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Abstrakt: Pomoí molekulovýh simulaí jsme studovali hování molekul na rozhraní

voda/vzduh. K tomuto ú£elu jsme vyzkou²eli r·zné tehniky získávání pro�l· kon-

entrae a volné energie pro p°ehod rozpou²t¥né látky ze vzduhu do vody p°es

rozhraní voda/vzduh. Tento pro�l volné energie se také nazývá poteniál st°ední

síly (PMF). Po porovnaní výhod a nevýhod jednotlivýh metod se ukázalo, ºe nej-

vhodn¥j²í je nová nep°ímá metoda omezujíího harmonikého poteniálu v sou°adnii

kolmé k rozhraní voda/vzduh. Ke studiu jsme vybrali sadu atmosfériky d·leºitýh

molekul, radikál· a iont·: N
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. Simulae neutrálníh molekul dob°e reprodukují hydrata£ní volnou energii

odvozenou z experimentáln¥ zji²t¥nýh Henryho konstant. Pro ionty, kde je situae

komplikovan¥j²í, jsme byli shopni získat alespo¬ vodní a povrhovou £ást pro�lu.

Zjistili jsme obenou závislost zm¥n PMF na r·znýh simula£níh parametreh. Z

na²ih simulaí plyne, ºe zvý²ená konentrae na rozhraní voda/vzduh je obený jev

pro v²ehny neutrální molekuly (jak hydrofobní tak hydro�lní) krom¥ vody samotné.

Zvý²ená povrhová konentrae atmosfériky d·leºitýh molekul má závaºné d·sledky

pro heterogenní hemiké proesy probíhajííh na vodníh £ástiíh v atmosfé°e.
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Abstrat: By means of moleular dynamis simulations we studied the behaviour

of moleules at the air/water interfae. For this purpose we investigated di�erent

simulation methods for obtaining the onentration and free energy pro�les of the

solute moving from the gas phase into the aqueous phase aross the air/water inter-

fae, i.e. the Potential of Mean Fore (PMF). After omparing the advantages and

disadvantages of individual methods we hose a novel indiret method employing a

onstraining harmoni potential in the oordinate perpendiular to the air/water in-

terfae. A set of atmospherially relevant moleules, radials, and ions was seleted

for our study: N
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. The hydration free energies of neutral moleules derived from the experi-

mental Henry's law onstants were well reprodued. For the ions, where the situation

is more ompliated, we obtained at least a part of the PMF at the interfae and

in the bulk water. We found general dependenies of the PMF hanges on di�erent

simulation parameters. Aording to our simulations the onentration enhanement

at the air/water interfae is a generi e�et for all neutral speies (both hydrophobi

and hydrophili) with the exeption of water vapor itself. The surfae enhanement of

atmospherially relevant gases has important onsequenes for heterogeneous hemi-

al proesses ourring on aqueous partiles in the atmosphere.

Keywords: moleular dynamis, air/water interfae, free energy, hydration, solva-

tion, ions, atmospheri gases



Chapter 1

Introdution

The Earth's atmosphere is reated mostly by gases, however, it also on-

tains liquid and solid partiles that signi�antly in�uene the atmospheri

hemistry. Chemial reations at the surfaes of these partiles are het-

erogeneous proesses, the importane of whih has been demonstrated

in both the stratosphere and the troposphere over last deades [1℄. For

example the global atmospheri models from the 1980s did not ontain

heterogeneous proesses, as a result they were not able to predit the

reation and development of ozone holes in polar regions. It is known

today that ativation of hlorine that destroys ozone at the surfae of

partiles forming polar stratospheri louds is responsible for the Arti

and Antarti ozone holes [1℄.

There is a wide range of partiles in the atmosphere on whih het-

erogeneous reations may our. The main ones are fog and loud water

droplets (present mainly in the lower troposphere) and ie rystals (pri-

marily in the upper troposphere). On average more than half of the Earth

is overed by louds and about seven perent of the volume of the tro-

posphere is �lled with louds. If all the loud droplets are approximated

with spheres of diameter of ten mirometers, there is about one million

of them in a litre of air and the total area of water surfae is three square

entimeters per litre [2℄. Thus the water surfae area in the troposphere,

on whih the heterogeneous reations may our, is enormous and the

e�et of the surfae reations on atmospheri proesses an be large and

global.

The amount of reatants at the surfae is important for heterogeneous

reations, beause the speed of hemial reations depends on their on-

entrations. However, the surfae onentrations for a wide variety of

substanes are not well known. It is di�ult to measure these diretly,

moreover, it is not obvious that the onentration swithes monotonously

from the gas phase into the aqueous bulk. Chemial proesses at the sur-

fae usually run muh faster than in the bulk, beause the reatants do

not di�use in 3D but rather in 2D. Some reations may even our pri-
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1. INTRODUCTION

marily at the surfae. This onerns ases where the reatants are sepa-

rated in di�erent phases. For instane the measured release of moleular

hlorine from aqueous sea salt aerosols did not agree with the predi-

tion from atmospheri models until the surfae reations of Cl

-

with OH

were inluded. The unexpeted enhanement of the hloride anion at the

surfae was on�rmed by moleular simulations [3, 4℄.

Moleular simulation is a type of a omputer experiment in whih

the behaviour of system is based on an interation model with atomi

resolution. It has beome a powerful tool to solve many-body problems

in physis, physial hemistry, and biohemistry. These moleular ex-

periments provide a solution to statistial mehanial problems, whih

otherwise would need severe theoretial approximations or whih are de-

sribed only by marosopi measurable quantities without mirosopi

details. Moleular simulations bridge both theories and real experiments,

and they help us to unover and understand the underlying moleular

proesses.

Moleular simulations an be divided into stohasti and determinis-

ti simulations. The stohasti group is overed by Monte Carlo meth-

ods, in whih the on�gurations of system are probed randomly or with a

Boltzmann type bias. The seond group enompasses Moleular Dynam-

is (MD) approahes that are deterministi time evolution methods based

on a numerial solution of Newton's lassial equations of motion for all

atoms in the system. Interations between the atoms are desribed by a

fore-�eld that is usually build on a ombination of empirial data and

ab initio quantum hemial alulations. Ab initio methods involve only

the eletroni Shrödinger equation, the fundamental physial onstants

and atoms on�guration of studied system. These quantum methods are

highly aurate, but they are omputationally expensive and an be used

only for small systems (up to tens of atoms). Classial moleular sim-

ulations are used for muh larger systems (up to thousands of atoms),

however, they do not inlude quantum e�ets. We employed these sim-

ulations to study the behaviour of moleules at the air/water interfae.

Reently new surfae-spei� experimental tehniques appeared suh

as the sum frequeny generation (SFG) [5, 6℄ and the seond harmoni

generation (SHG) [7, 8℄. These are nonlinear spetrosopi methods,

where the bulk ontributions vanish within the dipole approximation

and only few top moleular layers are probed. These methods are a-

pable to haraterize hydrogen bonds and ion adsorption at the aqueous

surfae. For example, the reent results support the theoretially pre-

dited (by MD simulations) surfae enhanement of highly polarizable

inorgani anions [10℄.

While the mirosopi struture and onentration at the liquid sur-

faes are di�ult to obtain diretly from experiments, they are ommonly

derived from easily measurable marosopi properties, suh as the sur-
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1. INTRODUCTION

fae tension. The surfae tension of water an be inreased or dereased

in dependene on the solute. Most of the dissolved substanes lower

the surfae tension ompared to pure water. For example it has been

known for deades that the water surfae tension dereases slightly with

inreasing atmospheri pressure, whih an be interpreted as adsorption

of nitrogen and (or) oxygen at the water surfae [9℄.

While the diret measurement of the moleular struture and on-

entration at the air/water interfae is still di�ult, it is relatively easy

to obtain not only the struture and onentration but also dynamial

and marosopi properties of the surfae from moleular simulations.

The simulations of the water surfae require extended systems, so they

are still prohibitively expensive for ab initio methods nowadays, but it is

omputationally feasible to simulate the system by MD. Moreover, due

to the ontinuous advane in omputer tehnology and higher omputer

performane it is beoming possible to study more ompliated systems

with higher auray.

The aim of this thesis is to study the behaviour of moleules at the

air/water interfae by means of MD simulations. For this purpose we

investigate di�erent simulation methods for obtaining the onentration

and free energy pro�les of the solute moving from the gas phase into the

aqueous phase aross the air/water interfae. Both diret and indiret

omputational methods exhibit tehnial di�ulties and, therefore, they

are onstantly developed and improved. We partiipate on the devel-

opment and implementation of several approahes and disuss the ad-

vantages and disadvantages of the tested methods. The most suitable

tehnique is hosen and used for further simulations. In partiular, we

primarily employ indiret methods whih yield a Potential of Mean Fore

(PMF) as a result. This free energy pro�le an also be easily onverted

into a onentration pro�le. A set of atmospherially relevant moleules

was hosen for our study: nitrogen (as the most abundant gas), oxygen

(as the gas essential for oxidation proesses), water vapour (as the gaseous

form of the most important solvent), ozone and hydroxyl radial (as the

main oxidants during the daytime), peroxide and hydroperoxy radial

(as very reative atmospheri speies). In addition, we investigated sev-

eral atmospherially important ions suh as OH

−
, Na

+

, F

−
, H

3

O

+

, and

H

5

O

2

+

. Using the simulations we address the following questions. Is the

onentration of solute hanging monotonously from the gas phase into

the aqueous bulk or is there any solute propensity for the air/water inter-

fae? Is the enhaned onentration at aqueous surfae a generi e�et

and what are the possible e�ets this surfae inreased onentrations?

Does the behaviour of hydrophili and hydrophobi moleules di�er from

eah other and are we able to make quantitative onlusions onerning

the investigated ions?
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Chapter 2

Simulations

Moleular dynamis (MD) simulations represent a omputational hem-

istry method that stands between experiment and theory and an bridge

the two. The experiments an be ompared with the mirosopi model

and theoretial hypothesis an be heked diretly. The simulations an

even mimi an experiment that annot be easily performed (e.g., very

high temperatures and pressures or very short timesale) and we an

also get information of proesses on the moleular level.

Classial moleular dynamis is a method based on the solution of

the Newton's equations of motion

Fi = mi

∂2ri

∂t2
, (2.1)

where the index i runs over all atoms in the system. The equations

are solved simultaneously in small time steps and the fore is alulated

as a negative derivative of the potential (more details on the potential in

Appendix A).

Atoms in a omputer are moving, olliding or di�use in a similar way

as the real atoms would do. The omputer alulates a time trajetory of

the whole system as a set of subsequent on�gurations in the phase spae

and it provides sampling of a statistial ensemble. Physially measurable

quantities are then obtained as averages over the trajetory. By su�-

ient MD sampling we are able to get information of both mirosopi

and marosopi behaviour and properties. However, thermodynami

properties would be exatly obtained only by an in�nite long simulation,

where the entire phase spae is fully sampled. Real MD simulations are,

however, �nite, so one should be wary of the sampling quality of sim-

ulated system and its parameters. MD is a lassial desription, so it

annot aount for quantum e�ets. Consequently, one should be aware

of these limitations and verify the data against experiments.
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2.1. COMPUTATIONAL DETAILS

2.1 Computational details

For moleular dynamis simulations we used a program pakage Gromas

[11℄ version 3.1.5 ompiled �rst in single preision. A double preision

version was then used for the �nal prodution runs.

Our system onsisted of a solute moleule (an atmospheri moleule,

radial, or ion), 215 moleules of water, and a very heavy �titious (XX)

partile. The purpose of employing this partile was to reate a sta-

tionary point for PMF alulations (see below). Water in a retangular

ell with dimensions 1.86nm, 1.86nm, and 38.86nm and x,y,z-periodi

boundary onditions yielded an in�nite slab (2nm thik in z-diretion),

as shown in Fig 2.1 and 2.2. The two water/vapor interfaes an be also

onsidered as air/water interfaes sine the density of nitrogen (the main

part of the atmosphere) is ∼ 1025
moleules/m

3

, so there would be only

few moleules of nitrogen in our simulation box. The standard simula-

tion parameters were as follows: time step=2fs, Berendsen temperature

oupling=0.1ps at 300K, and ut o�=0.85nm for both van der Waals and

Coulomb interation. The e�et of the long range Coulomb interation

was aounted for by the partile mesh Ewald summation (PME) [12℄.

These onditions orrespond to the NVT ensemble (onstant number of

partiles, volume, and temperature). However, the di�erene between

the Helmholtz and Gibbs free energies △(pV ) is for our system negligi-

ble, therefore, we an also use equations for the NPT ensemble (onstant

number of partiles, pressure, and temperature).

In the �rst stage of our simulations we tested several sets of di�er-

ent potential models. A summary of the moleular properties and fore

�eld parameterizations with their names and referenes is presented in

Appendix B. For most simulations non-polarizable atoms were used be-

ause of the onsiderable saving of omputer time. Nevertheless, we also

tried polarizable models, desribed by a shell model in Gromas (Drude

osillator), sine for some systems polarizability an ause non-negligible

e�ets [10℄.

We hose the SPC/E model [13℄ for water moleules. This deision

was based on the alulations of the hydration free energy of a water

moleule using the thermodynami integration [14℄ method with stan-

dard parameters. The results for the SPC/E model together with other

ommonly used TIP3P and TIP4P [15℄ water models are ompared with

the experimental values in the Table 2.1. We also took into onsidera-

tion water surfae properties as the previously alulated surfae tension

[16, 17℄. Two polarizable models were also tested, despite the fat that

it took a onsiderable amount of omputer time. Note that these po-

larizable models slightly underestimate the hemial 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, respetively.

9



2.1. COMPUTATIONAL DETAILS

Figure 2.1: Periodi boundary onditions with a prismati unit ell reate

an in�nite water slab. (top view)

Figure 2.2: Periodi boundary onditions with a prismati unit ell reate

an in�nite water slab. (side view)

SPC/E SPC/E

1

TIP3P TIP3P

1

TIP4P Experiment

Gsolv [kJ/mol℄ -28.6 -24.3 -25.2 -20.1 -29.6 -26.3

γ [mN/m℄ 66 52.7 79 72

Table 2.1: The summary of the solvation energy Gsolv and the surfae tension

γ of water models.

1) Values were alulated using PME, whih an hange the solvation energy sine

the lattie ontribution to the free energy is not alulated.
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2.2. METHODS

2.2 Methods

There are several ways to obtain onentrations of solute moleules at

the air/water interfae. First approah is to simply run a very long sim-

ulation under ambient onditions and monitor the time averaged density

of the solute in the simulation box. This method is alled the Diret

Sampling or Simple Sampling Method (SSM). Unfortunately, if there is

a barrier or high-energeti region in the system, SSM would sample it

poorly on the nanoseond time sale (this applies for example to the wa-

ter bulk region for very hydrophobi moleules). To improve sampling in

all regions an Umbrella Sampling Method (USM) was developed. This

tehnique divides the system into a set of overlapping windows and per-

forms separate simulation in eah window. Arti�ial potentials an be

applied whih help the sampling to be more uniform. One the simu-

lations are done, the e�et of the bias potential on the density pro�le

has to be subtrated in eah window. Finally, the data from all windows

should be onneted.

Indiret methods onsist in alulation of the Gibbs free energy dif-

ferene △G followed by a transformation to relative onentrations using

the Boltzmann relation:

c

c

= e−
△G

RT
(2.2)

c and c are the onentrations in two states that di�er by△G12 , R is

the universal gas onstant, and T stands for temperature. It follows from

Eq. 2.2 that it is equivalent to study the free energy pro�le instead of the

onentration pro�le. The typial free energy and onentration pro�les

are shown in Figure 2.3, where the three important free energy di�erenes

are marked - the solvation (i.e., gas-to-liquid) free energy ∆Gsolv, the

gas-to-surfae free energy di�erene ∆Ggs, and the surfae-to-liquid free

energy di�erene ∆Gsl. Only two of these values are independent, sine

∆Gsolv = ∆Ggs + ∆Gsl.

The hange of the free energy an also be obtained using Thermody-

nami Integration (TI) [14℄. In this method the Hamiltonian is slowly

hanged (keeping the system in equilibrium) from one state to another

using a parameter λ. Using TI we an let the solute disappear and by

a thermodynami yle we an obtain the free energy di�erene between

the state with and without the moleule in the solvent.

△G =
∫

1

0

〈

∂H(λ)

∂λ

〉

λ

dλ (2.3)

This simulation must be run for di�erent positions of the solute in the

water slab to obtain a free energy pro�le.

Another method to ompute the Gibbs free energy hange is the Con-

strained Method. It is a measurement of the fore Fξ ating on the solute

11
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Figure 2.3: The free energy pro�le with marked important di�erenes and

the orresponding solute density pro�le (i.e., relative onentrations).

that is hold at a de�ned position with respet to the slab while the sys-

tem is in equilibrium. Consequently, the fore is integrated along the

onstrained (reation) oordinate ξ to obtain the free energy pro�le (a

typial one is shown in Figure 2.4). The free energy pro�le along a �re-

ation oordinate� (z-oordinate in our ase) is the Potential of Mean

Fore (PMF). It is de�ned up to an arbitrary additive onstant, whih

we hoose to make the free energy di�erene equal to zero in the gas

phase.

△Gab = −
∫ a

b
Fξdξ (2.4)
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Figure 2.4: Typial pro�les of the onstrained simulation.
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2.3. HENRY'S LAW

Both TI and Constrained Method need to keep the moleule in de-

�ned positions. This onstraint an be applied in several ways. Freezing

position means that the hosen oordinate is in eah step hanged to

the previous value. Removing Motion of Center of Mass (RMCM) sets

the veloity to zero every time step. The last possibility is to keep the

moleule on a �z-spring� (i.e., apply a harmoni potential in the z oor-

dinate).

Reently, two new methods appeared [20℄. The �rst one is based

on Jarzynski's expression [21, 22℄ that was further developed by Crooks

[23, 24, 25℄. This expression onnets the Gibbs free energy di�erene

△G with the non-equilibrium works Wτ (at time τ) by averaging them

over all trajetories:

e−
△G

RT = e−
Wτ

RT
(2.5)

△G between two reversible states is equal to equilibrium (i.e., in�nitely

slow) work that is required to swith between these states. However, to

get this work from simulations requires long runs whih is omputation-

ally expensive. △G an be aurately estimated using Eq. 2.5 from the

non-equilibrium work Wτ for swithing between the two states within a

�nite time τ even if the system is far from equilibrium like in fast om-

puter simulations or in some experiments, suh as miromanipulation of

moleules.

The seond new method is alled Adaptive Biasing Fore 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 fore FB is applied on the solute and it is equal in size and

opposite in sign to the running average of the n last ating fores Fξ,i:

FB = −

∑n
i=1

Fξ,i

n
(2.6)

2.3 Henry's Law

The ratio between onentration in the liquid and in the gas phase an

be ompared with the experimental Henry's law onstant. The Henry's

law onstant an be de�ned as the onentration of host moleules in the

liquid divided by their partial pressure in the gas phase [26℄:

kH =
cl

pg

(2.7)

The Henry's law onstant an be rewritten in a dimensionless form as

the ratio between the onentrations in the liquid and in the gas phase:

kcc
H =

cl

cg

, (2.8)
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2.3. HENRY'S LAW

where cl and cg are onentrations in the liquid and in gas phases and

kcc
H is the onentration Henry's law onstant. If we onsider ideal gas

onditions and use the Equation (2.2), we get a simple relation between

these two onstants and the solvation Gibbs free energy of the moleular

speies at in�nite dilution:

kcc
H = kH · RT = e−

△Gsolv

RT
(2.9)

where, kH is the Henry's law onstant, R is the universal gas onstant,

T stands for temperature, and Gsolv is the solvation Gibbs free energy.

It should be emphasised, that the standard solvation free energies (at

p0 = 1atm gas pressure and c0 = 1M onentration) di�er from those

orresponding to a single gas moleule (i.e., pertinent to the present

simulations) by a fator RT ln
(

RT c0
p0

)

, whih at standard onditions

amounts to 1.9kal/mol [27℄. The values of Henry's law onstant were

taken from a ompilation by Sander[28℄.
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Chapter 3

Benhmarking

3.1 Choosing the optimal method

We hose the Constrained Method with the z-spring as the most suitable

one for our purpose. Sine it is an indiret method we ompared it with

the diret SSM approah. In spite of the fat that the SSM method

an e�iently sample only ertain regions of the system, it veri�es 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 diret method, but

it requires a good guess of the biasing potential to ahieve an e�ient

sampling, moreover, results from di�erent windows have to be onneted.

Overlapping parts are usually mathed 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 desribed in the previous hapter su�er from the di�-

ulty to keep the solute moleule at a desired position with respet to the

water slab. There are several possibilities without using the z-spring, on-

sisting of ombination of freezing and RMCM. Freezing the z-oordinate

should not be used for the slab beause it holds all moleules in their

z-positions and di�usion is ompromised. Using RMCM for the solute

auses the �trunk e�et� desribed in the following paragraph. The last

ombination (RMCM applied to the slab and freezing the z-oordinate

of the solute) leads to massive evaporation of water moleules. This hap-

pens as follows: �rst, as the slab gets loser to the solute moleule, its

surfae deforms a bit towards the attrated solute. Sine the RMCM is

applied on the slab a small ventrile appears on the side opposite to the

solute. As the proess ontinues the slab elongates in the z-oordinate

and �nally breaks into piees. Therefore, using the spring is a neessary

step. We an also use it to measure the fore ating on the spring f(z′)
and then employing the following formula alulate the PMF.

△F (z) = −
∫ z

z0

f (z′) dz′ (3.1)
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3.1. CHOOSING THE OPTIMAL METHOD
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Figure 3.1: The pro�les of averaged fore of the spring and averaged fore

ating on the solute are the same exept the sign.

Note, that in a general ase the formula for alulating the unon-

strained free energy hange from onstrained simulations is more om-

pliated (Eq. 3.2) [29℄, beause the onstrain an in�uene the other

degrees of freedom of the system.

△F (ξ) = −
∫ ξ

ξ0

(

f (ξ′) + kT
∂log |J |

∂ξ′

)

dξ′, (3.2)

where k is the Boltzmann onstant, T stands for temperature, ξ is the

generalized reation oordinate along whih the onstrain is applied, and

J is the Jaobian of the transformation from Cartesian to generalized

oordinates.

RMCM of the solute restrits its freedom in the xy plane. This auses

the so alled �trunk e�et� whih one an see in the following illustrative

snapshots taken from a simulation.

a) b)

Figure 3.2: a) Water moleule lose to the water surfae with possibility

to move in xy plane. b) Water moleule lose to the water surfae with

RMCM.

The �trunk e�et�, i.e. an artifat, where water moleules are dragged

with the solute into the gas phase, hanges the PMF as shown in Fig.
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3.1. CHOOSING THE OPTIMAL METHOD

3.3. The same fore as ating on the z-spring at the surfae is present

with RMCM already about 0.1 nm above it (towards the gas phase).
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Figure 3.3: The PMF and fore pro�les for water moleule pulled into

the water slab. (two methods)

The non-equilibrium method was ompared with the ABF method

previously [20℄. The non-equilibrium method performs well but not bet-

ter than the ABF method. Its relative ine�ieny was due to the broad

non-equilibrium work distribution whih is di�ult to sample.
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Figure 3.4: The PMF for the ABF method using di�erent n.

The results of the ABF method depend on the number of averaged

fores n in the Eq. 2.6. It an be easily seen that if n = 1 there is no �nal

fore ating on the solute, so it is moving with a veloity orresponding

to its temperature, whereas if n = ∞ the biasing fore is zero. We

did simulations for several di�erent values n and the resulting PMFs are
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3.1. CHOOSING THE OPTIMAL METHOD

shown in Fig. 3.4. For the small n there is barrier in the middle of

the slab whih is aused by the non-equilibrium work: sine the solute

moleule is only weakly a�eted by other moleules it goes through the

slab fast pushing thus the system out of equilibrium. For bigger n the

system is kept in equilibrium, but sine the biasing fore auses the solute

to leave the surfae slowly the �trunk e�et� appears.

The best method for obtaining the PMF turned out to be the on-

strained method using a spring for onstraining the z-position (perpen-

diular to the interfae). This approah was tested and veri�ed against

the diret SSM method on ozone solvation energy whih is lose enough

to zero, so a long simulation an sample the whole box rather well (for

the orresponding density pro�les see Fig. 3.5).
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Figure 3.5: Host density pro�les for ozone moleule by two methods that

are ompared.

Based on the quantitative agreement with the diret SSM method and

with experiment we hose this z-spring onstrained method for obtaining

the PMFs for all the gases under study. To get a smooth PMF pro�le

we used 80 yles of sampling and pulling simulations. During eah

of the 1.5ns sampling periods the equilibrium length of the spring was

kept onstant and the fore was monitored and averaged over time. The

pulling phase, during whih the equilibrium length of the spring was

hanged by 0.05nm, took 20ps .

Simulations of ions represent a di�erent situation and onsiderable

hallenge. It is well known that, the hydration free energy of ions is very

large ompared to neutral moleules. We tested the Constrained Meth-

ods, but the ion always beame overed by few vaporised water moleules
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3.2. PARAMETERS DEPENDENCE

after being plaed into the gas phase. So the measured fore is the fore

on the ion-water luster rather than that on the bare ion. Moreover, if

we pulled the ion out of water it took with it strongly attrated water

moleules, so again we did not get the hydration energy of the bare ion.

As a matter of fat, no matter what method we used, we ould get free

energies pertinent to the bulk and surfae only, but not that of the bare

gas phase ion.

3.2 Parameters dependene

We performed many simulation in order to study the hange of the PMF

with respet to a hange of parameters. We divided all parameters in

two groups: �MD parameters� and �topology parameters�.

MD parameters inluded the time step, temperature oupling, length

of simulation, initial on�guration, fore onstant, et. We an onlude

that if the system was in equilibrium during the measurement phase,

hanges of these parameters within reasonable margins did not ause

signi�ant hanges of the PMF (Fig. 3.6).
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Figure 3.6: The PMF pro�les for nitrogen moleule with di�erent MD

parameters. It also shows onvergene of parameters and good equilibra-

tion of the system.

Due to the symmetry of the slab system, the PMF should be symmet-

ri as well. However, this is never exatly true, so the di�erene between

the two ending values of the PMF indiates the size of the error aused

by passage of the solute through the slab. We ompared the ∆Ggs from

the left and right side from simulations with di�erent MD parameters

and we got pratially the same numbers (Table 3.1). This implies, that

the pro�le was only slightly shifted inside the slab, where many ollisions

ourred and it was di�ult to establish perfet equilibrium.
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3.2. PARAMETERS DEPENDENCE

1 2 3 4 5 6

Left ∆Gsl [kJ/mol℄ -1.074 -1.049 -1.035 -1.049 -1.018 -1.037

Right ∆Gsl [kJ/mol℄ -1.052 -1.000 -1.057 -1.072 -1.057 -1.072

Table 3.1: Comparison of the �right� and �left� ∆Gsl from the PMF for

di�erent MD parameters. (1-number of yles, 2-speed of pulling, 3-

length of sampling, 4-spring onstant, 5-temperature oupling, 6-length

of pull phase)

Topology parameters inlude the geometry, harge distribution, and

Lennard-Jones parameters of the solute. Changes of these parameters

aused signi�ant hanges of the PMF. The in�uene of the harge dis-

tribution was dependent on the order of the multipole expansion (i.e.,

the hange of the dipole was more important than the hange of the

quadrupole). The orresponding hanges of the PMF are demonstrated

in Figure 3.7 and in the Table 3.2.

We also studied the PMF dependene on the temperature hange of

±20K from the referene value. This was 300K and the hanges were

negligible.
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Figure 3.7: The hange of the PMF aused by (a) the hange of σ and

ε is on the left side (oxygen moleule), (b) by dipole (hydroxyl radial).

Legends orrespond to moleular models, whih are desribed in detail

in Appendix B.

Ozone ∆Gsolv ∆Gsl ∆Ggs HO radial ∆Gsolv ∆Gsl ∆Ggs

ljOW 13.60 -2.92 16.52 ljOW -5.10 -12.55 7.45

test σ 5.73 -2.17 7.90 OW-45 -12.17 -19.24 7.07

test ε 7.97 -4.24 12.21 OW-50 -18.27 -25.13 6.84

Table 3.2: Change of the PMF aused by topology parameters in kJ/mol.

Employed models are desribed in details in Appendix B.
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3.2. PARAMETERS DEPENDENCE

E�ets of the parameters of neutral moleules on the PMF are shemat-

ially summarized in Table 3.3.

∆∆Gsolv ∆∆Gsl ∆∆Ggs

MD parameters small if the system is equilibrated and the pull is slow

Dipole ↑ Large ↓ Large ↓ Small ↓
Quadrupole ↑ Small ↓ Small ↓ Small ↓

LJ

parameters

σ ↑ Large ↓ Large ↑ Large ↑
ε ↑ Large ↓ Large ↓ Large ↓

Temperature ↑ Very small ↑ Very small ↑ Negligible

Table 3.3: Summary of the PMF hanges aused by di�erent parameters.
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Chapter 4

Results

There are several fore �eld models available for most of the investigated

moleules and eah parametrization is suitable for di�erent situations

and purposes. In our ase, all models were examined with respet to

the hydration free energy and ompared with experimental values. For

further simulations, we hose the best model or in some ases a new

better parametrization had to be developed by a ombination of existing

models or by a slight hange of the atomi harges. All PMF results for

di�erent parameterizations are summarized as graphs in Appendix D. In

the following we present and disuss our �best� simulation results and

ompare them to solvation free energies derived from the experimental

Henry's law onstant taken from Ref. [28℄.

4.1 Hydrophobi moleules N

2

, O

2

, and O

3

The PMFs of the nitrogen moleule for non-polarizable and polarizable

fore �elds are presented in Figure 6.1. Both models reprodue well the

solvation free energy of +10.5kJ/mol and the two free energy pro�les are

very similar to eah other. The PMF surfae minima of about 4kJ/mol

orrespond to an enhaned onentration of nitrogen at the water surfae.

This surfatant ativity of the dominant atmospheri gas is in agreement

with the small derease of surfae tension of water with the inrease of

atmospheri pressure (by about 0.1

mN
m atm

) [9℄. The surfae minimum is

slightly more pronouned for the polarizable fore �eld, whih is due to an

additional stabilization via polarization interation in an inhomogeneous

dieletri environment of the air/water interfae [30℄.

The PMF of O

2

is similar to that of N

2

. The employed model satisfa-

torily reprodues the experimental solvation free energy of +8.5kJ/mol

(Fig. 4.2). The surfae minima are over 2kJ/mol deep. This means a

240% oxygen inrease the water surfae at an ambient temperature. A

very weak barrier (of less than 1 kJ/mol) between the aqueous bulk and

the surfae region seems to develop at the PMF. This behaviour is on-
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Figure 4.1: The �nal PMF for the nitrogen moleule. Employed fore-

�elds are desribed in detail in Appendix B.

sistent with previous studies [31℄. However, the barrier height is within

the error of the alulation that was estimated from the noise and the

asymmetry of the PMF urve with respet to the enter of the water

slab.
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Figure 4.2: The �nal PMF for the oxygen moleule. Employed fore�eld

is desribed in detail in Appendix B.

Ozone is less hydrophobi than nitrogen and oxygen. The employed

fore�eld reprodues well the experimental solvation free energy of +3-

4kJ/mol. As in the previous ases the surfae minima develop with an
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4.2. HYDROPHILIC MOLECULES AND RADICALS OH, H

2

O,

HO

2

, AND H

2

O

2

even larger depth of 5kJ/mol (Fig. 4.3). This means about roughly

a seven-fold enhanement of O

3

onentration at the water surfae at

300K. This surfatant behaviour is in agreement with the previous om-

putational results on ozone uptake [32℄. A very weak barrier between the

surfae and the bulk region appears, but it is again below the estimated

error.
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Figure 4.3: The �nal PMF for the ozone moleule. Employed fore�eld

is desribed in detail in Appendix B.

4.2 Hydrophili moleules and radials OH,

H

2

O, HO

2

, and H

2

O

2

For hydrophili 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

speies, moreover, the hydration free energy of the peroxide and hy-

droperoxy radial is even larger than that of a water moleule.

The employed fore�elds (both polarizable and non-polarizable) for

OH radial reprodue the experimental solvation energy of about -16kJ/mol

reasonably well (Fig. 4.4). The PMF develops very deep surfae minima

of about 6kJ/mol, whih orresponds to a ten times enhaned onen-

tration of hydroxyl radial at the air/water interfae ompared to the

aqueous bulk. Our results are in agreement with previous dynamial

studies of the uptake of OH radial at water surfae [32, 33℄.
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Figure 4.4: The �nal PMF for the hydroxyl moleule. Employed fore-

�elds are desribed in detail in Appendix B.

The hydration free energy for water obtained from our simulations

reprodues its hemial potential of -26.3kJ/mol well [27℄ (Fig. 4.5).

There are no pereptible (above statistial and systemati error) surfae

minima at the air/water interfae in the PMF of H

2

O. This is onsistent

with the fat that water is obviously not a surfatant on water. [34℄.
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Figure 4.5: The �nal PMF for the water moleule. Employed fore�eld

is desribed in detail in Appendix B.

Both simulations for the HO

2

radial and H

2

O

2

reprodue 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, H

2

O,

HO

2

, AND H

2

O

2

respetively (Fig. 4.6 and 4.6). Somewhat unexpetedly, PMF minima

at the air/water interfae are observed, despite the fat that both gases

are more hydrophili than water vapor itself. The depths of these minima

are about 3 kJ/mol for hydroperoxy radial and 1.5kJ/mol for hydrogen

peroxide.
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Figure 4.6: The �nal PMF for the hydroperoxy radial. Employed fore-

�eld is desribed in detail in Appendix B.
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Figure 4.7: The �nal PMF for the hydrogen peroxide moleule. Employed

fore�eld is desribed in detail in Appendix B.
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Ions

Experimental ion hydration free energies are not reprodued by PMF

alulations for reason explained in detail in hapter 3.1. Also the right

end of the PMF urve usually lies below zero sine the ion has usually

more waters on way out of the slab than into it. There are no minima at

the surfae for the small ions as expeted for non-polarizable simulations

[10℄.

Somewhat surprising are the observed surfae minima for the bigger

H

5

O

2

+

ion whih is the Zundel form of the hydrated proton. The minima

are likely due to the size of the moleule whih leads to the big entropy

hange during solvation and an energy penalty for omplete solvation

(hydrophobi e�et). The size also auses the little shift of the right

hand side minimum (on the way out of the slab), sine our slab is so

small that the big moleule, dragging a lot of moleules with it, is able

to slightly move the whole slab.

Beause of the di�ulties of the PMF alulations for ions (see hapter

3.1), the simulations �nished at testing phase and none of the fore�elds

was hosen, therefore, the results are shown only in Appendix D.

4.4 Surfae analysis

The surfae analysis was made to �nd out the physial reasons for the

development of surfae minima in the PMF, partiularly for very hy-

drophili moleules. Several detailed simulations at the air/water inter-

fae were aimed a monitoring interation energies and dipole orientation.

The �entropy� pro�le was alulated as the PMF minus the Lennard-

Jones and Coulomb energy ontributions.

Hydrophobi moleules are represented by O

2

. The oxygen moleule

has no dipole, so attrative Lennard-Jones interation was expeted to

dominate. This was on�rmed by the simulations (Figure 4.8). The min-

ima at the surfae were aused by attrative the Lennard-Jones intera-

tion energy that �rst inreased faster than entropy term, when moving

from the gas phase. After a short distane, however, the situation re-

versed, whih leads to the hydrophobi part of the PMF in the aqueous

bulk. Similar analysis was also made for the other hydrophobi moleules.
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Figure 4.8: The pro�les of interation energies and the PMF for oxygen

moleule pulled to the water slab.

Hydrophili moleules were studied in more detail. First, we looked

at the dipole orientation. As shown in Figure 4.9, the dipole orientation

with respet to the z-oordinate was inreasing and dereasing aording

to the distane from the water surfae with no preferene of the opposite

orientation. So the HO

2

dipole was not behaving with respet to the

dipole layer at water surfae, but rather to its loal environment. We

observed this e�et also for OH radial with polarizable fore�elds.

The pro�les of the interation energies seem to di�er for hydrophobi

(Fig. 4.8) vs. hydrophili (Fig. 4.10) moleules. The �rst di�erene for

the hydrophili speies is in the Lennard-Jones interation energy, whih

is mainly repulsive for hydrophili moleules. The seond di�erene is

that the Coulomb attrative interation plays a very important role and

its ombination with entropy auses the surfae minima. This seams to

be a generi e�et for all tested hydrophili moleules, radials, and even

for the larger ion H

5

O

2

+

. The stronger Coulomb attration probably

also auses a slight shift of the surfae minima towards the aqueous bulk

ompared to the hydrophobi moleules.
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4.4. SURFACE ANALYSIS
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Figure 4.9: The harge distribution pro�le of water interfae and dipole

orientation of HO

2

(the preferred orientation is with hydrogen pointing

to the surfae).
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Figure 4.10: The pro�les of interation energies between water and per-

oxide moleule pulled to the water slab.

Another issue is the validation of the alulated surfae minima by di-

ret alulations. By omparison to diret results (SSM) we demonstrate

in Figure 4.11 the fat, that the z-spring method did not arti�ially ause

the PMF minima at the surfaes.
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4.4. SURFACE ANALYSIS
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Figure 4.11: Host density pro�les for H

2

O

2

in the water slab obtained

from di�erent methods (the non-perfet symmetry of minima at the sur-

fae in sampling simulation was aused by the �nite length of the simu-

lation).

Another e�et is the ourrene of the tiny subsurfae barrier, whih

is expliitly visible, e.g., for O

3

. This barrier with height lower than

1kJ/mol inreases when the pulling speed is doubled (Fig. 4.12). For this

reason we dedue that the barrier is largely aused by non-equilibrium

work and is, therefore, to a large extent arti�ial.
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Figure 4.12: The pro�les of ozone moleule pulled to the water slab with

normal and double speed.
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4.5. ATMOSPHERIC IMPLICATIONS

4.5 Atmospheri impliations

The inreased onentration of inorgani moleules at the air/water in-

terfae is important for reations at the surfaes of fog and loud droplets.

Over the last deade, several atmospheri reations of inorgani speies

have been reognized to our at the interfaial region [3, 35, 36, 37, 38℄.

Our simulations show that atmospherially important moleules are en-

haned at the water surfae. A major type of atmospheri reations in the

troposphere is oxidation. The hydroxyl radial and ozone are the main

oxidants during the day, while ozone is present and, therefore, ative also

at night.

The enhaned onentrations of OH and O

3

at the surfaes of aque-

ous atmospheri partiles may play a signi�ant role in heterogeneous

oxidation proesses. This is partiularly true for moleules that are also

enhaned at the air/water interfae suh as alohols and polyyli aro-

mati hydroarbons (PAH) of intermediate size (smaller PAH are pre-

dominantly present in the gas phase). Higher onentrations of PAH and

alohols our in air in urban areas or during biomass burning events. In

reent �eld studies oxidation of methanol has been observed to be muh

more rapid than predited from the gas and bulk hemistry. Tabazadeh

and oworkers suggested that it was due to heterogeneous proesses [39℄.

These proesses an also be behind the unusually fast oxidation of an-

thraene at the air/water interfae that has been measured by Donaldson

and oworkers [40℄. The inreased onentration of ozone at the air/water

interfae also leads to a higher prodution of hydroxyl radials and its

preursors suh as H

2

O

2

at the interfae [1℄. Thus the oxidation apa-

ity on the droplet surfaes is large, however, it an be in�uened also by

other fators suh as the surfae overage by organi speies.

Surfae enhanement is rather weak for some of the studied moleules.

For example, hydrogen peroxide surfae onentration is inreased only

by 50 perent ompared to the liquid phase. This is onsistent with

the experiment [41℄, where the surfae reation of H

2

O

2

and SO

2

was

not important ompared to the liquid phase, in spite of the existene of a

SO

2

surfae omplex. Note, that peroxide is one of the main atmospheri

oxidants in bulk water.
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Chapter 5

Conlusion

We studied the behaviour of seleted moleules and ions at the air/water

interfae by means of moleular dynamis simulations. In order ahieve

this goal a system onsisting of a water slab and a solute speies was

employed. We investigated di�erent simulation methods for obtaining

the onentration and free energy pro�les of the solute moving from the

gas phase into the aqueous phase aross the air/water interfae. We par-

tiipated on the development and implementation of several approahes

and we explored the advantages and disadvantages of the various meth-

ods. On one hand, the main observed problems with indiret methods

onsisted in holding the desired distane between the solute and the wa-

ter slab and avoiding the so alled �trunk e�et�. On the other hand, in

the ase of diret methods the di�ulties arose from ine�ient sampling

of high energy regions. We hose the indiret Constrained Method em-

ploying a z-spring (i.e., using a onstraining harmoni potential in the

oordinate perpendiular to the air/water interfae) as the most suitable

method. Using this method we alulated the free energy pro�les aross

the air/water interfae, i.e., the Potentials of Mean Fore, by measuring

the fores ating on the solutes.

We found generi dependenies in the PMF hanges on various sim-

ulation parameters (see Table 3.3). In eah ase, we seleted among

the existing moleular models aording to the best agreement with the

experimental hydration free energy of the solute. When none of the ex-

isting models was satisfatory we developed a new one. The hydration

free energies derived from the experimental Henry's law onstants for

neutral moleules were then well reprodued. For ions we were not able

to obtain gas phase free energy values sine they remained overed with

water vapour due to strong ion-water interations. Nevertheless, these

simulations gave us information about ions in the bulk water and at the

interfae. We used primarily non-polarizable parametrization beause

of the unavailability of polarizable models in most ases and beause of

high omputational ost of polarizable alulations. However, we kept in
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4. CONCLUSION

mind that the surfae stabilization of the host speies might atually be

somewhat underestimated due to the lak of polarizability.

Aording to our simulations the enhaned onentration of moleules

at the air/water interfae is a generi e�et present for all neutral speies

(both hydrophobi and hydrophili) with the exeption of water vapor

itself. The surfae analysis was made and the hanges in interation

energies at varying distanes from the surfae was investigated. The

Lennard-Jones interation is the leading fore for reating minima at

the air/water interfae for hydrophobi moleules, while the Coulomb

interations overwhelm all other interations in the ase of hydrophili

speies. The inrease of population of the solute speies at the water

surfae ompared to the seond most populated region (gas phase or

aqueous bulk) is ranging from a fator of 2 (e.g., for H

2

O

2

) to a fator

of about 10 (e.g., for OH).

The results from the PMF onverted to the onentration pro�les

assuming ambient onditions are summarized in Table 5.1. The investi-

gated moleules are shown together with their aqueous bulk onentra-

tion values, the highest surfae values, and the surfae averaged value

(all normalized to the air values). The surfae enhanement of atmo-

spherially relevant gases has important onsequenes for heterogeneous

hemial proesses ourring on aqueous atmospheri partiles. In par-

tiular, the inreased onentration of ozone and hydroxyl radial at the

air/water interfae may be responsible for reently measured faster oxi-

dation of alohols and polyyli aromati hydroarbons than predited

from the gas phase and aqueous bulk hemistry [39, 40℄.

Finally, we note that a ondensed version of this work has already

been ommuniated via a full-sale researh artile published in the Jour-

nal of Physial Chemistry A [42℄.

Gas phase Aqueous

bulk

Aqueous

surfae

highest

value

Aqueous

surfae

averaged

value

Width of the

interfaial

peak [nm℄

N

2

1.0 0.0087 4.9 3.21 0.57

O

2

1.0 0.046 2.4 1.44 0.57

O

3

1.0 0.33 7.1 3.17 0.83

OH 1.0 1100 11000 8800 0.69

H

2

O 1.0 75000 75000 75000 0.00

HO

2

1.0 90000 290000 141000 0.44

H

2

O

2

1.0 17000000 34000000 20200000 0.37

Table 5.1: Aqueous bulk onentrations and their highest and averaged

values in the interfaial region (all with respet to the gas phase value)

for the investigated atmospheri gases
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Chapter 6

Appendies

6.1 Appendix A - Interatomi interations

Interations between atoms and moleules depend on their type and

mutual separation. Generally speaking, neutral moleules are strongly

repelling eah other at very short distanes and weakly attrating eah

other at larger separation. To desribe this behaviour one often employs

the Lennard-Jones potential:

VLJ (r) = 4ε

(

(

σ

r

)

12

−
(

σ

r

)

6
)

=
C12

r12
−

C6

r6
, (6.1)

where r is a distane between interating atoms and ε, σ, C12, C6 are

onstants. There is also the Coulomb interation between atoms bearing

a full or partial harges desribed by the formula:

Vc (r) =
1

4πε0

q1q2

εrr
, (6.2)

where r is the interatomi distane, q stands for atomi harges, εr is

the relative permittivity and ε0 is the permittivity of vauum. Sine

Vc dereases only as

1

r
utting o� the interation, required for saving

omputer time, auses error. A method for orreting the error is the

Ewald summation [43℄. It is based on a summation of harges in a pe-

riodi struture in the reiproal spae. A partile-mesh Ewald (PME)

approah improves the omputational e�ieny of the method [12℄.

The bond strething between two atoms in a moleule is represented

by a harmoni potential:

Vb (r) =
1

2
k (r − r0)

2
, (6.3)

where k is the fore onstant and r0 stands for the equilibrium distane.

A similar potential is employed for bending interations:
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6.1. APPENDIX A - INTERATOMIC INTERACTIONS

Va (r) =
1

2
k (α − α0)

2
, (6.4)

where α is bending angle. For moleules with more than three atoms the

dihedral potential is applied:

Vd (r) = kd (1 + cos(nθ − θ0)) , (6.5)

where θ is angle between planes de�ned by �rst and last trios of atoms.

Polarizability is implemented in Gromas [11℄ using the shell model

of Dik and Overhouser [44℄. A harged shell partile whih represents

the eletroni degrees of freedom is onneted to an atom by a spring.

Potential energy is minimized every time step via hanging the length of

the spring.
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6.2. APPENDIX B - MOLECULAR PARAMETRIZATION

6.2 Appendix B - Moleular parametrization

H

2

O

There are many models for water available, whih demonstrates its

importane, as well as di�ulties in parametrization. We used three

rigid water models SPC/E [13℄, TIP3P [15℄, and TIP4P [15℄ already

implemented in Gromas [11℄ and two polarizable models POL3 [18℄ and

COS-G2 [19℄. The fore�eld parameters are summarized in the following

table.

σ [nm℄ ε [kJ/mol℄ harge [e℄

SPC/E

H 0.0000 0.0000 0.4238

O 0.3166 0.6501 -0.8476

TIP3P

H 0.0000 0.0000 0.4170

O 0.3151 0.6359 -0.8340

TIP4P

H 0.0000 0.0000 0.5200

O 0.3154 0.6485 0.0000

D

a

0.0000 0.0000 -1.0400

POL3

b

H 0.0000 0.0000 2.3650

O 0.3204 0.6527 -2.7300

COS-G2



H 0.0000 0.0000 0.5265

O 0.3196 0.7611 0.0000

D

a

0.0000 0.0000 6.9470

a

is an auxiliary atomi site made for better reprodution of harge distribution

b

polarizable model [18℄ with polarizability of 0.528Å

3

on oxygen and 0.170Å

3

on

hydrogen



polarizable model [19℄ with polarizability on dummy atom of 1.2555Å

3
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6.2. APPENDIX B - MOLECULAR PARAMETRIZATION

N

2

Nitrogen moleule onsists of the two nitrogen atoms separated by an

equilibrium distane of 0.1098nm. Three point harges are distributed

suh as to reprodue the moleular quadrupole [45℄ (in the middle be-

tween the negatively harged nitrogen atoms a dummy atom with a pos-

itive harge is plaed).

σ [nm℄ ε [kJ/mol℄ quadrupole [DÅ℄

2CLJQ

a

0.3321 0.2900 1.4397

G-library

b

0.2976 0.8767 1.4397

ljX



0.3149 0.5042 1.4397

Npol

d

0.4201 0.8256

Npol-o�

e

0.4201 0.8256

a

parametrization from [45℄

b

Lennard-Jones parameters from Gromas fore�eld



ombination of parametrization

a

and

b

d

polarizable model [46℄ with polarizability 0.40367Å

3

on nitrogen atoms and

0.42704Å

3

on dummy atom in entre

e

same model as d model [46℄ but with polarizability turned o�

O

2

The parametrization for oxygen is similar to that for the nitrogen

moleule. The interatomi distane is 0.121nm and three point harges

are used to reate the moleular quadrupole [45℄.

σ [nm℄ ε [kJ/mol℄ quadrupole [DÅ℄

ljOW

a

0.3166 0.6502 0.8081

ljOA

b

0.2955 0.8490 0.8081

a

Lennard-Jones parameters for SPC/E water oxygen

b

Lennard-Jones parameters for hydroxyl oxygen from Gromas fore�eld
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6.2. APPENDIX B - MOLECULAR PARAMETRIZATION

O

3

Ozone moleule 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 atomi harges are slightly inreased to impliitly aount to

polarization e�ets.

σ [nm℄ ε [kJ/mol℄ harge [e℄

ljOW

a

O

enter

0.3166 0.6502 0.2400

O

side

0.3166 0.6502 -0.1200

ljOA

b

O

enter

0.2955 0.8490 0.2400

O

side

0.2955 0.8490 -0.1200

ljOM



O

enter

0.2626 1.7245 0.2400

O

side

0.2626 1.7245 -0.1200

ljXA

d

O

enter

0.2791 1.2100 0.2400

O

side

0.2791 1.2100 -0.1200

ljXW

e

O

enter

0.2896 1.0589 0.2400

O

side

0.2896 1.0589 -0.1200

test σf

O

enter

0.2204 0.6502 0.2400

O

side

0.2204 0.6502 -0.1200

test εf
O

enter

0.3166 0.9527 0.2400

O

side

0.3166 0.9527 -0.1200

a

Lennard-Jones parameters for SPC/E water oxygen

b

Lennard-Jones parameters for hydroxyl oxygen from Gromas fore�eld



Lennard-Jones parameters for arbonyl oxygen from Gromas fore�eld

d

ombination of parameterizations

b

and



e

ombination of parametrizationsparameterizations

a

and



f

fored parametrization derived from

a
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6.2. APPENDIX B - MOLECULAR PARAMETRIZATION

OH

Hydroxyl radial has a bond lengths of 0.0967nm and it has a dipole

moment represented by partial atomi harges[32℄.

σ [nm℄ ε [kJ/mol℄ harge [e℄

ljOW

a

H 0.0000 0.0000 0.4000

O 0.3166 0.6502 -0.4000

OW-h50

b

H 0.0000 0.0000 0.5000

O 0.3166 0.6502 -0.5000

OW-h45

b

H 0.0000 0.0000 0.4500

O 0.3166 0.6502 -0.4500

ljOA



H 0.0000 0.0000 0.4000

O 0.2955 0.8490 -0.4000

OA-h44

d

H 0.0000 0.0000 0.4400

O 0.2955 0.8490 -0.4400

OW-h30

e

H 0.0000 0.0000 0.3000

O 0.3166 0.6502 -0.3000

polarOW15

f

H 0.0000 0.0000 0.4000

O 0.3166 0.6502 -0.4000

polarOA10

g

H 0.0000 0.0000 0.4000

O 0.2955 0.8490 -0.4000

a

Lennard-Jones parameters for SPC/E water

b

parametrization derived from

a

by inreasing the dipole to partially aount for

polarization e�ets



oxygen Lennard-Jones parameters for hydroxyl oxygen from Gromas fore�eld

d

parametrization derived from



by inreasing the dipole to partially aount for

polarization e�ets

e

fored parametrization derived from

a

f

polarizable model based on model

a

with polarizability of 1.5Å

3

on oxygen

g

polarizable model based on model



with polarizability of 1.0Å

3

on oxygen

39



6.2. APPENDIX B - MOLECULAR PARAMETRIZATION

HO

2

Hyperoxy radial 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

pakage Gaussian03 [48℄ as a Mullikan harges employing the 6-31g base

(harges realulated with Natural Population Analysis are similar).

σ [nm℄ ε [kJ/mol℄ harge [e℄

ljOM

a

H 0.0000 0.0000 0.4454

O

enter

0.2626 1.7245 -0.4228

O

side

0.2626 1.7245 -0.0226

ljOA

b

H 0.0000 0.0000 0.4454

O

enter

0.2955 0.8490 -0.4228

O

side

0.2955 0.8490 -0.0226

MSZ



H 0.1390 0.0499 0.4190

O

enter

0.2940 0.6277 -0.3580

O

side

0.2940 0.6277 -0.0610

a

Lennard-Jones parameters for arbonyl oxygen from Gromas fore�eld

b

Lennard-Jones parameters for hydroxyl oxygen from Gromas fore�eld



parametrization [49℄

H

2

O

2

The struture 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 alulated by Natural Pop-

ulation Analysis at the MP2/6-31G** level. These values are alulated

by Gaussian03 [48℄.

σ [nm℄ ε [kJ/mol℄ harge [e℄

ljOW

a

H 0.0000 0.0000 0.4976

O 0.3166 0.6502 -0.4976

a

Lennard-Jones parameters for SPC/E water

XX

The �titious atom that represent a stationary point does not possess

any fore�eld parameter exept for a mass of 1500 atomi mass units.
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6.2. APPENDIX B - MOLECULAR PARAMETRIZATION

Ions

Geometry and harges of H

3

O

+

(Eigen hydronium ation) H

5

O

2

+

(Zundel ation) are alulated by Natural Population Analysis with method

MP2 in AUG--pVDZ base by program pakage Gaussian03 [48℄.

σ [nm℄ ε [kJ/mol℄ harge [e℄

F

-a

0.3132 0.8368 -1.0000

OH

-b

H 0.0000 0.0000 0.4238

O 0.3166 0.6502 -1.4238

Na

1

+



0.2350 0.5439 1.0000

Na

2

+

d

0.2730 0.4184 1.0000

H

3

O

+b

H 0.0000 0.0000 0.4722

O 0.3166 0.6502 -0.4166

H

5

O

2

+

e

O 0.3166 0.6502 -0.8671

H

enter

0.0000 0.0000 0.5636

H

iner

0.0000 0.0000 0.5437

H

outer

0.0000 0.0000 0.5416

a

parametrization from [50℄

b

parametrization from [51℄



parametrization from [52℄

d

parametrization from [53℄

e

Lennard-Jones parameters for SPC/E water
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6.3. APPENDIX C - SIMULATIONS DETAILS

6.3 Appendix C - Simulations details

The onstrained method using a spring is implemented in Gromas[11℄

version 3.1.5. Beause of its non-straightforward behaviour we studied

the soure ode and this is the algorithm: First, the simulation alulates

the diretion of pulling from the position of enter of mass (CM) of

referene (RCM) and pulled (PCM) group is established. Then, the

position of the PCM is saved as the equilibrium position of the spring (in

fat that means that one end of the spring is onneted to the beginning

of the simulating box and the seond end is attahed to the PCM). In

eah step the PCM and the di�erene between the spring equilibrium

position is realulated. The PCM multiplied by the spring onstant

(in Gromas input it is alled foreonstant and our default value was

50000

kJ
mol nm2 ) gives the fore ating on the pulled group. This fore 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 hanged for the next step by the size of pullrate multiplied by the time

step (2fs).

The above analysis leads to the omposition of our simulation box.

There was a water slab in the middle of the box, whih, ombined with

periodi boundary onditions, yielded an in�nite slab with two air/water

interfaes. A very heavy �titious partile with zero interation plaed

in the vapour on one side of the slab was alled the XX partile. It repre-

sented a stationary point that as a referene group de�ned the diretion

of pulling. On another side of the slab we plaed the solute. During

80 yles of simulations the solute was pulled through the whole slab

towards the XX partile. 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 eah of the sampling simulations and 20ps for eah of the

pulling simulations (with the pulled distane of 0.05nm).

This system set up has several advantages whih helped us to disover

the remaining simulations problems we had to solve. For example, we

monitored the fore ating on the water slab and ompared it with the

fore a�eting the solute. They had exatly the same pro�le exept for

the sign as it should be aording to the Newton's law of ation and

reation. However, there was also a residual additive onstant making

the fores di�erent. This problem was solved by swithing to double

preision.

One of the possible problems ould be size of the system - the slab

has thikness only 2nm. To this end we made a twie bigger slab in the

z-diretion and the PMF is onsistent with the results for the smaller

slab yielding the same hydration free energy of N

2

(Fig. 6.1).
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Figure 6.1: The PMF of the nitrogen moleule in two slabs with di�erent

size in z-diretion.

To demonstrate the omputational demands we list the time require-

ment for typial simulations. One PMF pro�le 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.

Sine the polarizability alulation is even more time onsuming, the sim-

ulation with polarizable model of water took about three CPU months.

All simulations together took about 65.000 hours of omputer time.

The standard parameters for thermodynami integration were: time

step 1fs, number of steps 11022000, init_lambda = 0.0, delta_lambda

= 0.002, equil = 2000, ollet = 20000, ti_equil_nwindows = 9 and

ti_equil_ max_slope = 0.00001. Beause of the omputational inten-

siveness we did �rst omparing simulations for di�erent fore�elds with

utting o� the oulomb interation (i.e., without PME). The best mod-

els were then re-simulated in double preision with PME. The di�erene

using due to PME is shown in the following Table 6.1.
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6.3. APPENDIX C - SIMULATIONS DETAILS

Gsolv TI TI-E PMF PMF-E Experiment

H

2

O - SPCE -28.6 -24.3 -29.3 -28.0 -26.3

H

2

O- TIP3P -25.2 -20.1 -25.7 -25.5 -26.3

N

2

- ljX 9.3 8.2 12.8 11.4 10.3 � 10.4

O

2

- ljOA 6.0 5.4 9.1 7.7 8.6 � 8.8

O

3

- ljXW 0.2 -0.4 4.4 2.8 2.8 � 3.8

O

3

- ljX -1.1 -1.5 2.9 1.7 2.8 � 3.8

OH - OA-h44 -18.1 -14.4 -16.9 -17.6 -16.0 � -21.2

OH - OW-h50 -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

HO

2

- ljOW -37.8 -26.6 -32.0 -28.4 -28.7 � -30.7

H

2

O

2

- ljOW -40.2 -34.5 -39.4 -41.5 -35.8 � -37.5

Table 6.1: The summary of Gsolv using di�erent methods and hange aused

by using PME (-E in aption). Units are in kJ/mol.
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6.4. APPENDIX D - PMFS FOR OF ALL TESTED MOLECULAR

MODELS

6.4 Appendix D - PMFs for of all tested moleular models

Here, we present the simulations in single preision without PME for

all the tested moleular models. In the previous parts we hose from

these simulations the model whih �ts best the experimental hydration

free energy and with this model we then reran the simulations in double

preision and with PME. Note that for ions we were not able for tehnial

reasons (see above) to evaluate the experimental hydration free energy.
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6.5. APPENDIX E - SNAPSHOTS

6.5 Appendix E - Snapshots

Here, we present typial snapshots of the moleules at the water surfae.
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