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Abstract

This PhD thesis investgates the chemical and physical interactions between water and

systems of different sizes. The first section illustrates the chemical context of the projects

and methodological basis used.

The second part studies the dynamics and reactivity of small systems of astrochemi-

cal interest on top of water ice, at each step the complexity of the model is increased.

Initially the ice surface is characterized, then different aspects of the reaction are examined.

The final part explores the interactions between water molecules and two different pro-

teins, to understand water’s role as solvent and how it influences protein macromolecule

dynamics.

The appendix includes a discussion on the interatomic interaction of water and the

contribution apported in CHARMM software package are presented.
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1. Molecular oxygen formation in

interstellar ice does not require tunneling

Quantum nuclear effects are known to increase a reactions efficiency and reactivity. An

atom can pass through an energy barrier without having sufficient energy for crossing it

due to tunneling effects. The tunneling probability is inversely proportional to the mass

of the particle and the temperature of the system. A pictorial representation is given in

Figure 1.1. This relation is expressed by the de Broglie wavelength (�):

� =
h

mv
=

hp
2mkBT

(1.1)

This effect is more efficient for light atoms, �H(10K) = 0:98 nm than for heavy atoms,

i.e. �O = 0:24 nm. In the ISM, for temperatures T� 10 K, H diffusion and H2 formation

on top of water surfaces is supposed to be enhanced by tunneling1. Studies on water

ice surfaces show how this effect is dramatically affected by the grain morphology. In

crystalline water, both diffusion and reactivity are positively enhanced by tunneling2,3 but

it is still debated for ASW. Senevirathne et al 4 observed that tunneling is always promi-

nent, while others2,3,5 reported that tunneling has almost no contribution in diffusion

processes. Those studies agree that quantum tunneling is suppressed in ASW because

of non-periodic potential. Possible effects can be observed only for nearest-neighbour hops.

Given these consideration, it was surprising to observe experimental interpretation of
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1. Molecular oxygen formation in interstellar ice does not require tunneling

Figure 1.1.: General representation of the tunneling vs thermal activated reaction. Two
di�erent colors, green and red, are used to distinguish between reactants and
products.

heavy atom di�usion (speci�cally O) on ASW through quantum di�usion 6. In this

chapter this process is studied to observe if quantum e�ects actually play a role or if

classic physics fully explains the atom dynamics. All procedure and results are described

in the article, and it is preceded by two insights. Details on the Zwanzing equation are

illustrated in the �rst section, while information on how the free energy surface is built

will be found in the second.

1.1. The role of the Zwanzig equation for rough potentials

Protein folding 7 and di�usion of particles on glassy surfaces8 occurs on a hierarchical

PES, where a minimum is inside another minimum. A PES structured in this way is

de�ned as rough PES.

6



1.1. The role of the Zwanzig equation for rough potentials

The roughness is de�ned by the characteristic potential energy scale� of the PES. For

temperature T < � the di�usion process is dramatically slowed down, while forT > �

it is not a�ected. As a consequence, the Arrhenius-like di�usion equation (see Eq.??)

should not be used for low temperatures regimes.

The mathematical derivation of the di�usion expression for a rough surface was derived

in 1988 by Zwanzig9. It was derived for a one dimensional rough potentialU(x) along

a generalx dimension. This potential has a smooth background componentU0(x) on

which a random potential U1(x) is superimposed.

U(x) = U0(x) + U1(x) (1.2)

The e�ective di�usion coe�cient De� was derived from the result for D from Equation

??:

De� =
D

e�U 1 e� �U 1
(1.3)

with

e�U 1 e� �U 1 = e (�� )2
; (1.4)

obtaining the expression:

De� = De� (�� )2
: (1.5)

In this work Equation 1.5 is used to understand how di�usion processes takes place on the

ASW surface, �nding that the experimental observations from Ref6 can be qualitatively

explained by classic mechanics. A perfect agreement with experimental data is obtained

if contribution from the zero point energy are taken into account10,11. This interpretation

is con�rmed as well from the direct comparison between classical and quantum dynamics.
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1. Molecular oxygen formation in interstellar ice does not require tunneling

1.2. New FES

A key information for the determination of the interaction between O and ASW surface

is the knowledge of free energy surface (FES) along the di�usion path. The probability

distribution P(x; y) is determined by MC simulations, the details of which are reported

in the article. The free energyG(x; y) is then calculated using the expression:

G(x; y) = kBT ln(P(x; y)) (1.6)

As reported in the article the interaction between H2O and O was reparametrized,via the

oxygen van der Waals interactions, for improving the agreement between our simulations

and experimental data12. The problem is that the strong interaction precludes the

complete sampling of the FES: only the 60% of the grid is sampled. In order to overcome

this di�culty, the same MC simulations were repeated with the original CHARMM36

FF 13, in combination with the evaluation of the PES for each grid point with both

parameter sets.

Knowing that the Helmotz free energy (A) is related to the potential energy (U) and

Gibbs free energy (g) by the expression:

A = U � TS = G � pV (1.7)

where S is the entropy of the system,V is the volume andp is the pressure of the system.

In case of the ASW-vacuum interfacep = 0 leading to G = A. For each grid point

on the surface,U is estimated for N = 11 di�erent values along the z direction, from

the minimum dwell to the height where the surface andO don't interact, equispaced

by 1 �A. The three dimensional PES can be reduced to a 2D problem performing a

Maxwell-Boltzmann average alongz.
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1.2. New FES

For each single (x; y) element, the di�erence (� Uzi ) between each value inz (Uzi ) and

its minimum (min ( Uzi )) is performed,

� Uzi = Uzi � min (Uzi ) (1.8)

� Uzi is then used for calculating the Maxwell-Boltzann probability ( p(� Uzi ))

p(� Uzi ) = exp
�

� Uzi

kBT

�
(1.9)

which is then used for evaluating the weight in thez position (ki ).

ki =
p(� Uzi )P N

i =1 p(� Uzi )
(1.10)

The averaged PES for each point can be then rewritten as:

hUi (x; y) =
NX

i =1

ki U(x; y; zi ) (1.11)

For both the complete and incomplete FES, the potential energy contribution is subtracted

in order to obtain the entropic contribution TS. A linear regression �tting is then

performed within the two models:

TS = m � TSorig + q (1.12)

where TS is the entropic contribution for the target FES, TSorig the contribution from

the original CHARMM parameters, m = 1 :92� 0:02 is the slope of the regression and

q = 0 :60� 0:01 kcal/mol its intercept. A correlation coe�cient of 0 :925 is found between

the true and the �tted values. In Figure 1.2 the correlation is shown. The values from

the regression allow to obtain missing points in the FES.
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1. Molecular oxygen formation in interstellar ice does not require tunneling

Figure 1.2.: Correlation between the original data from MC simulations (TS) and the
�tted data ( TSf it ).
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