecular simulation is a type of a computer experiment in which
the behaviour of system is based on an interaction model with atomic
resolution. It has become a powerful tool to solve many-body problems
in physics, physical chemistry, and biochemistry. These molecular ex-
periments provide a solution to statistical mechanical problems, which
otherwise would need severe theoretical approximations or which are de-
scribed only by macroscopic measurable quantities without microscopic
details. Molecular simulations bridge both theories and real experiments,
and they help us to uncover and understand the underlying molecular
processes.

Molecular simulations can be divided into stochastic and determinis-
tic simulations. The stochastic group is covered by Monte Carlo meth-
ods, in which the configurations of system are probed randomly or with a
Boltzmann type bias. The second group encompasses Molecular Dynam-
ics (MD) approaches that are deterministic time evolution methods based
on a numerical solution of Newton’s classical equations of motion for all
atoms in the system. Interactions between the atoms are described by a
force-field that is usually build on a combination of empirical data and
ab initio quantum chemical calculations. Ab initio methods involve only
the electronic Schrodinger equation, the fundamental physical constants
and atoms configuration of studied system. These quantum methods are
highly accurate, but they are computationally expensive and can be used
only for small systems (up to tens of atoms). Classical molecular sim-
ulations are used for much larger systems (up to thousands of atoms),
however, they do not include quantum effects. We employed these sim-
ulations to study the behaviour of molecules at the air/water interface.

Recently new surface-specific experimental techniques appeared such
as the sum frequency generation (SFG) [5, 6] and the second harmonic
generation (SHG) [7, 8]. These are nonlinear spectroscopic methods,
where the bulk contributions vanish within the dipole approximation
and only few top molecular layers are probed. These methods are ca-
pable to characterize hydrogen bonds and ion adsorption at the aqueous
surface. For example, the recent results support the theoretically pre-
dicted (by MD simulations) surface enhancement of highly polarizable
inorganic anions |10].

While the microscopic structure and concentration at the liquid sur-
faces are difficult to obtain directly from experiments, they are commonly
derived from easily measurable macroscopic properties, such as the sur-
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face tension. The surface tension of water can be increased or decreased
in dependence on the solute. Most of the dissolved substances lower
the surface tension compared to pure water. For example it has been
known for decades that the water surface tension decreases slightly with
increasing atmospheric pressure, which can be interpreted as adsorption
of nitrogen and (or) oxygen at the water surface [9].

While the direct measurement of the molecular structure and con-
centration at the air/water interface is still difficult, it is relatively easy
to obtain not only the structure and concentration but also dynamical
and macroscopic properties of the surface from molecular simulations.
The simulations of the water surface require extended systems, so they
are still prohibitively expensive for ab initio methods nowadays, but it is
computationally feasible to simulate the system by MD. Moreover, due
to the continuous advance in computer technology and higher computer
performance it is becoming possible to study more complicated systems
with higher accuracy.

The aim of this thesis is to study the behaviour of molecules at the
air/water interface by means of MD simulations. For this purpose we
investigate different simulation methods for obtaining the concentration
and free energy profiles of the solute moving from the gas phase into the
aqueous phase across the air/water interface. Both direct and indirect
computational methods exhibit technical difficulties and, therefore, they
are constantly developed and improved. We participate on the devel-
opment and implementation of several approaches and discuss the ad-
vantages and disadvantages of the tested methods. The most suitable
technique is chosen and used for further simulations. In particular, we
primarily employ indirect methods which yield a Potential of Mean Force
(PMF) as a result. This free energy profile can also be easily converted
into a concentration profile. A set of atmospherically relevant molecules
was chosen for our study: nitrogen (as the most abundant gas), oxygen
(as the gas essential for oxidation processes), water vapour (as the gaseous
form of the most important solvent), ozone and hydroxyl radical (as the
main oxidants during the daytime), peroxide and hydroperoxy radical
(as very reactive atmospheric species). In addition, we investigated sev-
eral atmospherically important ions such as OH™, Na+, F~, H30+, and
H502+. Using the simulations we address the following questions. Is the
concentration of solute changing monotonously from the gas phase into
the aqueous bulk or is there any solute propensity for the air/water inter-
face? Is the enhanced concentration at aqueous surface a generic effect
and what are the possible effects this surface increased concentrations?
Does the behaviour of hydrophilic and hydrophobic molecules differ from
each other and are we able to make quantitative conclusions concerning
the investigated ions?



Chapter 2

Simulations

Molecular dynamics (MD) simulations represent a computational chem-
istry method that stands between experiment and theory and can bridge
the two. The experiments can be compared with the microscopic model
and theoretical hypothesis can be checked directly. The simulations can
even mimic an experiment that cannot be easily performed (e.g., very
high temperatures and pressures or very short timescale) and we can
also get information of processes on the molecular level.

Classical molecular dynamics is a method based on the solution of
the Newton’s equations of motion

82”
ot?’

where the index 7 runs over all atoms in the system. The equations
are solved simultaneously in small time steps and the force is calculated
as a negative derivative of the potential (more details on the potential in
Appendix A).

Atoms in a computer are moving, colliding or diffuse in a similar way
as the real atoms would do. The computer calculates a time trajectory of
the whole system as a set of subsequent configurations in the phase space
and it provides sampling of a statistical ensemble. Physically measurable
quantities are then obtained as averages over the trajectory. By suffi-
cient MD sampling we are able to get information of both microscopic
and macroscopic behaviour and properties. However, thermodynamic
properties would be exactly obtained only by an infinite long simulation,
where the entire phase space is fully sampled. Real MD simulations are,
however, finite, so one should be wary of the sampling quality of sim-
ulated system and its parameters. MD is a classical description, so it
cannot account for quantum effects. Consequently, one should be aware
of these limitations and verify the data against experiments.

Fi:mi

(2.1)
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2.1 Computational details

For molecular dynamics simulations we used a program package Gromacs
[11] version 3.1.5 compiled first in single precision. A double precision
version was then used for the final production runs.

Our system consisted of a solute molecule (an atmospheric molecule,
radical, or ion), 215 molecules of water, and a very heavy fictitious (XX)
particle. The purpose of employing this particle was to create a sta-
tionary point for PMF calculations (see below). Water in a rectangular
cell with dimensions 1.86nm, 1.86nm, and 38.86nm and x,y,z-periodic
boundary conditions yielded an infinite slab (2nm thick in z-direction),
as shown in Fig 2.1 and 2.2. The two water/vapor interfaces can be also
considered as air/water interfaces since the density of nitrogen (the main
part of the atmosphere) is ~ 10?® molecules/ m3, so there would be only
few molecules of nitrogen in our simulation box. The standard simula-
tion parameters were as follows: time step=2fs, Berendsen temperature
coupling=0.1ps at 300K, and cut off=0.85nm for both van der Waals and
Coulomb interaction. The effect of the long range Coulomb interaction
was accounted for by the particle mesh Ewald summation (PME) [12].
These conditions correspond to the NVT ensemble (constant number of
particles, volume, and temperature). However, the difference between
the Helmholtz and Gibbs free energies A(pV) is for our system negligi-
ble, therefore, we can also use equations for the NPT ensemble (constant
number of particles, pressure, and temperature).

In the first stage of our simulations we tested several sets of differ-
ent potential models. A summary of the molecular properties and force
field parameterizations with their names and references is presented in
Appendix B. For most simulations non-polarizable atoms were used be-
cause of the considerable saving of computer time. Nevertheless, we also
tried polarizable models, described by a shell model in Gromacs (Drude
oscillator), since for some systems polarizability can cause non-negligible
effects [10].

We chose the SPC/E model [13] for water molecules. This decision
was based on the calculations of the hydration free energy of a water
molecule using the thermodynamic integration [14] method with stan-
dard parameters. The results for the SPC/E model together with other
commonly used TIP3P and TIP4P [15]| water models are compared with
the experimental values in the Table 2.1. We also took into considera-
tion water surface properties as the previously calculated surface tension
[16, 17|. Two polarizable models were also tested, despite the fact that
it took a considerable amount of computer time. Note that these po-
larizable models slightly underestimate the chemical potential of water:
POL3 [18] and COS-G2 [19] models have hydration free energy of water
only -22.5 kJ/mol and -23.0 kJ/mol, respectively.
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Figure 2.1: Periodic boundary conditions with a prismatic unit cell create
an infinite water slab. (top view)

Figure 2.2: Periodic boundary conditions with a prismatic unit cell create
an infinite water slab. (side view)

SPC/E| SPC/EL| TIP3P | TIP3P!| TIP4P | Experiment
Gsoly [kJ/mol] | -28.6 -24.3 -25.2 -20.1 -29.6 -26.3

v [mN/m] 66 52.7 79 72

Table 2.1: The summary of the solvation energy Gy, and the surface tension

~ of water models.
1) Values were calculated using PME, which can change the solvation energy since

the lattice contribution to the free energy is not calculated.

10
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2.2 Methods

There are several ways to obtain concentrations of solute molecules at
the air/water interface. First approach is to simply run a very long sim-
ulation under ambient conditions and monitor the time averaged density
of the solute in the simulation box. This method is called the Direct
Sampling or Simple Sampling Method (SSM). Unfortunately, if there is
a barrier or high-energetic region in the system, SSM would sample it
poorly on the nanosecond time scale (this applies for example to the wa-
ter bulk region for very hydrophobic molecules). To improve sampling in
all regions an Umbrella Sampling Method (USM) was developed. This
technique divides the system into a set of overlapping windows and per-
forms separate simulation in each window. Artificial potentials can be
applied which help the sampling to be more uniform. Once the simu-
lations are done, the effect of the bias potential on the density profile
has to be subtracted in each window. Finally, the data from all windows
should be connected.

Indirect methods consist in calculation of the Gibbs free energy dif-
ference AG followed by a transformation to relative concentrations using
the Boltzmann relation:

G (2.2)
Ca

¢, and ¢, are the concentrations in two states that differ by AGo , R is
the universal gas constant, and 7" stands for temperature. It follows from
Eq. 2.2 that it is equivalent to study the free energy profile instead of the
concentration profile. The typical free energy and concentration profiles
are shown in Figure 2.3, where the three important free energy differences
are marked - the solvation (i.e., gas-to-liquid) free energy AG,,, the
gas-to-surface free energy difference AGy,, and the surface-to-liquid free
energy difference AGy. Ouly two of these values are independent, since
AGsolv = AC"'Ygs + AGSZ'

The change of the free energy can also be obtained using Thermody-
namic Integration (TI) [14]. In this method the Hamiltonian is slowly
changed (keeping the system in equilibrium) from one state to another
using a parameter A\. Using T1 we can let the solute disappear and by
a thermodynamic cycle we can obtain the free energy difference between
the state with and without the molecule in the solvent.

AG = /01 <%@>Adx (2.3)

This simulation must be run for different positions of the solute in the
water slab to obtain a free energy profile.

Another method to compute the Gibbs free energy change is the Con-
strained Method. It is a measurement of the force F; acting on the solute

11
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20

A G [kImoal]

host density [arb. units]

I Ty s Ny RS N
-1,5 -1 -0,5 0 05 1 15
distance from slab center [nm]

Figure 2.3: The free energy profile with marked important differences and
the corresponding solute density profile (i.e., relative concentrations).

that is hold at a defined position with respect to the slab while the sys-
tem is in equilibrium. Consequently, the force is integrated along the
constrained (reaction) coordinate £ to obtain the free energy profile (a
typical one is shown in Figure 2.4). The free energy profile along a “re-
action coordinate” (z-coordinate in our case) is the Potential of Mean
Force (PMF). It is defined up to an arbitrary additive constant, which
we choose to make the free energy difference equal to zero in the gas
phase.

a
AGay = — /b Fede (2.4)
50 -
40— — 1,25
1
075
] )
5 105 g
2 025 &
o 102
= o g
L : K i -]
20— B —-0,25
L -+ Force 1
L — PWF P .
=0 I --- water density profile [ i 05
40 —-0,75
sl ]y

-15 -1 -0,5 0 05 1 15
distance from slab center [nm]

Figure 2.4: Typical profiles of the constrained simulation.
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Both TI and Constrained Method need to keep the molecule in de-
fined positions. This constraint can be applied in several ways. Freezing
position means that the chosen coordinate is in each step changed to
the previous value. Removing Motion of Center of Mass (RMCM) sets
the velocity to zero every time step. The last possibility is to keep the
molecule on a “z-spring” (i.e., apply a harmonic potential in the z coor-
dinate).

Recently, two new methods appeared [20]. The first one is based
on Jarzynski’s expression [21, 22| that was further developed by Crooks
[23, 24, 25|. This expression connects the Gibbs free energy difference
AG with the non-equilibrium works W, (at time 7) by averaging them
over all trajectories:

6_% = 6_% (25)
AG between two reversible states is equal to equilibrium (i.e., infinitely
slow) work that is required to switch between these states. However, to
get this work from simulations requires long runs which is computation-
ally expensive. AG can be accurately estimated using Eq. 2.5 from the
non-equilibrium work W, for switching between the two states within a
finite time 7 even if the system is far from equilibrium like in fast com-
puter simulations or in some experiments, such as micromanipulation of
molecules.

The second new method is called Adaptive Biasing Force method
(ABF). This method improves sampling of the system, even if high energy
barriers are present, and no a priori estimated biasing potential is known.
An external force Fg is applied on the solute and it is equal in size and
opposite in sign to the running average of the n last acting forces F¢ ;:

n

Fy = (2.6)

2.3 Henry’s Law

The ratio between concentration in the liquid and in the gas phase can
be compared with the experimental Henry’s law constant. The Henry’s
law constant can be defined as the concentration of host molecules in the
liquid divided by their partial pressure in the gas phase [26]:
c
ky = — (2.7)
Py
The Henry’s law constant can be rewritten in a dimensionless form as
the ratio between the concentrations in the liquid and in the gas phase:
]

ki = — 2.8
H Cg’ ( )

13
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where ¢; and ¢, are concentrations in the liquid and in gas phases and
k% is the concentration Henry’s law constant. If we consider ideal gas
conditions and use the Equation (2.2), we get a simple relation between
these two constants and the solvation Gibbs free energy of the molecular
species at infinite dilution:

Gsolv
T

kS = ky - RT = e (2.9)

where, ky is the Henry’s law constant, R is the universal gas constant,
T stands for temperature, and G, is the solvation Gibbs free energy.
It should be emphasised, that the standard solvation free energies (at
po = latm gas pressure and ¢y = 1M concentration) differ from those
corresponding to a single gas molecule (i.e., pertinent to the present
simulations) by a factor RT In (RT ;—g), which at standard conditions
amounts to 1.9kcal/mol [27]. The values of Henry’s law constant were
taken from a compilation by Sander|[28].

14



Chapter 3

Benchmarking

3.1 Choosing the optimal method

We chose the Constrained Method with the z-spring as the most suitable
one for our purpose. Since it is an indirect method we compared it with
the direct SSM approach. In spite of the fact that the SSM method
can efficiently sample only certain regions of the system, it verifies large
part of the data from the Constrained Method with the z-spring (Fig.
3.5 and 4.11). The Umbrella Sampling is also a direct method, but
it requires a good guess of the biasing potential to achieve an efficient
sampling, moreover, results from different windows have to be connected.
Overlapping parts are usually matched using the least square method.
However, a better method improving the sampling, the ABF method,
was developed and we tested it as well.

Other methods described in the previous chapter suffer from the diffi-
culty to keep the solute molecule at a desired position with respect to the
water slab. There are several possibilities without using the z-spring, con-
sisting of combination of freezing and RMCM. Freezing the z-coordinate
should not be used for the slab because it holds all molecules in their
z-positions and diffusion is compromised. Using RMCM for the solute
causes the “trunk effect” described in the following paragraph. The last
combination (RMCM applied to the slab and freezing the z-coordinate
of the solute) leads to massive evaporation of water molecules. This hap-
pens as follows: first, as the slab gets closer to the solute molecule, its
surface deforms a bit towards the attracted solute. Since the RMCM is
applied on the slab a small ventricle appears on the side opposite to the
solute. As the process continues the slab elongates in the z-coordinate
and finally breaks into pieces. Therefore, using the spring is a necessary
step. We can also use it to measure the force acting on the spring f(z2’)
and then employing the following formula calculate the PMF.

AF(z) = — / F()de (3.1)

15
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Figure 3.1: The profiles of averaged force of the spring and averaged force
acting on the solute are the same except the sign.

Note, that in a general case the formula for calculating the uncon-
strained free energy change from constrained simulations is more com-
plicated (Eq. 3.2) [29], because the constrain can influence the other
degrees of freedom of the system.

3 (f ) + kT@log J

/ ¢

1) e, (3.
where k is the Boltzmann constant, 7" stands for temperature, & is the
generalized reaction coordinate along which the constrain is applied, and
J is the Jacobian of the transformation from Cartesian to generalized
coordinates.

RMCM of the solute restricts its freedom in the xy plane. This causes
the so called “trunk effect” which one can see in the following illustrative
snapshots taken from a simulation.

AF(E)=— |

&o

Figure 3.2: a) Water molecule close to the water surface with possibility
to move in xy plane. b) Water molecule close to the water surface with
RMCM.

The “trunk effect”, i.e. an artifact, where water molecules are dragged
with the solute into the gas phase, changes the PMFE as shown in Fig.

16
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3.3. The same force as acting on the z-spring at the surface is present
with RMCM already about 0.1 nm above it (towards the gas phase).

AG [kImol]

-40 /,’
/| — z-spring PMF
" |— z-spring force
-50 -- RMCM PMF N
L -- RMCM force |
experimental hydration free energy
-60— —
L L L] L L | L L
-2 -1,75 -1,5 -1,25 -1 -0,75 -05 -0,25

distance from slab center [nm]

Figure 3.3: The PMF and force profiles for water molecule pulled into
the water slab. (two methods)

The non-equilibrium method was compared with the ABF method
previously [20]. The non-equilibrium method performs well but not bet-
ter than the ABF method. Its relative inefficiency was due to the broad
non-equilibrium work distribution which is difficult to sample.

0 _ ‘ T T — T n:51 T T T T T T T ‘ T //K 2
— n=10
—— n=20 //_k’
n=70
-10+— Nn=200 —15
| experimenta hydration free energy
--- water desity profile
20 S EEEISCN NN —H1 T
= E
g L >
= -30 —05 =
Q \ =
| 4]
- ,//\\——7 4 _g
1 e it S N A —0
-50 —-05
[ | | | | | | L | | L |
2 -15 1 -0,5 0 05 1 15 2

distance from slab center [nm]

Figure 3.4: The PMF for the ABF method using different n.

The results of the ABF method depend on the number of averaged
forces n in the Eq. 2.6. It can be easily seen that if n = 1 there is no final
force acting on the solute, so it is moving with a velocity corresponding
to its temperature, whereas if n oo the biasing force is zero. We
did simulations for several different values n and the resulting PMFs are

17
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shown in Fig. 3.4. For the small n there is barrier in the middle of
the slab which is caused by the non-equilibrium work: since the solute
molecule is only weakly affected by other molecules it goes through the
slab fast pushing thus the system out of equilibrium. For bigger n the
system is kept in equilibrium, but since the biasing force causes the solute
to leave the surface slowly the “trunk effect” appears.

The best method for obtaining the PMF turned out to be the con-
strained method using a spring for constraining the z-position (perpen-
dicular to the interface). This approach was tested and verified against
the direct SSM method on ozone solvation energy which is close enough
to zero, so a long simulation can sample the whole box rather well (for
the corresponding density profiles see Fig. 3.5).

8 T T
I — the SSM method
— z-spring method

L i ]

host density
D

-4 -2 0 2 4
distance from slab center [nm]

Figure 3.5: Host density profiles for ozone molecule by two methods that
are compared.

Based on the quantitative agreement with the direct SSM method and
with experiment we chose this z-spring constrained method for obtaining
the PMFs for all the gases under study. To get a smooth PMF profile
we used 80 cycles of sampling and pulling simulations. During each
of the 1.5ns sampling periods the equilibrium length of the spring was
kept constant and the force was monitored and averaged over time. The
pulling phase, during which the equilibrium length of the spring was
changed by 0.05nm, took 20ps .

Simulations of ions represent a different situation and considerable
challenge. It is well known that, the hydration free energy of ions is very
large compared to neutral molecules. We tested the Constrained Meth-
ods, but the ion always became covered by few vaporised water molecules
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3.2. PARAMETERS DEPENDENCE

after being placed into the gas phase. So the measured force is the force
on the ion-water cluster rather than that on the bare ion. Moreover, if
we pulled the ion out of water it took with it strongly attracted water
molecules, so again we did not get the hydration energy of the bare ion.
As a matter of fact, no matter what method we used, we could get free
energies pertinent to the bulk and surface only, but not that of the bare
gas phase ion.

3.2 Parameters dependence

We performed many simulation in order to study the change of the PMF
with respect to a change of parameters. We divided all parameters in
two groups: “MD parameters” and “topology parameters”.

MD parameters included the time step, temperature coupling, length
of simulation, initial configuration, force constant, etc. We can conclude
that if the system was in equilibrium during the measurement phase,
changes of these parameters within reasonable margins did not cause
significant changes of the PMF (Fig. 3.6).

20
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Figure 3.6: The PMF profiles for nitrogen molecule with different MD
parameters. It also shows convergence of parameters and good equilibra-
tion of the system.

Due to the symmetry of the slab system, the PMF should be symmet-
ric as well. However, this is never exactly true, so the difference between
the two ending values of the PMF indicates the size of the error caused
by passage of the solute through the slab. We compared the AG s from
the left and right side from simulations with different MD parameters
and we got practically the same numbers (Table 3.1). This implies, that
the profile was only slightly shifted inside the slab, where many collisions
occurred and it was difficult to establish perfect equilibrium.
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3.2. PARAMETERS DEPENDENCE

1 2 3 4 Y 6

Left AG, [kJ/mol] | -1.074 | -1.049 | -1.035 | -1.049 | -1.018 | -1.037

Right AGy; [kJ/mol] | -1.052 | -1.000 | -1.057 | -1.072 | -1.057 | -1.072

Table 3.1: Comparison of the “right” and “left” AG, from the PMF for
different MD parameters. (l-number of cycles, 2-speed of pulling, 3-
length of sampling, 4-spring constant, H-temperature coupling, 6-length
of pull phase)

Topology parameters include the geometry, charge distribution, and
Lennard-Jones parameters of the solute. Changes of these parameters
caused significant changes of the PMF. The influence of the charge dis-
tribution was dependent on the order of the multipole expansion (i.e.,
the change of the dipole was more important than the change of the
quadrupole). The corresponding changes of the PMF are demonstrated
in Figure 3.7 and in the Table 3.2.

We also studied the PMF dependence on the temperature change of
+20K from the reference value. This was 300K and the changes were
negligible.

(a) (b)

AG [kImol]
AG [k¥mol]

—— dipole 0.4 arb. units
—— dipole 0.45 arb. units
—— dipole 0.5 arb. units

P I . TR SR T A B
15 1 05 0 05 1 15 2 15 1 05 0 05 1 15
distance from slab center [nm] distance from slab center [nm]

Figure 3.7: The change of the PMF caused by (a) the change of o and
e is on the left side (oxygen molecule), (b) by dipole (hydroxyl radical).
Legends correspond to molecular models, which are described in detail
in Appendix B.

Ozone | AGgo| AGg | AG s HO radical | AGson| AGg | AGys
[JOW | 13.60 | -2.92 | 16.52 [jOW -5.10 -12.55 | 7.45
test ¢ | 5.73 | -2.17 | 7.90 OW-45 -12.17 | -19.24 | 7.07
test € | 7.97 | -4.24 | 12.21 OW-50 -18.27 | -25.13 | 6.84

Table 3.2: Change of the PMF caused by topology parameters in kJ /mol.
Employed models are described in details in Appendix B.
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3.2. PARAMETERS DEPENDENCE

Effects of the parameters of neutral molecules on the PMF are schemat-
ically summarized in Table 3.3.

AAG ‘ AAGy ‘ AAG
MD parameters | small if the system is equilibrated and the pull is slow
Dipole T Large | Large | Small |
Quadrupole T Small | Small | Small |
LJ ol Large | Large T Large T
parameters| € Large | Large | Large |
Temperature T | Very small T | Very small T Negligible

Table 3.3: Summary of the PMF changes caused by different parameters.
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Chapter 4

Results

There are several force field models available for most of the investigated
molecules and each parametrization is suitable for different situations
and purposes. In our case, all models were examined with respect to
the hydration free energy and compared with experimental values. For
further simulations, we chose the best model or in some cases a new
better parametrization had to be developed by a combination of existing
models or by a slight change of the atomic charges. All PMF results for
different parameterizations are summarized as graphs in Appendix D. In
the following we present and discuss our “best” simulation results and
compare them to solvation free energies derived from the experimental
Henry’s law constant taken from Ref. [28].

4.1 Hydrophobic molecules N9, O9, and Og

The PMFs of the nitrogen molecule for non-polarizable and polarizable
force fields are presented in Figure 6.1. Both models reproduce well the
solvation free energy of +10.5kJ/mol and the two free energy profiles are
very similar to each other. The PMF surface minima of about 4kJ/mol
correspond to an enhanced concentration of nitrogen at the water surface.
This surfactant activity of the dominant atmospheric gas is in agreement
with the small decrease of surface tension of water with the increase of
atmospheric pressure (by about 0.1 --) [9]. The surface minimum is
slightly more pronounced for the polarizable force field, which is due to an
additional stabilization via polarization interaction in an inhomogeneous
dielectric environment of the air/water interface |30].

The PMF of Oy is similar to that of Ng. The employed model satisfac-
torily reproduces the experimental solvation free energy of +8.5kJ/mol
(Fig. 4.2). The surface minima are over 2kJ/mol deep. This means a
240% oxygen increase the water surface at an ambient temperature. A
very weak barrier (of less than 1 kJ/mol) between the aqueous bulk and
the surface region seems to develop at the PMF. This behaviour is con-
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4.1.

HYDROPHOBIC MOLECULES Ny, Og, AND Og
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Figure 4.1: The final PMF for the nitrogen molecule. Employed force-
fields are described in detail in Appendix B.

sistent with previous studies [31]. However, the barrier height is within
the error of the calculation that was estimated from the noise and the
asymmetry of the PMF curve with respect to the center of the water

slab.
T
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Figure 4.2: The final PMF for the oxygen molecule. Employed forcefield
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is described in detail in Appendix B.

Ozone is less hydrophobic than nitrogen and oxygen. The employed
forcefield reproduces well the experimental solvation free energy of +3-
4kJ/mol. As in the previous cases the surface minima develop with an
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4.2. HYDROPHILIC MOLECULES AND RADICALS OH, H5O,
HO9, AND H9O9

even larger depth of 5kJ/mol (Fig. 4.3). This means about roughly
a seven-fold enhancement of O3 concentration at the water surface at
300K. This surfactant behaviour is in agreement with the previous com-
putational results on ozone uptake [32|. A very weak barrier between the
surface and the bulk region appears, but it is again below the estimated
error.

A G [kImol]
density [arb. units]

PMF of O, - [jXW
experimental hydration free energy
61— ---- water density profile —-0,2

gl | | | | | | | 04
-15 -1 -0,5 0 05 1 15
distance from slab center [nm]

Figure 4.3: The final PMF for the ozone molecule. Employed forcefield
is described in detail in Appendix B.

4.2 Hydrophilic molecules and radicals OH,
H20, HO2, and H202

For hydrophilic gases the solvation free energy is negative (i.e., the free
energy in water is lower than in the air). This is true for all the above
species, moreover, the hydration free energy of the peroxide and hy-
droperoxy radical is even larger than that of a water molecule.

The employed forcefields (both polarizable and non-polarizable) for
OH radical reproduce the experimental solvation energy of about -16kJ/mol
reasonably well (Fig. 4.4). The PMF develops very deep surface minima
of about 6kJ/mol, which corresponds to a ten times enhanced concen-
tration of hydroxyl radical at the air/water interface compared to the
aqueous bulk. Our results are in agreement with previous dynamical
studies of the uptake of OH radical at water surface 32, 33].
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4.2. HYDROPHILIC MOLECULES AND RADICALS OH, H5O,

HO9, AND H9O9
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Figure 4.4: The final PMF for the hydroxyl molecule. Employed force-
fields are described in detail in Appendix B.

The hydration free energy for water obtained from our simulations
reproduces its chemical potential of -26.3kJ/mol well [27] (Fig. 4.5).
There are no perceptible (above statistical and systematic error) surface
minima at the air/water interface in the PMF of HoO. This is consistent
with the fact that water is obviously not a surfactant on water. [34].
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Figure 4.5: The final PMF for the water molecule. Employed forcefield
is described in detail in Appendix B.

Both simulations for the HO9 radical and HoO9 reproduce the experi-
mental solvation energies of -25.7 to -35.5kJ /mol and -35.7 to -37.5kJ /mol,
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4.2. HYDROPHILIC MOLECULES AND RADICALS OH, H5O,
HO9, AND H9O9

respectively (Fig. 4.6 and 4.6). Somewhat unexpectedly, PMF minima
at the air/water interface are observed, despite the fact that both gases
are more hydrophilic than water vapor itself. The depths of these minima
are about 3 kJ/mol for hydroperoxy radical and 1.5kJ/mol for hydrogen
peroxide.

0 \ \ Jis6
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Figure 4.6: The final PMF for the hydroperoxy radical. Employed force-

field is described in detail in Appendix B.
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Figure 4.7: The final PMF for the hydrogen peroxide molecule. Employed

forcefield is described in detail in Appendix B.
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4.3. F7, OH, NAT H30", AND H509" IONS

4.3 F°, OH", Nat, H30*, and H5O9* Ions

Experimental ion hydration free energies are not reproduced by PMF
calculations for reason explained in detail in chapter 3.1. Also the right
end of the PMF curve usually lies below zero since the ion has usually
more waters on way out of the slab than into it. There are no minima at
the surface for the small ions as expected for non-polarizable simulations
[10].

Somewhat surprising are the observed surface minima for the bigger
H502+ ion which is the Zundel form of the hydrated proton. The minima
are likely due to the size of the molecule which leads to the big entropy
change during solvation and an energy penalty for complete solvation
(hydrophobic effect). The size also causes the little shift of the right
hand side minimum (on the way out of the slab), since our slab is so
small that the big molecule, dragging a lot of molecules with it, is able
to slightly move the whole slab.

Because of the difficulties of the PMF calculations for ions (see chapter
3.1), the simulations finished at testing phase and none of the forcefields
was chosen, therefore, the results are shown only in Appendix D.

4.4 Surface analysis

The surface analysis was made to find out the physical reasons for the
development of surface minima in the PMF, particularly for very hy-
drophilic molecules. Several detailed simulations at the air/water inter-
face were aimed a monitoring interaction energies and dipole orientation.
The “entropy” profile was calculated as the PMF minus the Lennard-
Jones and Coulomb energy contributions.

Hydrophobic molecules are represented by O9. The oxygen molecule
has no dipole, so attractive Lennard-Jones interaction was expected to
dominate. This was confirmed by the simulations (Figure 4.8). The min-
ima at the surface were caused by attractive the Lennard-Jones interac-
tion energy that first increased faster than entropy term, when moving
from the gas phase. After a short distance, however, the situation re-
versed, which leads to the hydrophobic part of the PMF in the aqueous
bulk. Similar analysis was also made for the other hydrophobic molecules.
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Figure 4.8: The profiles of interaction energies and the PMF for oxygen
molecule pulled to the water slab.

Hydrophilic molecules were studied in more detail. First, we looked
at the dipole orientation. As shown in Figure 4.9, the dipole orientation
with respect to the z-coordinate was increasing and decreasing according
to the distance from the water surface with no preference of the opposite
orientation. So the HO9 dipole was not behaving with respect to the
dipole layer at water surface, but rather to its local environment. We
observed this effect also for OH radical with polarizable forcefields.

The profiles of the interaction energies seem to differ for hydrophobic
(Fig. 4.8) vs. hydrophilic (Fig. 4.10) molecules. The first difference for
the hydrophilic species is in the Lennard-Jones interaction energy, which
is mainly repulsive for hydrophilic molecules. The second difference is
that the Coulomb attractive interaction plays a very important role and
its combination with entropy causes the surface minima. This seams to
be a generic effect for all tested hydrophilic molecules, radicals, and even
for the larger ion H502+. The stronger Coulomb attraction probably
also causes a slight shift of the surface minima towards the aqueous bulk
compared to the hydrophobic molecules.
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Figure 4.10: The profiles of interaction energies between water and per-
oxide molecule pulled to the water slab.

Another issue is the validation of the calculated surface minima by di-
rect calculations. By comparison to direct results (SSM) we demonstrate

in Figure 4.11 the fact, that the z-spring method did not artificially cause
the PMF minima at the surfaces.
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Figure 4.11: Host density profiles for HoO9 in the water slab obtained
from different methods (the non-perfect symmetry of minima at the sur-
face in sampling simulation was caused by the finite length of the simu-
lation).

Another effect is the occurrence of the tiny subsurface barrier, which
is explicitly visible, e.g., for Og. This barrier with height lower than
1kJ/mol increases when the pulling speed is doubled (Fig. 4.12). For this
reason we deduce that the barrier is largely caused by non-equilibrium
work and is, therefore, to a large extent artificial.
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Figure 4.12: The profiles of ozone molecule pulled to the water slab with
normal and double speed.
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4.5. ATMOSPHERIC IMPLICATIONS

4.5 Atmospheric implications

The increased concentration of inorganic molecules at the air/water in-
terface is important for reactions at the surfaces of fog and cloud droplets.
Over the last decade, several atmospheric reactions of inorganic species
have been recognized to occur at the interfacial region |3, 35, 36, 37, 38|.
Our simulations show that atmospherically important molecules are en-
hanced at the water surface. A major type of atmospheric reactions in the
troposphere is oxidation. The hydroxyl radical and ozone are the main
oxidants during the day, while ozone is present and, therefore, active also
at night.

The enhanced concentrations of OH and Og at the surfaces of aque-
ous atmospheric particles may play a significant role in heterogeneous
oxidation processes. This is particularly true for molecules that are also
enhanced at the air/water interface such as alcohols and polycyclic aro-
matic hydrocarbons (PAH) of intermediate size (smaller PAH are pre-
dominantly present in the gas phase). Higher concentrations of PAH and
alcohols occur in air in urban areas or during biomass burning events. In
recent field studies oxidation of methanol has been observed to be much
more rapid than predicted from the gas and bulk chemistry. Tabazadeh
and coworkers suggested that it was due to heterogeneous processes |39].
These processes can also be behind the unusually fast oxidation of an-
thracene at the air/water interface that has been measured by Donaldson
and coworkers [40]. The increased concentration of ozone at the air/water
interface also leads to a higher production of hydroxyl radicals and its
precursors such as HyO9 at the interface [1]. Thus the oxidation capac-
ity on the droplet surfaces is large, however, it can be influenced also by
other factors such as the surface coverage by organic species.

Surface enhancement is rather weak for some of the studied molecules.
For example, hydrogen peroxide surface concentration is increased only
by 50 percent compared to the liquid phase. This is consistent with
the experiment [41|, where the surface reaction of HoO9 and SO9 was
not important compared to the liquid phase, in spite of the existence of a
SO9 surface complex. Note, that peroxide is one of the main atmospheric
oxidants in bulk water.
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Chapter 5

Conclusion

We studied the behaviour of selected molecules and ions at the air/water
interface by means of molecular dynamics simulations. In order achieve
this goal a system consisting of a water slab and a solute species was
employed. We investigated different simulation methods for obtaining
the concentration and free energy profiles of the solute moving from the
gas phase into the aqueous phase across the air/water interface. We par-
ticipated on the development and implementation of several approaches
and we explored the advantages and disadvantages of the various meth-
ods. On one hand, the main observed problems with indirect methods
consisted in holding the desired distance between the solute and the wa-
ter slab and avoiding the so called “trunk effect”. On the other hand, in
the case of direct methods the difficulties arose from inefficient sampling
of high energy regions. We chose the indirect Constrained Method em-
ploying a z-spring (i.e., using a constraining harmonic potential in the
coordinate perpendicular to the air/water interface) as the most suitable
method. Using this method we calculated the free energy profiles across
the air/water interface, i.e., the Potentials of Mean Force, by measuring
the forces acting on the solutes.

We found generic dependencies in the PMF changes on various sim-
ulation parameters (see Table 3.3). In each case, we selected among
the existing molecular models according to the best agreement with the
experimental hydration free energy of the solute. When none of the ex-
isting models was satisfactory we developed a new one. The hydration
free energies derived from the experimental Henry’s law constants for
neutral molecules were then well reproduced. For ions we were not able
to obtain gas phase free energy values since they remained covered with
water vapour due to strong ion-water interactions. Nevertheless, these
simulations gave us information about ions in the bulk water and at the
interface. We used primarily non-polarizable parametrization because
of the unavailability of polarizable models in most cases and because of
high computational cost of polarizable calculations. However, we kept in
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4. CONCLUSION

mind that the surface stabilization of the host species might actually be
somewhat underestimated due to the lack of polarizability.

According to our simulations the enhanced concentration of molecules
at the air/water interface is a generic effect present for all neutral species
(both hydrophobic and hydrophilic) with the exception of water vapor
itself. The surface analysis was made and the changes in interaction
energies at varying distances from the surface was investigated. The
Lennard-Jones interaction is the leading force for creating minima at
the air/water interface for hydrophobic molecules, while the Coulomb
interactions overwhelm all other interactions in the case of hydrophilic
species. The increase of population of the solute species at the water
surface compared to the second most populated region (gas phase or
aqueous bulk) is ranging from a factor of 2 (e.g., for HyO9) to a factor
of about 10 (e.g., for OH).

The results from the PMF converted to the concentration profiles
assuming ambient conditions are summarized in Table 5.1. The investi-
gated molecules are shown together with their aqueous bulk concentra-
tion values, the highest surface values, and the surface averaged value
(all normalized to the air values). The surface enhancement of atmo-
spherically relevant gases has important consequences for heterogeneous
chemical processes occurring on aqueous atmospheric particles. In par-
ticular, the increased concentration of ozone and hydroxyl radical at the
air/water interface may be responsible for recently measured faster oxi-
dation of alcohols and polycyclic aromatic hydrocarbons than predicted
from the gas phase and aqueous bulk chemistry [39, 40].

Finally, we note that a condensed version of this work has already
been communicated via a full-scale research article published in the Jour-
nal of Physical Chemistry A [42].

Gas phase | Aqueous | Aqueous | Aqueous | Width of the
bulk surface surface interfacial
highest | averaged | peak |nm]|
value value

N9 1.0 0.0087 4.9 3.21 0.57
O9 1.0 0.046 2.4 1.44 0.57
O3 1.0 0.33 7.1 3.17 0.83
OH 1.0 1100 11000 8800 0.69
Hy0O 1.0 75000 75000 75000 0.00
HO9 1.0 90000 290000 141000 0.44
H909 1.0 17000000| 34000000 | 20200000 0.37

Table 5.1: Aqueous bulk concentrations and their highest and averaged

values in the interfacial region (all with respect to the gas phase value)
for the investigated atmospheric gases
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Chapter 6

Appendices

61 Appendix A - Interatomic interactions

Interactions between atoms and molecules depend on their type and
mutual separation. Generally speaking, neutral molecules are strongly
repelling each other at very short distances and weakly attracting each
other at larger separation. To describe this behaviour one often employs
the Lennard-Jones potential:

Vi (r) = de ((%)12 - (%>6> - o

where r is a distance between interacting atoms and e, o, Ciy, Cg are
constants. There is also the Coulomb interaction between atoms bearing
a full or partial charges described by the formula:

I qiq2

Vel(r) = :
(r) dmeg .1

(6.2)

where r is the interatomic distance, g stands for atomic charges, ¢, is
the relative permittivity and gg is the permittivity of vacuum. Since
V. decreases only as % cutting off the interaction, required for saving
computer time, causes error. A method for correcting the error is the
Ewald summation [43]. It is based on a summation of charges in a pe-
riodic structure in the reciprocal space. A particle-mesh Ewald (PME)
approach improves the computational efficiency of the method [12].

The bond stretching between two atoms in a molecule is represented

by a harmonic potential:

Vir) = gh(r o), (6.3)

where £ is the force constant and 7y stands for the equilibrium distance.
A similar potential is employed for bending interactions:
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6.1. APPENDIX A - INTERATOMIC INTERACTIONS

1
Vi lr) = 5k (o= an)?, (6.4)
where « is bending angle. For molecules with more than three atoms the
dihedral potential is applied:

Vi (r) = ka (1 + cos(nf — 6y)), (6.5)

where 6 is angle between planes defined by first and last trios of atoms.

Polarizability is implemented in Gromacs [11] using the shell model
of Dick and Overhouser [44]. A charged shell particle which represents
the electronic degrees of freedom is connected to an atom by a spring.
Potential energy is minimized every time step via changing the length of
the spring.
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6.2. APPENDIX B - MOLECULAR PARAMETRIZATION

6.2 Appendix B - Molecular parametrization

H,0

There are many models for water available, which demonstrates its
importance, as well as difficulties in parametrization. We used three
rigid water models SPC/E [13]|, TIP3P [15], and TIP4P [15] already
implemented in Gromacs 11| and two polarizable models POL3 18] and
COS-G2 [19]. The forcefield parameters are summarized in the following
table.

o [nm] | € [kJ/mol] | charge [e]

H | 0.0000 0.0000 0.4238

SPC/E O | 0.3166 0.6501 -0.8476
H | 0.0000 0.0000 0.4170

P3P O | 0.3151 0.6359 -0.8340
H | 0.0000 0.0000 0.5200

TIP4P O | 0.3154 0.6485 0.0000
D® | 0.0000 0.0000 -1.0400

H | 0.0000 0.0000 2.3650

b

POL3 O | 0.3204 0.6527 -2.7300
H | 0.0000 0.0000 0.5265

COS-G2¢ | O | 0.3196 0.7611 0.0000
De | 0.0000 0.0000 6.9470

? is an auxiliary atomic site made for better reproduction of charge distribution

bpolarizable model [18] with polarizability of 0.5284% on oxygen and 0.170A%0n
hydrogen

¢polarizable model [19] with polarizability on dummy atom of 1.25554°
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No

Nitrogen molecule consists of the two nitrogen atoms separated by an
equilibrium distance of 0.1098nm. Three point charges are distributed
such as to reproduce the molecular quadrupole [45] (in the middle be-
tween the negatively charged nitrogen atoms a dummy atom with a pos-
itive charge is placed).

o [nm] | ¢ [kJ/mol] | quadrupole [DA]

2CLJQ* | 0.3321 0.2900 1.4397
G-library® | 0.2976 0.8767 1.4397
;X 0.3149 0.5042 1.4397

Npol? 0.4201 0.8256
Npol-off® | 0.4201 0.8256

®parametrization from [45]
bLennard-Jones parameters from Gromacs forcefield
‘combination of parametrization ¢ and ?

dpolarizable model [46] with polarizability 0.40367A% on nitrogen atoms and

0.42704A% on dummy atom in centre
®same model as d model [46] but with polarizability turned off

O
The parametrization for oxygen is similar to that for the nitrogen

molecule. The interatomic distance is 0.121nm and three point charges
are used to create the molecular quadrupole [45].

o [nm] | € [kJ/mol| | quadrupole [DA]
[JOW* | 0.3166 0.6502 0.8081
JOA® | 0.2955 0.8490 0.8081

®Lennard-Jones parameters for SPC/E water oxygen
bLennard-Jones parameters for hydroxyl oxygen from Gromacs forcefield
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O3

Ozone molecule is built from three oxygen atoms in a triangular ge-
ometry. The O-O bond length is 0.128nm, the O-O-O angle is 116.6°
|32, and atomic charges are slightly increased to implicitly account to
polarization effects.

o [nm] | € [kJ/mol] | charge [e]

1owe | Ocenter | 03166 | 0.6502 0.2400
Ogde | 0.3166 | 0.6502 | -0.1200

10 | Ocenter | 0-2055 | 0.8490 0.2400
Ogde | 0.2955 | 0.8490 | -0.1200

fonte | Ocenter | 0-2626 | 17245 0.2400
Ogde | 02626 | 17245 | -0.1200

x| Ocenter | 0-2791 | 12100 0.2400
Ogide | 02791 | 12100 | -0.1200

ixwe | Ocenter | 0-2896 | 10589 0.2400
Ogde | 0.2896 | 1.0589 | -0.1200

et of | Ocenter | 02204 0.6502 0.2400
Ogde | 02204 | 0.6502 | -0.1200

vt o | Ocenter | 0-3166 | 09527 | 0.2400
Oude | 0-3166 | 0.9527 | -0.1200

®Lennard-Jones parameters for SPC/E water oxygen

bLennard-Jones parameters for hydroxyl oxygen from Gromacs forcefield
‘Lennard-Jones parameters for carbonyl oxygen from Gromacs forcefield
dcombination of parameterizations © and ¢

¢combination of parametrizationsparameterizations ¢ and ¢

fforced parametrization derived from ¢
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OH

Hydroxyl radical has a bond lengths of 0.0967nm and it has a dipole
moment represented by partial atomic charges|32|.

o [nm| | € |kJ/mol| | charge |e]
- | H]0.0000| 0.0000 0.4000
BOW®  -5103166 T 0.6502 20.4000
H | 0.0000 | 0.0000 0.5000

: b
OW-ch30" 5103166 T 0.6502 20.5000
H | 0.0000 | 0.0000 0.4500

_ b
OW-chdd® - 512766 T 0.6502 20.4500
foAe  LH| 0.0000 | 0.0000 0.4000
) O | 0.2955 | 0.8490 20.4000
H | 0.0000 | 0.0000 0.4400

} d
OA-chdd® 0055108190 20,4400
[ H [ 0.0000 | 0.0000 0.3000
OW-ch30° 5103166 T 0.6502 20.3000
H | 0.0000 | 0.0000 0.4000

f
polarOW IS, -5 2766 T 0.6502 20.4000
H | 0.0000 | 0.0000 0.4000

g9
polarOAL0? -3 0== 5 8100 20,4000

®Lennard-Jones parameters for SPC/E water

bparametrization derived from ¢ by increasing the dipole to partially account for
polarization effects

€oxygen Lennard-Jones parameters for hydroxyl oxygen from Gromacs forcefield

dparametrization derived from ¢ by increasing the dipole to partially account for
polarization effects

¢forced parametrization derived from @

polarizable model based on model ¢ with polarizability of 1.54% on oxygen
Ipolarizable model based on model ¢ with polarizability of 1.0A4% on oxygen
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HO,

Hyperoxy radical has a triangular H-O-O geometry with H-O bond
length of 0.0975nm and O-O bond length of 0.1324nm. The H-O-O an-
gle is 105.47° [47|. Charges were evaluated using the ab initio program
package Gaussian03 [48| as a Mullikan charges employing the 6-31g base
(charges recalculated with Natural Population Analysis are similar).

o [nm] | € [kJ/mol] | charge [e]

H 0.0000 0.0000 0.4454

JOM®[ Ogenter | 0.2626 | 1.7245 | -0.4228
Ogige | 02626 | 1.7245 | -0.0226

H 0.0000 0.0000 0.4454

JOA® [ Ocenter | 0.2955 | 0.8400 | -0.4228
Ogide | 02955 | 0.8490 | -0.0226

H 0.1390 0.0499 0.4190

MSZ¢ | Ocopter | 0.2040 | 0.6277 | -0.3580
Ocide | 02940 | 0.6277 | -0.0610

?Lennard-Jones parameters for carbonyl oxygen from Gromacs forcefield
bLennard-Jones parameters for hydroxyl oxygen from Gromacs forcefield
°parametrization [49]

Ho09

The structure of hydrogen peroxide is H-O-O-H, with O-O bond of
0.1468nm and H-O bonds of 0.0968nm long. The H-O-O angle is 98.62°
and the dihedral angle is 120°. Charges are calculated by Natural Pop-
ulation Analysis at the MP2/6-31G** level. These values are calculated
by Gaussian03 [48].

o [nm] | € [kJ/mol] | charge [e]
H | 0.0000 0.0000 0.4976
O | 0.3166 0.6502 -0.4976

OW®

*Lennard-Jones parameters for SPC/E water

XX

The fictitious atom that represent a stationary point does not possess
any forcefield parameter except for a mass of 1500 atomic mass units.
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Ions

Geometry and charges of H30jL (Eigen hydronium cation) H502+
(Zundel cation) are calculated by Natural Population Analysis with method
MP2 in AUG-cc-pVDZ base by program package Gaussian03 [48].

o [nm| | € |kJ/mol| | charge |e]

Fe 0.3132 | 0.8368 | -1.0000

OH-! H [ 0.0000 | 0.0000 0.4238

O | 03166 | 006502 | -1.4238

Na; ¢ 0.2350 | 0.5439 1.0000
Nay 7 0.2730 | 0.4184 1.0000
1.0+ | H[0.0000 [ 0.0000 0.4722
3 O | 03166 | 0.6502 | -0.4166

O [03166 | 006502 | -0.8671

H. On-+e | Heenter | 0-0000 | 0.0000 0.5636
52 Hier | 0.0000 | 0.0000 0.5437

Houter | 0-0000 | 0.0000 0.5416

®parametrization from [50]
bparametrization from [51]
’parametrization from [52]
dparametrization from [53]
¢Lennard-Jones parameters for SPC/E water
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6.3 Appendix C - Simulations details

The constrained method using a spring is implemented in Gromacs|11]
version 3.1.5. Because of its non-straightforward behaviour we studied
the source code and this is the algorithm: First, the simulation calculates
the direction of pulling from the position of center of mass (CM) of
reference (RCM) and pulled (PCM) group is established. Then, the
position of the PCM is saved as the equilibrium position of the spring (in
fact that means that one end of the spring is connected to the beginning
of the simulating box and the second end is attached to the PCM). In
each step the PCM and the difference between the spring equilibrium
position is recalculated. The PCM multiplied by the spring constant
(in Gromacs input it is called forceconstant and our default value was
50000m077{m2) gives the force acting on the pulled group. This force is
written in the output and distributed among atoms in the PCM group
proportional to their mass. Finally, the equilibrium position of the spring
is changed for the next step by the size of pullrate multiplied by the time
step (2fs).

The above analysis leads to the composition of our simulation box.
There was a water slab in the middle of the box, which, combined with
periodic boundary conditions, yielded an infinite slab with two air/water
interfaces. A very heavy fictitious particle with zero interaction placed
in the vapour on one side of the slab was called the XX particle. It repre-
sented a stationary point that as a reference group defined the direction
of pulling. On another side of the slab we placed the solute. During
80 cycles of simulations the solute was pulled through the whole slab
towards the XX particle. Based on the symmetry of the slab and slight
asymmetry of the PMF, we estimated the error of the PMF to be below
1kJ/mol. This low error was due to the length of the simulation that
was 1.5ns for each of the sampling simulations and 20ps for each of the
pulling simulations (with the pulled distance of 0.05nm).

This system set up has several advantages which helped us to discover
the remaining simulations problems we had to solve. For example, we
monitored the force acting on the water slab and compared it with the
force affecting the solute. They had exactly the same profile except for
the sign as it should be according to the Newton’s law of action and
reaction. However, there was also a residual additive constant making
the forces different. This problem was solved by switching to double
precision.

One of the possible problems could be size of the system - the slab
has thickness only 2nm. To this end we made a twice bigger slab in the
z-direction and the PMF is consistent with the results for the smaller
slab yielding the same hydration free energy of No (Fig. 6.1).
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15—
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Figure 6.1: The PMF of the nitrogen molecule in two slabs with different

size in z-direction.

To demonstrate the computational demands we list the time require-
ment for typical simulations. One PMF profile needs 80 times 1.5ns long
simulations. This takes on a Pentium 4 2.8GHz about three CPU days.
Use of PME prolongs the simulation to approximately three CPU weeks.
Since the polarizability calculation is even more time consuming, the sim-
ulation with polarizable model of water took about three CPU months.
All simulations together took about 65.000 hours of computer time.

The standard parameters for thermodynamic integration were: time
step 1fs, number of steps 11022000, init lambda = 0.0, delta lambda
= 0.002, equil = 2000, collect = 20000, ti equil nwindows = 9 and
ti_equil  max_slope = 0.00001. Because of the computational inten-
siveness we did first comparing simulations for different forcefields with
cutting off the coulomb interaction (i.e., without PME). The best mod-
els were then re-simulated in double precision with PME. The difference
using due to PME is shown in the following Table 6.1.
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Gsolv TI TI-E | PMF | PMF-E | Experiment
HyO - SPCE -28.6 | -24.3 | -29.3 | -28.0 -26.3
HyO- TIP3P -25.2 | -20.1 | -25.7 | -25.5 -26.3

No- jX 9.3 8.2 12.8 11.4 10.3-10.4
Oo9- [OA 6.0 0.4 9.1 7.7 8.6 — 8.8
03 - jJXW 0.2 -0.4 4.4 2.8 2.8 -3.8
03 - 15X -1.1 | -1.5 2.9 1.7 2.8 -3.8

OH - OA-ch44 | -18.1|-144|-169 | -17.6 |-16.0 —-21.2
OH - OW-ch50 | -18.7 | -13.7 | -18.3 | -18.2 | -16.0 —-21.2
OH - polarOA10 | -21.9 | -18.1 | -19.1 | -22.1 | -16.0 —-21.2
OH - polarOW15 | -14.3 | -10.4 | -13.9 | -14.1 | -16.0 —-21.2
HO9 - jOW -37.8 1 -26.6 | -32.0 | -28.4 | -28.7 —--30.7
H9O9- [jOW -40.2 | -34.5 | -394 | -41.5 | -35.8 - -37.5
Table 6.1: The summary of G, using different methods and change caused
by using PME (-E in caption). Units are in kJ/mol.
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MODELS

6.4 Appendix D - PMFs for of all tested molecular models

Here, we present the simulations in single precision without PME for
all the tested molecular models. In the previous parts we chose from
these simulations the model which fits best the experimental hydration
free energy and with this model we then reran the simulations in double
precision and with PME. Note that for ions we were not able for technical
reasons (see above) to evaluate the experimental hydration free energy.

H,0
O ‘1\\ | T T | T | T T T | %
— SPC
5 — SPCE —
— TIP3P
- TIP4P R
POL3
-10— COS-G2 m
experimental hydration free energy
%‘ - -
S
_2 -15+— —
O] L i
<
20+ —
25+ —
S0, T

-15 -1 -0,5 0 05 1 15
distance from slab center [nm]
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MODELS
O3
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6.5. APPENDIX E - SNAPSHOTS

6.5 Appendix E - Snapshots

Here, we present typical snapshots of the molecules at the water surface.
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