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Nowadays theoretical chemistry together with computational modeling made use of the supercomputer power

and have become an integral part of research and development in many �elds. Molecular dynamics methods de-

scribe the motions at the atomic level in molecules and simulates chemical reactions. In addition, optimization

methods permit an accurate exploration of the Potential Energy Surface (PES). Both methodologies allow a better

understanding of the stability and fragmentation of multiply charged molecular ions in the gas phase. In this

work we employ optimization methods together with molecular dynamics simulations to perform a complex study

of the two simplest amino acids, glycine and β�alanine, in gas phase: neutral and positively charged species are

considered. The structure of the neutral clusters of β�alanine is also evaluated within classical molecular dynamics

simulations. We present accurate results for a better understanding of mass spectrometry experiments via com-

puter simulation models.

�If perchance there should be foolish speakers who, together with those ignorant of all mathematics, will take it

upon themselves to decide concerning these things, and because of some place in the Scriptures wickedly distorted

to their purpose, should dare to assail this my work, they are of no importance to me, to such an extent do I

despise their judgment as rash.�

Mikoªaj Kopernik, polish astronomer, mathematician, lawyer, economist, priest, strategist, doctor and precursor

of Scienti�c Revolution

17



18



Chapter 1

Introduction

Aminoacids

For all practical purposes every property that describes life�forms is a�ected by amino acids. They are essential for

life to encode genetic information; they are mainly the ��ngerprint� of the structure of proteins and the expression

of that information depends almost entirely on them. Proteins are a relatively homogeneous class of molecules with

the same type of linear polymer, built of di�erent combinations of the same 20 amino acids. The di�erence between

them lies in the sequences in which the amino acids are implemented into the peptide chain. The essential of their

functional variety is mainly included in di�erences between their chemical properties and also in the diversity of the

three-dimensional structures that they can form. Because of that, we are interested in the structural varieties and

in the chemical processes that can occur in amino acids and in the clusters of amino acids when they are excited

and ionized.

Living organisms can use many chemical reactions to supply themselves continuously with chemical energy

and use it without di�culty, but by themselves these reactions could not occur fast enough under physiological

conditions to maintain life. The rates of these reaction will increase by the presence of enzymes, which are proteins

and the former are built of amino acids. We are going to make life easier and start investigation of the simplest

amino acid at the timescale, at which normally those molecules allow reaction to occur at living organisms. After

ionization in gas phase we can observe fragmentation, proton migrations and other interest reactions taking place

at the femtosecond scale. These are much easier to understand and can be explained at a quantum level with a

reasonable simulation time than under physiological conditions.

In solution and in crystalline state amino acids exist as zwitterions, where synergies with the environment

stabilized them by electrostatic, polarization, and H-bonding interactions. On the other hand, isolated amino acids

in the gas phase, where these intermolecular interactions have no e�ect, they exist as non-ionized species. Although

β-amino acids are less plentiful than their α conformers, they are also observed in peptides, and in free form. They

can form cyclic structures leading to β�lactams which have potential biological activity.1;2

The structures of the side chain of each amino acid is di�erent. In this work, we are interested in two simple

amino acids: glycine and β-alanine. In glycine, the amino group can be connected only to the alpha carbon atom

Cα (�rst atom connected to -COOH group) and in alanine, the amino group can be in both positions: Cα or Cβ
(�rst or second atom connected to -COOH group); in this study we have considered the second case (see �gure

1.1).

Glycine

This amino acid is an exception, where the side chain is only one hydrogen atom; the central carbon atom is thus

asymmetric and it is always found as L isomer in the nature. The frequency of occurrence in proteins place this

amino acid on the 3rd position with 7.2 %. Only alanine and leucine present higher probability to be found in

proteins with 8.3% and 9.0% of frequency, respectively.3
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Figure 1.1: Glycine, α and β conformers of alanine.

β-Alanine

β-Alanine (beta-alanine) is a naturally occurring nonessential amino acid. For example β-Alanine is a component

of co�enzyme A (in pantothenic acid) and carnosine, which has been proven to possess antioxidant properties, it

can inhibit the action of free radicals4�6 and also retard cancer growth in animal models.7 β-Alanine can be used

to increase intra-muscular carnosine, which is important in the contraction of muscle tissues and nowadays it is

becoming a popular ergogenic aid to sports performance.8 Increasing the concentration of carnosine in muscles leads

to advantages in training adaptations and competition performance arising from its antioxidant properties. Making

exercises, hydrogen-ion buildup stimulate muscle's fatigue, and carnosine has been shown to act as a hydrogen-ion

bu�er9 in muscle �bers. Muscle carnosine content is higher for those, whose diet is rich of the best sources of

β-Alanine.10 In addition, the presence of this amino acid was found in plants and fruits, as well as in animal brain

and insect cuticles.11

Scientists are interested in amino acids since they understood the important role that they play. Detailed

information about them can be found in many books and hundreds of papers. The �rst theoretical studies about

glycine in gas phase were started in earlies '8012;13. They �rstly observed the stable enols of radical cation of

glycine. Glycine has been studied by many theoreticians and experimentalists14�25, because it is the simplest

amino acid and an important model compound. β�alanine is the simplest β�amino acid which in gas phase have

been investigated as well by many scientists.26�29 Moreover many theoreticians and experimentalists showed the

important role played by organic radical cations in various chemical reactions,5;30�32 where the �rst step is the

ionization of the molecule. A large number of biologic and biochemical problems involving functional radical

cations were studied by electron paramagnetic resonance (EPR) spectroscopy.33 In the case of mono functional

radical ionization it normally occurs at the functional group. In the case of two functional groups, we can make

a look to the review of Symons et al.34, where linear and cyclic radical cations were investigated. On the other

hand, more recent studies about radical cations were performed on vinyl ethers,35 acrylates,36 cycles,32 lactones,37

delocalized methoxyaceton38 diketone,39 and cyclopropylacetylene.40

On the other hand, ion�biomolecule collisions has become a fundamental technique to study radiation damage of

biological tissues. With the advent of the hadrontherapy,41 an ion beam based cancer treatment, it is necessary to

better understand the radiation damage at the molecular level.42 The changes in the biomolecules are not caused

directly by ion�beam radiations but by radicals and ions created after fragmentation of amino acids along the

ionization path.43;44 The Cα atoms of amino acids can form stable radicals, stabilized by capto�dative e�ect.45 For

example amyloid�β (Abeta42) peptide is central to the pathology of Alzheimer disease and includes information

about radical on Cα of glycine29 and glycine33.46 Moreover, it has been shown that oxidative reactions of proteins

are catalyzed by free radicals47 and also occurred in amino acids, where could damage their structure and in

consequence develop diseases like Alzheimer.48 More than that, β�alanine can work as a neurotransmitter in the

central nervous system, binding the receptor sides to glycine and γ�aminobutyric acid (GABA)49 and also plays

an important role in the visual system.50

Therefore, it is very important to get a deep knowledge of their structures, stability and fragmentation when

two or more electrons have been removed.51�54 In general, a multiply ionized molecule becomes less stable than

its neutral parent due to the extraction of electrons from the bonding regions and the charge�charge repulsion

forces acting inside the molecule. The breaking of the molecule into charged fragments, often referred as Coulomb

explosion, leads in many occasions to more stable structures. Therefore only a limited number of molecules are
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thermo�chemically stable as dications in the gas phase. Moreover, it is important to understand the fragmentation

mechanisms and the role of transient species. Since multiply charged molecular ions play an important role in

the gas phase chemistry.55�58 Additionally, the study of the conformational behavior of ionized and non-ionized

amino acids is important for understanding the dynamics of the peptide and protein backbones. We expect that the

exhaustive conformational study as well as the fragmentation analysis presented here, will help to explain the role of

the length in oxidative processes of amino acids and to interpret recent mass spectrometry experiments. Moreover,

we would like to �nd the dependencies between the ionization energy and energy deposited on the molecule after

ionization.

The �cherry� on the cake would be understanding and explaining the formation of relevant new species in

interstellar space59 and planet atmospheres.60 In the gas phase, after ionization we can observe ultrafast reactions

that can led to species existing in the meteorites. After a meteorite crash in 1969 in Australia a group of scientists,

performing a careful analysis of its residues, found that it was rich in organic compounds including amino acids.

Besides that, there were found diamino monocarboxylic acids.61 In CI chondrites (a type of carbonaceous meteorite)

β�alanine was con�rmed as the most abundant amino acid and its concentration was ∼ 10 times higher than for α�

alanine.62 If they can play a key role in space chemistry and can be delivered to the early Earth by asteroids, comets,

and interplanetary dust particles, thus would they be considered as the origin of life on the Earth?63 The question

is how these compounds can appear in the interstellar space?64�67 The search of prebiotic molecules, as glycine and

β�alanine, due to the signi�cant astrobiological implications that suppose its detection in the interstellar media,

meteorites, and comets has been a hot topic in the last decades centering much experimental68�70 and theoretical

e�orts.71�73

In this work we present a theoretical study on neutral and ionized glycine and β�alanine in the gas phase. Our

aim is to understand the stability and fragmentation of theses two amino acids and interpret recent experimental

results. To this we performed density theory calculations (DFT) and ab initio molecular dynamic (AIMD) simula-

tions. Additionally, we also carried out classical molecular dynamics simulations on neutral clusters of (β�alanine)n
, (2 ≤ n ≤ 10 and n = 20). For the smallest clusters (n ≤ 5) we also analyzed the structures of di�erent isomers

at the DFT level of theory.

The manuscript is divided into four parts. The �rst part is the Introduction, where we summarized basic

information about glycine and β�alanine, relevant previous works, the importance of this work and a general

overview of the thesis structure. Part II presents a background information on the methods that we used: DFT

and Molecular Dynamics. In Part III we present three chapters with the obtained results and the analysis of

them. Chapter �ve discuss the conformational study of neutrals, cations and dications, as well as the potential

energy surface (PES) for decomposition of cations and dications of glycine; Chapter six focuses on the stability

and fragmentation dynamics of doubly�charged β�alanine. Chapter 7 gives an overview of the results obtained for

neutral clusters of β�alanine. Part IV is a summary of this thesis, including the conclusions we have drawn from

our research, suggestions for a future work, and tips for the experimental groups. Finally, at the end of the thesis

we present the bibliography.
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Theoretical Methods
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Chapter 2

Density functional theory

Introduction to the methodology

A very important question that should be answered before performing any molecular modeling simulation is which

are our computational limitations. They depend mainly on the size of our system and the methodology which we

are able to use. This reasoning can make our study e�cient and e�ective. A reasonable choice is a key step to have

a detailed knowledge about the fragmentation reactions and stability of molecular ions in the gas phase (the main

objective of this work).

In the last years many scientists make their own battles with the advent of experimental and �nancial limitations;

due to the fast development of computational science we can use powerful and less expensive computers, and

new computational methods, which allow us to do more sophisticated calculations on bigger and bigger systems.

Chemists and physicists combined their knowledge about chemical and physical properties of the molecules with

computational science and express fundamental chemical and physical laws into computationally based methods

called levels of theory. These methods can be separated into two kinds:

� Molecular Mechanics (MM) - based on the laws of classical mechanics for prediction of the structure and

properties of molecular systems. MM is characterized by a force �eld, which describes only interactions

between nuclei; and electrons are absolutely negligible. Because of that the electronic e�ects are included in

the energy function. Despite of these limitations there is a wide �eld of use with this level of theory due to

its computational e�ciency, which allow modeling of extremely big systems. MM can not be applied to the

problems strictly depended on the electronic structure, like fragmentation reactions. Other disadvantages at

this level of theory are the force �eld limitations to describe the typical classes of molecule, mainly neutral

one.

� Quantum mechanics (QM) - based on the laws of quantum mechanics for prediction of the structure and

properties of the molecular systems. These methods represent the most fundamental level of theory at which

molecules can be treated. The manner in which the methods approximate the wave function and solve the

Schrödinger equation is known as level of theory.

The combination of MM with QM gives hybrid methods, which overcome the CPU limitations of QM and the

limitation appears in the electronic region (like bond cleavage or hydrogen transfer) of MM. By combining both

methods we have the so�called Quantum Mechanics/Molecular Mechanics (QMMM) approach.

In this manuscript we used the two �rst type of methods mentioned above, in particular:

� The density functional theory method (DFT) is a QM method and is brie�y described in this chapter;

� MM methods for big systems (clusters of β�alanine);

� Results implying the traditional wave function ab initio methods with a large variety of computational

schemes to deal with the electron correlation problem for cluster of β�alanine are also shown in chapter 7.
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In particular second order perturbation theory due to Møller and Plesset (MP2) and couple�cluster with

single and double excitations, where triple excitations were also included through a perturbative treatment

(CCSD(T)). These two methods are the most accurate among the mentioned above, but also, computationally,

the most expensive. Moreover, the exact wave functions and energies of all states of the system could be

reached by these levels of theory.

The Density Functional Theory (DFT)74 represents an alternative to the conventional high level ab initio methods

to introduce the e�ects of electron correlation. The concept of the DFT method is to express the energy of

the ground state of a many�electron system E, through the electron density ρ, which replace the wave function:

E = E[ρ]. The main problem appears when we want to �nd the precise algorithm that relates energy to the electron

density. This formula is not known, so we have to use approximate expressions, which usually provide very good

results but, if the functional give wrong results, there is no systematic way to improve it. Despite that problems,

using DFT methods are very popular to treat medium and large systems because require less CPU time compared

to ab initio methods, and the obtained results are similar to those calculated by the MP2 method.

For molecules we have to simplify the Schrödinger equation using the Born�Oppenheimer approximation,75

which allows to decouple the electrons and nuclei movement. We can thus write an electronic Hamiltonian:

Ĥel =
∑
i

ĥi +
∑
i

∑
j>i

1

rij
(2.1)

where, ĥi = − 1
2∇

2
i −

∑
A

ZA

riA

The Hamiltonian form equation 2.1 is a sum of the kinetic energy of electrons Tel, the electron�electron repulsion

Uee and external potential υ:

Ĥel = Tel + Uee + υ (2.2)

Then, we are able to solve the time independent Schrödinger equation obtaining the electronic energy Eel and the

electronic wave function Ψel. The latter depends on the electron coordinates which depend parametrically only on

the nuclear coordinates:

ĤelΨel = EelΨel (2.3)

and thus the total energy is given by the sum of the electronic energy and the constant nuclear repulsion term:

Etot = Eelec + Enuc (2.4)

Enuc =

M∑
A=1

M∑
B>A

ZAZB
rAB

(2.5)

There exist many di�erent implementations to solve equation 2.3 using some approximations which are di�erent in

complexity and in accuracy, often in an impractical way. The basic idea lying in the Hartree�Fock76;77 (HF) method

is that the exact N�body ground state wave function of a system can be expressed approximately by a single Slater

determinant (in other words, the wave function consists of all antisymmetric products composed of N spin orbitals):
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ΘSD =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣∣∣

ϕ1(−→x 1) ϕ2(−→x 1) · · · ϕN (−→x 1)

ϕ1(−→x 2) ϕ2(−→x 2) ϕN (−→x 2)
...

...
. . .

...
. . .

ϕ1(−→x N ) ϕ2(−→x N ) · · · ϕN (−→x N )

∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(2.6)

which is built up from one�electron wave functions. The Pauli exclusion principle is satis�ed for a total antisym-

metric wave function as the one given by a Slater determinant. The one�electron wave functions are constructed

as a linear combination of atomic functions. To solve a set of N�coupled equations for the N electrons we apply

the variational principle (equation 2.8). The result in the form of the ground state wave function and the energy

obtained are approximately the exact ones. We have to remember that a single Slater determinant representation

excludes Coulomb correlation for electrons with di�erent spins. The electron correlation78 can be included in a

perturbation method, adding electron correlation through an addition of a small correlation potential to the Hamil-

tonian of the Hartree�Fock approach. The latter is computationally expensive and the HF does not give accurate

enough results. The alternative method proposed is the density functional theory (DFT), which includes electron

correlation at a low computational cost.

2.1 The Hohenberg�Kohn theorems

The �rst theorem

In 1964 Hohenberg and Kohn published a paper in Physical Review called Inhomogeneous Electron Gas,79 which

is considered the origin of the Density Functional Theory (DFT); going further they show that:

�Any observable of a stationary non�degenerated ground state can be calculated, exactly in theory, from the

electron density of the ground state. In other words, any observable can be written as a functional of the electron

density of the ground state �

Proof of existence based on the demonstration that given a density ρ(r), the external potential υ(r) (usually

Coulomb potential of the nuclei) is determined except in an additive constant. This was based on reductio ad

absurdum, supposing that the form of the theorem is erroneous and leading to con�ict.

The exact electronic density ρ(r) is given by:

ρ(r) = N

ˆ
|Ψ(r, r2, r3, . . . rN )| 2dr2 . . . drN (2.7)

It is associated with the corresponding non�degenerate ground state of N particles (with just one wave function

with energy of this state), we can assume that the same electron density can be obtained from two external

potentials υ1(r) and υ2(r). The potentials di�er each other in more than a constant (when we add a constant

to the potential, the wave function and therefore the charge density is unchanged so we have to require that two

external potentials are di�erent not only by a constant), what automatically requires generating two di�erent

many�electron Hamiltonians Ĥ1 = T + U + υ1(r) and Ĥ2 = T + U + υ2(r), with ground state wave functions Ψ1

and Ψ2 . T in the latter equation is the kinetic energy and U is the electron�electron interaction. Thus the two

distinct energies are E1 =
〈

Ψ1

∣∣∣Ĥ1

∣∣∣Ψ1

〉
and E2 =

〈
Ψ2

∣∣∣Ĥ2

∣∣∣Ψ2

〉
respectively.

The variational principle states that the expectation value of the Hamiltonian (Ĥ) on the trial wave function

|Ψ〉 is always equal or greater than the energy of the ground state E0:

〈
Ψ
∣∣∣Ĥ∣∣∣Ψ〉 = E ≥ E0 =

〈
Ψ0

∣∣∣Ĥ∣∣∣Ψ0

〉
(2.8)
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The minimum value of
〈

Ψ
∣∣∣Ĥ∣∣∣Ψ〉 is thus an estimation of the variational value of the exact ground state energy.

In this way we can calculate the expected value of the energy of Ψ1 with Ĥ2 :

E2 =
〈

Ψ1

∣∣∣Ĥ2

∣∣∣Ψ1

〉
=
〈

Ψ1

∣∣∣Ĥ1

∣∣∣Ψ1

〉
+
〈

Ψ1

∣∣∣Ĥ2 − Ĥ1

∣∣∣Ψ1

〉
= E1 +

ˆ
ρ(r)[υ2(r)− υ1(r)]dr (2.9)

Similarly we can also calculate the expected value of the energy of Ψ2 with Ĥ1:

E1 =
〈

Ψ2

∣∣∣Ĥ1

∣∣∣Ψ2

〉
=
〈

Ψ2

∣∣∣Ĥ2

∣∣∣Ψ2

〉
+
〈

Ψ2

∣∣∣Ĥ1 − Ĥ2

∣∣∣Ψ2

〉
= E2 +

ˆ
ρ(r)[υ1(r)− υ2(r)]dr (2.10)

When we summarize equations 2.9 and 2.10 we get the inequality:

E1 + E2 < E2 + E1 (2.11)

The equation 2.11 proves that the initial assumption was incorrect: Ψ1 and Ψ2 are eigenstates of di�erent Hamil-

tonians so they are di�erent and because of that the inequality is strict. This demonstrates that it does not exist

two di�erent potentials that can have the same ground state electron density associated with an external potential.

In other words, the ground state electron density can uniquely speci�es the υ(r). Determining the total number

of electrons and according the Hohenberg�Kohn theorem (establishing υ(r) by ρ(r)), we can say that both the

Hamiltonian and the wave function of the ground state are determined by the electron density. In the same way

we can also get the expectation value of every ground state variable like, particularly E = E[ρ] or kinetic energy,

Coulomb repulsion, etc. We can write the general relation between density and wave function as:

ρ(r) =⇒ υ(r) =⇒ Ĥ =⇒ Ψ (2.12)

It is worth to say that the �rst Hohenberg�Kohn theorem is valid only for non�degenerated ground states,

where ρ(r) is N�representable and υ�representable. N�representable means that the ground state electron density

has to be a positive function, de�ned in all space, and its integral has to be equal to the total number of electrons

of the system:

ρ(r) ≥ 0 ∧
ˆ
ρ(r)dr = N (2.13)

υ�representable refers to the existence of the external potential from which we can derive the electron density. In

the case of the trial densities for which we can not �nd a suitable external potential, for degenerated and for excited

states, inequalities 2.9 and 2.10 can not be achieved. In other cases, the energy is a functional of density:

E[ρ] = T [ρ] + UNe[ρ] + Uee[ρ] (+VNN ) (2.14)

, where T [ρ] and Uee are universal functionals, independent on the external potential.

Introducing the Hohenberg�Kohn functional FHK [ρ], which usually contains T [ρ] and Uee we can rewrite the equa-

tion 2.14 in terms of the energy, which is a functional of the density for a speci�c external potential υ(r). Thus,

the result from the �rst Hohenberg�Kohn theorem is:

Eυ[ρ] =

ˆ
ρ(r)υ(r)dr + FHK [ρ] (2.15)
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The second theorem

The second theorem supplies the variational principle for E[ρ] and is formulated as follows:

�The electron density of a non�degenerate ground state can be calculated, exactly in theory, determining the

density that minimizes the energy of the ground state�

For a N�representable and υ�representable trial density ρ̃(r) we can write:

E0 ≤ Eυ[ρ̃(r)] (2.16)

Applying the �rst Hohenberg�Kohn theorem into the exact and trial densities we will demonstrate the validity of

the equation 2.16. The exact and trial densities de�ne di�erent Hamiltonians and thus, di�erent wave functions:

For the exact density:

ρ(r)→ υn(r)→ Ĥ → Ψ (2.17)

and for the trial density:

ρ̃(r)→ υ̃n(r)→ ˜̂
H → Ψ̃ (2.18)

Calculating the energy for the trial density, using the Hamiltonian de�ned by the exact density, we get:

Eυ[ρ̃(r)] =
〈

Ψ̃
∣∣∣Ĥ∣∣∣ Ψ̃〉 ≥ 〈Ψ

∣∣∣Ĥ∣∣∣Ψ〉 = E0 (2.19)

Equation 2.19 is a consequence of the variational principle (equation 2.8) and is nonequivalent. Moreover, it certi�es

that for any trial density the resulting energy will be always equal or higher than the exact ground state energy.

Looking for a density that minimizes the energy, we will �nd the exact density of the ground state:

δEυ[ρ]

δρ
= 0 (2.20)

2.2 The Kohn and Sham method

Kohn and Sham proposed a method to calculate the energy from the density by introducing orbitals; strictly it is

an expansion of the kinetic energy T [Ψ] for a single determinant function. They discovered that because of the

problem that appears due to the fact that the density relation with FHK , T [ρ] is not known. They proposed a

�ctitious system for N non�interacting electrons moving under an external potential υs(r) and providing a wave

function Ψs, which has the same density as the real system. One can reproduce the density of the ground state of

the real systems by means of studying �ctitious systems in which we modi�ed the interaction of the particles. All

the quantities related to the �ctitious systems will be with index �s�. For such a system, excluding electron�electron

interactions the orbital approximation provides to the exact HF method, the exact result. For a single�electron

term the Hamiltonian is:
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Ĥs =

N∑
i=1

ĥ(i) =

N∑
i=1

−1

2
∇2(i) +

N∑
i=1

υs(i) (2.21)

and the exact wave function is:

Ψs =
1√
N !
|χ1(1)χ2(2)χ3(3) · · ·χN (N)| (2.22)

Solving the HF equations we can obtain the molecular orbitals:

[
−1

2
∇2 + υs(r)

]
χi = εiχi (2.23)

where, 〈χi | χj〉 = δij

The exact density (equation 2.24) and the exact kinetic energy for that system are:

ρ(r) =

Nocc∑
i=1

|χi(r)| 2 (2.24)

Ts[ρ] =

Nocc∑
i=1

〈
χi

∣∣∣∣−1

2
∇2

∣∣∣∣χi〉 (2.25)

We will get the density by solving the equation:

µ = υs(r) +
δTs[ρ]

δρ(r)
=
ρEυ[ρ]

δρ(r)
(2.26)

where

Eυ[ρ] =

Nocc∑
i=1

εi = Ts[ρ] +

ˆ
ρ(r)υs(r)dr (2.27)

Introducing the term υee into equation 2.27 we will get the real system, in which all N electrons interact:

Eυ[ρ] =

Nocc∑
i=1

εi = T [ρ] +

ˆ
ρ(r)υ(r)dr + υee (2.28)

Introducing the Coulomb repulsion in terms of the electron density:

J [ρ] =
1

2

¨
ρ(r1)ρ(r2)

|r1 − r2|
dr1dr2 (2.29)

we can write the total exchange�correlation energy EXC [ρ] as:

EXC [ρ] = (T [ρ]− Ts[ρ]) + (υee[ρ]− J [ρ]) = TC [ρ] +WXC [ρ] (2.30)

where, TC [ρ] = T [ρ]− Ts[ρ] and WXC [ρ] = υee[ρ]− J [ρ]

TC [ρ] is the kinetic correlation energy and WXC [ρ] is the exchange�correlation energy. EXC [ρ] contains all the

contributions to the energy that we need to obtain it as a function of the density. We can write it as:
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EXC [ρ] =

ˆ
ρ(r)υXC(r)dr (2.31)

Including equation 2.29 and EXC [ρ] into equation 2.28 we will get:

Eυ[ρ] = T [ρ] +

ˆ
ρ(r)υ(r)dr +

1

2

¨
ρ(r1)ρ(r2)

|r1 − r2|
dr1dr2 + EXC [ρ] (2.32)

Applying in the same way as for equation 2.26 we have:

µ =
δTs[ρ]

δρ(r)
+ υ(r) +

ˆ
ρ(r2)

|r1 − r2|
dr2 +

δEXC [ρ]

δρ(r)
=
ρEυ[ρ]

δρ(r)
(2.33)

If we de�ne the exchange�correlation potential as:

υXC(r) =
δEXC [ρ]

δρ(r)
(2.34)

and the Coulomb potential as:

φ(r) = υ(r) +

ˆ
ρ(r2)

|r1 − r2|
dr2 (2.35)

we get �nally:

µ =
δTs[ρ]

δρ(r)
+ (φ(r) + υXC(r)) (2.36)

or else:

µ =
δTs[ρ]

δρ(r)
+ υeff (r) (2.37)

When we compare equations 2.37 with 2.26 we can see that they are the same, when we change υs(r) for υeff (r).

This means that the only di�erence between the real system and the �ctitious one lies in the di�erent e�ective

potential υeff (r), which can be de�ned as:

υeff (r) = υn(r) +

ˆ
ρ(r2)

|r1 − r2|
dr2 + υXC(r) (2.38)

Therefore we need to solve the coupled equations:

ĥKSχi = εiχi (2.39)
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with

ĥKS = −1

2
∇2 + υeff (r) (2.40)

where, 〈χi | χj〉 = δij

We obtain a set of equations similar like in the HF case. The orbitals in equations 2.39 are called KS orbitals and

in terms of them we can calculate the electron density of the ground state:

ρ(r) =

Noc∑
i=1

|χi(r)|2 (2.41)

Using equation 2.41 we can similarly to HF apply a procedure for a set of trial molecular orbitals {χi(r)} to obtain
the electron density. {χi(r)} are de�ned as a set of trial wave functions (linear combination of atomic orbitals�

LCAO, |Ψ〉 = C1 |ψ1〉 + C2 |ψ2〉) and are normalized
´
. . .
´
| Ψ(r1, r2, r3, . . . rN ) |2 dr1dr2 . . . drN = 1. From this

density we can get υeff (r) and �nally obtain the eigenvalues of equations 2.39. This process must be iterative until

the convergence criteria will be ful�lled.

2.3 Exchange�correlation potential

A good choice of the exchange�correlation potential (υXC) is a fundamental aspect of DFT. This functional have

to be found using some approximations. The most widely used are: local density approximation (LDA), non�

local or so�called generalized gradient approximation (GGA), meta�GGA, and hybrid functionals, where B3LYP

is commonly known and was mostly used in this work.

2.3.1 Local density approximation (LDA)

EXC [ρ] depends particularly on the density. The contribution to the correlation energy is treated independently

of the exchange one:

ELDAXC [ρ] = ELDAX [ρ] + ELDAC [ρ] (2.42)

Then exchange energy per particle with α = 2/3 is given as:

ELDAXC [ρ] = −9

4
α

(
3

8π

) 1
3
ˆ
ρ

4
3 dr (2.43)

and

υLDAX (r) =
δ(ρ(r)EX [ρ])

δρ(r)
= −3

2
α

(
3

π

) 1
3

ρ
1
3 (2.44)

This functional works �ne for systems with density which is keep up approximately constant.
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2.3.2 Local spin density approximation (LSDA)

Two densities are di�erent in open shell systems. Because of that for this functional we minimized separately

equations for α and β densities. Thus, we can write:

ELSDAXC [ρα] = ELSDAX [ρα] + ELSDAC [ρα, ρβ ] (2.45)

then:

ELSDAXC [ρα] = −9

4
α

(
3

8π

) 1
3
ˆ

(ρα)
4
3 dr (2.46)

and

ELSDAXC [ρα, ρβ ] =

ˆ
ρα(r)EC [ρα, ρβ ]dr (2.47)

As we can see, the energy of α and β are not treated independently, so we have to solve the system of two equations:

δ

[
Eυ[ρα]− µα

(ˆ
ρα(r)dr −Nα

)]
= 0 (2.48)

δ

[
Eυ[ρβ ]− µβ

(ˆ
ρβ(r)dr −Nβ

)]
= 0 (2.49)

2.3.3 Non�local corrections or Generalized Gradient Approximations (GGA)

LDA approximation is based only on the electron density. For GGA we introduce density gradients into the de-

scription of exchange and correlation e�ects. This contributes to an energy functional that depends not only on

the density but also on its gradient. The form for a GGA functional becomes:

EGGAXC [ρ] =

ˆ
f (ρ,∇ρ) dr (2.50)

One of the main advantages of GGA, in comparison with LDA, is the signi�cantly better description of the binding

energy obtained for molecules. Because of that, DFT�GGA methods gain acceptance in the quantum chemistry

community during the early 90's and they are nowadays widely employed.

2.3.4 Meta�GGA

Meta�GGA in comparison with the previous energy functionals, goes even further, including into the description

of exchange and correlation the e�ects of the kinetic energy density τ(r):
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τ(r) =
1

2

Nocc∑
i=1

| ∇χi(r) |2 (2.51)

and/or the Laplacian of the density, ∇2ρ(r):

Emeta−GGAXC [ρ] =

ˆ
f
(
ρ,∇ρ, τ,∇2ρ

)
dr (2.52)

The presence of the Laplacian requires performing calculations of the second derivatives of the basis functions;

larger quadrature grid must therefore be used in calculations.

2.3.5 Hybrid exchange functionals

The existence of the exact connection between the non�interacting density functional system and the fully inter-

acting many body system allows to formulate the exact functional as:

EXC [ρ] =
1

2

ˆ
drdr′

1ˆ

λ=0

dλ
λe2

|r − r′|
[< ρ(r)ρ(r′) >ρ,λ −ρ(r)δ(r − r′)] (2.53)

where the < ee′ >ρ,λ is the expectation value of the density�density correlation function and is computed at density

ρ(r) for the system described by an e�ective potential:

υeff = υen +
1

2

∑
i6=j

λe2

|ri − rj |
(2.54)

Having that and knowing the variation of the density�density correlation function with the coupling constant λ, we

can compute the exact energy. When λ = 0 the non�interacting system corresponds identically to the HF system

although the LDA and GGA functionals are constructed to be excellent approximations for the fully interacting

system with λ = 1 (homogeneous electron gas). Then, it is logical to approximate the integral over the coupling

constant as a weighted sum of the end points:

EXC ≈ aEFOCK + bEGGAXC (2.55)

, where the a and b coe�cients have to be determined typically by �tting procedures adjusting to reference values.

The most often used energy functional was proposed by Beck, adopted to equation 2.55 is the Beck three parame-

ters method:80

EXC = ELSDAXC + a0

(
EEXACTX − ELSDAX

)
+ ax∆EB88

X + ac∆E
PW91
C (2.56)

where, a0 = 0.20, aX = 0.72, aC = 0.81. EEXACTX is the exact exchange energy, ∆EB88
X is Becke's 1988 gradient

correction (to the LSDA) for exchange,81 and ∆EPW91
C is the 1991 gradient correction for correlation of Perdew

and Wang.74

Nowadays, hybrid functionals are commonly used in many quantum chemistry calculations and mostly notable

the B3LYP functional is called by someone as the �magical� one. Binding energies, geometries, frequencies etc.
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obtained with hybrid functionals are much reliable than those given by most of the GGA functionals.

2.4 Basis sets

In the last years a big collection of basis sets was generated in the context of wave function based approaches. The

orbitals χi expressed through the set of L prede�ned basis functions {ηµ} are used to build the approximate wave

function. If our aim is to construct a high quality wave function, taking into account electron correlation as well,

very large basis sets are necessary. Particularly, basis functions with quite complex nodal structures (polarization

function) are needed, thus in highly correlated calculations the basis set requirements leads to the computationally

demanding processes.82

Gaussian Type Orbitals (GTO)

Via wave function based approaches (i.e. HF), the set of {ηµ} is conventionally chosen as a one consisting of

so�called Cartesian Gaussian type orbitals (GTO). Its general form is:

ηGTO = Nxlymzn exp−αr
2

(2.57)

N is a normalization factor (〈ηµ | ηµ〉 = 1, but ηµ is not orthogonal; 〈ηµ | ηv〉 6= 0 for µ 6= v). α acts as the orbital

exponent and reproduces the compact (large α) or di�use (small α) behavior of the function. L = l+m+n is used

to classify the GTO as type of functions: s (L = 0), p (L = 1), d (L = 2), etc. exp(r2) is an exponential dependence,

which allows to solve analytically the four�center�two�electrons integrals in the Coulomb and HF exchange terms

with a GTO basis set. Because of that GTO basis functions are commonly used and we more preferable than the

Slater type orbitals basis functions.

Slater Type Orbitals (STO)

Slater type orbitals basis functions are simply exponentials exp−ζr, which mimic the exact eigenfunctions of the

hydrogen atom. Unlike the GTO functions, Slater type orbitals represent the correct cusp behavior near the nuclei

(r→0) and the the tail regions of wave function (r→∞) is properly described (GTO fall o� too rapidly). A typically

expressed STO is:

ηSTO = Nrn−l exp−ζr Ylm (Θ, φ) (2.58)

n is a principal quantum number, ζ correspond to the orbital exponent and Y lm are the usual spherical harmonics

describing the angular part of the function. Despite that STO usually needs three times less functions than GTO to

achieve a certain accuracy of describing wave function, there is no analytical methods to compute the two�electron

integrals with a STO basis sets. This is the reason why GTO basis function are in common use. Another type of

basis functions are so�called contracted GTO basis sets.

Contracted Gaussian Function (CGF)

Contracted Gaussian functions are functions (usually between three and six; and not bigger than ten) combined by

several primitive Gaussian functions, as the one in equation 2.57 into a �xed linear combination. In that manner

constructed function is called contracted Gaussian function (CGF) and can be written as:
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ηGTOτ =

A∑
a

daτη
GTO
a (2.59)

We have used in that work the density functional theory in contribution with CGF basis sets. This seems

the natural choice in Kohn�Sham methods to expand the molecular orbitals such as Gaussian calculation. The

simplest but also the less accurate expansion of the molecular orbitals uses only one basis functions or one contracted

functions for each atomic orbital up to including only the valence orbitals. This type of basis set is called minimal

basis set.

Minimal basis set

The most common representation of this kind of basis set is the STO�3G basis set. It combines three primitive

GTO functions into one CGF. For hydrogen only 1s function is included. For carbon there are �ve functions: two

describing the 1s and 2s atomic orbitals and one set of 2p functions (px, py and pz), etc. Nowadays this basis set

are not in use anymore. The next improvement appears in the double zeta basis sets.

Double zeta basis set

The name comes from Greek letter ζ, which is in the exponent of the STO functions because the set of functions

is doubled. For hydrogen two 1s functions are included (1s and 1s
′
) etc.

Split valence basis set

Taking into account only the valence space, as the space of changes in the electronic wave function, we can limit

the doubled set of functions to the valence orbitals. Therefore, the inner core electrons are treated in a minimal

set. The typical examples are the 3-21G or 6-31G Gaussian basis sets developed by Pople and coworkers. Adding

p functions to the hydrogen atoms and d functions to the chemical elements from the second and third row of

the periodic table will augmented the basis set by the polarization functions. Polarization functions have more

angular nodal planes than the occupied atomic orbitals. Therefore, the orbitals can distort from their original

atomic symmetry and better adapt to the molecular environment. Polarized double zeta or split valence basis sets

are necessary to obtain a better description of the long weakly bounded systems (e.g. van der Waals or hydrogen

bonds). Adding extra di�use functions (sp functions with small exponent α; it means that electrons are kept far

away from nuclei) we can enlarge our basis set into one used in this thesis�6-311++G(d,p).

6-311++G(d,p)

This basis set use six primitive Gaussians for core atomic orbitals, and a split valence pair of three triple zeta basis

functions for each valence atomic orbital. Di�use functions are added to the heavy atoms and hydrogen as well.

Polarization functions on p set on each hydrogen and d set of each heavy atom are also included.

When we increase the basis set we can obtain triple or quadruple zeta basis sets which are augmented by

several sets of polarization functions including functions (possible higher angular momentum). The cc�pVTZ (for

correlation�consistent polarized valence triple zeta) basis sets are typical, modern representatives of this approach

in terms of Gaussian functions and as well as the 6-311++G(d,p) it is used in this master thesis.
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Molecular Dynamics

The two main families of simulation techniques in dynamics are molecular dynamics (MD) and Monte Carlo

(MC) methods. Classical molecular dynamics and electronic structure methods were combined given the family

of techniques called ab initio molecular dynamics (AIMD). In this work we have employed ab initio molecular

dynamics methods for studying the mechanism of fragmentation of glycine and β�alanine and also to evaluate

other properties of these molecules. The dynamics is a useful computational tool that complements the reaction

paths to visualize the connections between saddle points and minima obtained during the constructions of the

potential energy surface (PES). The dynamics also can help to understand something that cannot be found during

building the PES and �nally, con�rms the experimental mass spectra. In this thesis we have used ab initio molecular

dynamics to investigate single amino acids and classical dynamics to analyze clusters of β�alanine. The obvious

advantage of ab initio MD over classical MD is that it gives a better description to dynamical properties of the

system: it allows to observe breaking or creating bonds, hydrogen transfer, etc. Classical molecular dynamics use

�prede�ned potentials�, either based on empirical data or on independent electronic structure calculations. It is a

powerful tool to investigate interaction of big many�body systems, like clusters of β�alanine.

The basic idea of ab initio molecular dynamics methods is based on computing the forces acting on the nuclei

from electronic structure calculations, that are performed �on�the��y� during the generation of the molecular

dynamics trajectory. In this way, the electronic variables are not integrated ahead, but are considered as active

degrees of freedom. This means that, molecular dynamics can control complex systems and give an approximate

solution of the many�electron problem. On the other hand, it implies that the accuracy of our calculations depends

strictly on how far the selected model potential is shifted to the level of selecting a particular approximation for

solving the Schrödinger equation.

Molecular dynamics simulations are solved numerically; the classical equations of motions are integrated step�

by�step; they can be de�ned for a molecular systems as:

mir̈i =fi fi = − ∂

∂ri
U(rN ) (3.1)

where we consider a system of N particles moving under the in�uence of a potential function U ; fi are the forces

acting on the atoms, derived from a potential energy U(rN ), and rN = (r1, r2, . . . r
N ) represents the complete set

of 3N atomic coordinates.

According to the Hamiltonian:

Ĥ(rN , pN ) =

N∑
i=1

p2
i

2mi
+ U(rN ) (3.2)
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we can write equations 3.1 in the form:

ṙi =
∂Ĥ

∂pi
=

pi
mi

ṗi = −∂Ĥ
∂ri

= −∂U
∂ri

= fi(r
N ) (3.3)

where r is the position of the particles with momenta p = mU(rN ) .

The molecular dynamics algorithm can be solved considering Newton's mechanics for the nuclei movement.

Using pi = miṙi we can write the Newton's second law:

mir̈i = fir
N (3.4)

Nuclei movement can be also described using the Lagrangian formalism:

L(rN , ṙN ) =

N∑
i=1

1

2
miṙ

2
i − U(rN ) (3.5)

and solving the Euler�Lagrange equations of motion:

d

dt

∂L
∂ṙi

=
∂L
∂ri

(3.6)

Both formalisms are equivalent, where the second one is more commonly used in ab initio molecular dynamics.

The Lagrangian technique is used in the Atom-Center Density Matrix Propagation Molecular Dynamics method

employed in this work.

3.1 Atom�Center Density Matrix Propagation (ADMP)

ADMP together with the well known Born�Oppenheimer (BO) and Carr�Parrinello (CP) molecular dynamics

(MD) belong to the family of ab initio MD methods (AIMD), where calculations of the electronic potential en-

ergy surface are crossed over the classical nuclei movement �on�the��y�. They di�er in the treatment of the wave

function propagation. In the CPMD approach the wave function is propagated together with the classical nuclear

degrees of freedom using an extended Lagrangian. In other words, in the Lagrangian scheme, the electronic degrees

of freedom are not iterated to the convergence at each step but are simply adjusted of the time scales. In that way

energy surface reproduce a converged energy electronic surface quite well. That approach allow to save a lot of

CPU time and give accurate e�ciency. The Lagrangian for BOMD and CPMD for electronic ground state can be

written as:

LBOMD =
∑
i

1

2
miṙ

2
i −min

Ψ0

〈
Ψ | Ĥel | Ψ

〉
(3.7)

LCPMD =
∑
i

1

2
miṙ

2
i +

∑
i

1

2
µi

〈
ψ̇i | ψ̇i

〉
−
〈

Ψ | Ĥel | Ψ
〉

+ constraints (3.8)
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The dots indicates time derivative, m are the physical ionic masses, r the nuclear coordinates, µ are arbitrary

parameters of appropriate units (�ctitious masses or inertia parameters assigned to the orbital degrees of free-

dom), min
Ψ0

〈
Ψ | Ĥel | Ψ

〉
means that the electronic subsystem is close to its minimum energy i.e. to the exact

Born�Oppenheimer surface and constraints might be a function of both the set of orbitals {ψi} and the nuclear

positions {ri}. The equations of motion resulting for CPMD approach are then:

mir̈i(t) = −∇i
〈

Ψ0

∣∣∣ĤHF
el

∣∣∣Ψ0

〉
(3.9)

µiψ̈i(t) = −ĤHF
el ψi +

∑
j

Λijψj (3.10)

Schlegel et al.83 proposed an alternative AIMD method. In the ADMP formalism, as a dynamic variables they

apply the Gaussian basis sets and the one�particle density matrix (P ) within the extended Lagrangian, instead

of plane�waves and Kohn�Sham molecular orbitals (χ) as in the CPMD scheme. Thus propagation of electronic

variables along with the nuclei is possible through introduction of �ctitious masses into each density matrix element,

what leads to the simple adjustment of relative time scales. The most important advantages of using this dynamic

scheme are:

� linear scale of computational time with system size O (N ) and small limit system;84;85

� compact and localized wave function for a molecular system are quite well described via electronic structure

calculations;

� small number of basis function e�ectively describe the state of molecular system with a desire degree of

accuracy;

� freedom of using �ctitious masses for density matrix elements ⇒ desire separation in the time scale between

motions of electrons and nuclei;

The Lagrangian for the combined nuclear�density matrix system can be written as:

LADMP =
1

2
Tr
(
V TMV

)
+

1

2
µTr(Ṗ Ṗ )− E(R,P )− Tr [Λ (PP − P )] (3.11)

P is a single�particle density matrix, M , R and V are nuclear masses, positions and velocities, respectively. The

Lagrangian multiplier, Λ is introduced as a constraint on the total number of electrons, Ne and the idempotency

of the density matrix.

The equations of motion are de�ned with respect to the principle of stationary action for the Lagrangian (3.11);

the propagation of the nuclei and the density in the orthonormal basis (3.6) is given by:

µ
d2P

dt2
= −

[
∂E(R,P )

∂P

∣∣∣∣
R

+ ΛP + PΛ− Λ

]
(3.12)

M
d2R

dt2
= − ∂E(R,P )

∂R

∣∣∣∣
P

(3.13)

3.2 Classical molecular dynamics in AMBER.

Classical molecular dynamics simulations were performed using the AMBER86�89 package. This is the collective

name of a bunch of programs created mainly to perform molecular dynamics calculations on biomolecules. AMBER
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posses a substructure database, force �eld parameters �les and many useful programs as antechamber, leap, ptraj,

etc. (the three listed were used in this work). These subprograms work together with reasonably good e�ciency

and became a powerful framework for running calculations of the dynamics at the pico or nano�timescale and even

at the microsecond timescale, on big systems.

General Amber Force Field (GAFF)

Force �elds are the foundations of molecular mechanics; it is therefore important to choose the one that correctly de-

scribe our system without any missing force �eld parameters. The Antechamber program, introduced into AMBER

was written by Junmei Wang, and it was provided to work good with the general AMBER force �eld (GAFF).90

GAFF was created mainly to investigate rational drug design but works �ne with almost all the organic molecules

build of C, N, O, H, S, P, F, Cl, Br, so it should be the right choice for clusters of β�alanine as well. The energy

function used in GAFF is a simple function of the form:

Epair =
∑
bonds

Kr(r − req)2 +
∑
angles

Kθ(θ − θeq)2 +
∑

dihedrals

Vn
2

[1 + cos(nφ− γ)] +
∑
i<j

[
Aij
R12
ij

− Bij
R6
ij

+
qiqj
εRij

] (3.14)

Where req and qeq are equilibration structural parameters, Kr, KΘ, V n are force constants, n is the multiplicity

and γ is the phase angle for torsional angle parameters. The A , B , and q parameters characterize the non�

bonded potentials. The charge method used in GAFF is HF/6-31G(d,p) RESP charge.91 Detailed information

about algorithms used to classify atoms, bond types and charges assignation to estimate the force �eld parameters

can be found in the paper of Wang et al.90

3.3 QMMM

As it was mentioned previously, the proper choose of the level of theory is very important to correctly describe the

physical phenomenon and achieve a reasonable CPU time. In this section we focus on the QMMM methods, in

which part of the macromolecule undergoing the chemical reaction is treated at a quantum mechanics (QM) level

and the rest at a mechanical mechanics (MM) level. In that methodology we can write the total Hamiltonian of

the system in the form:

Ĥ = ĤQM + ĤQM/MM + ĤMM (3.15)

ĤQM = ĤQM
elec + ĤQM

nucl and ĤMMare the QM and MM Hamiltonians. ĤQM/MM corresponds to the QM/MM

interactions between QM and MM part and can be written as:

ĤQM/MM = υ
QM/MM
elel + υ

QM/MM
nucl + υ

QM/MM
vdw (3.16)

where, υQM/MM
elec , υQM/MM

nucl and υ
QM/MM
vdq are electron�charge, nuclei�charge and van der Waals interaction be-

tween QM and MM atoms.

Adding equation 3.17 to the core Hamiltonian of QM part allows explicitly to polarize the QM wave function by

the classical point charges of the MM force �eld92:
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υ
QM/MM
elec = −

n∑
i

∑
B∈MM

qB
| RB − ri |

(3.17)

υ
QM/MM
nucl is the electrostatic interaction between the QM and the MM atoms, which can be de�ned by many

approximations. The most widely used is electrostatic embedding (EE), which polarized the QM wave function:

υ
QM/MM
nucl =

M∑
A

∑
B∈MM

ZAqB
| RB −RA |

(3.18)

The vdW interaction can be expressed as:

υ
QM/MM
vdw =

∑
A>B

4εAB

[(
σAB
RAB

)12

−
(
σAB
RAB

)6
]

(3.19)

The parameters {εA, σA}A∈QM for QM atoms have to be known and the most common case is to use parameters

of the corresponding force �eld for the QM atoms.

Using equations 3.15 and 3.16 with Hamiltonians decomposition allow us to de�ne the total energy of a QM/MM

approach (Etotal) as a sum of QM energy (EQM ), MM energy (EMM ) and the interaction energy (EQM/MM ) be-

tween both part as:

Etotal = EQM + EMM + EQM/MM = EQMelec + EQMnucl + EMM + E
QM/MM
elec + E

QM/MM
nucl + E

QM/MM
vdw (3.20)

where, EQM/MM is de�ne as:

EQM/MM =

〈
Ψ

∣∣∣∣∣−
n∑
i

∑
B∈MM

qB
RB − ri

∣∣∣∣∣Ψ
〉

+ υ
QM/MM
nucl + υ

QM/MM
vdw (3.21)

where, the �rst term of the equation 3.21 is to calculate the electrostatic interaction with EE scheme.
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Chapter 4

Computational details

4.1 Optimization details

Quantum chemistry calculations were carried out using the density functional theory (DFT) for the lowest spin

state for each charge: singlet (spin equal zero) or doublet (spin equal 1/2). In particular, geometry optimiza-

tions were performed using the B3LYP functional, which combines the Becke's three parameter nonlocal hybrid

exchange potential80 with the nonlocal correlation functional of Lee, Yang and Parr.93This functional has been

used in combination with the 6-311++G(d,p) basis set. This basis set was optimized with Hartree-Fock method by

enriching it from 3-21G till 6-311++G(d,p). The latter basis gives much better energy stability order in comparison

with 6-31G(d,p) basis.94;95 Moreover polarization functions should be included for the correct description of the

bonding.96 The di�use functions present in a bigger basis set are used to describe properly the electronic density of

ionic forms of amino acids and were applied to all conformational study in this work for consistency. In addition,

the presence of di�use functions together with polarization functions has been shown to provide a better description

of the PES of glycine.97 This level of theory also has been shown to give accurate results for similar systems.30

Harmonic vibrational frequencies have been also evaluated at the same level to characterize minima and transition

states in the potential energy surface (PES) and to compute the Zero Point Energy (ZPE) correction. The absence

of �imaginary� frequencies in the calculated IR spectra was interpreted as standard condition to de�ne the point

on the potential energy surface as a minimum. On the other hand, the existence of just one �imaginary� frequency

was used as a criteria of the transition state geometry achievement. For the obtained transition states, intrinsic

reaction coordinate (IRC) calculations have been also carried out to verify the minima they connect.98 To �nd

the transition states we used the Synchronous Transit-Guided Quasi-Newton (STQN) method with two variations,

QST2 and QST3. The QST2 method uses the optimized structures for the reactants and products to generate the

transition state. The QST3 variation requires the optimized structures for the reactants and products and also the

input of a guess for the transition state.99;100 Using this methodology allowed us to describe and understand many

challenging reaction transitions. The transition states obtained with QST2 and QST3 methods were con�rmed by

IRC calculations. Ab initio molecular dynamics (AIMD) were performed using the Atom-centered Density Matrix

Propagation method (ADMP),83;101�103 with the same functional B3LYP but with basis set a slightly reduced to

6-31++G(d,p). All these calculations were performed using the Gaussian09 program.104 The methodology that

we have proposed to our systems seems to be adequate to obtain a compromise between CPU time and accuracy

and gave us a good agreement with the experimental results, allowing us to propose the fragmentations paths to

interpret the mass spectrum products after collisions.

4.2 Molecular Dynamics details (ADMP)

Atom�Centered Density Matrix Propagation (ADMP) dynamics were used with DFT framework , in principle

B3LYP functional with a basis set 6-31G++(d,p) (slightly reduced to compare to the PES study for glycine and
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β�alanine). This method allows to describe the state of molecular system with suitable accuracy using smaller

number of basis functions.101

The main disadvantage of using ADMP molecular dynamics, as it has been showed previously for the generalized

valence bond (GVB) and HF framework, could be the existence of a problems with energy conservations.105 Due

that problem we decided to carefully investigate our system in terms of energy conservation. For �xing this problem

we decided to choose the right set of parameters. To do this, we performed molecular dynamics simulations starting

from the geometry of the most stable neutral isomer of glycine with di�erent values of the time step ∆t (fs) and

�ctitious mass µ(amu). We run all our simulations up to t=200 fs and with nuclear kinetic energy NKE=0.005

amu. (table 4.1).

Fictitious mass µ(amu)
0.1 0.2 0.15 0.11 0.09 0.05

T
im
e
st
ep

∆
t
(f
s) 0.1 0.1fs0.1amu 0.1fs0.2amu 0.1fs0.15amu 0.1fs0.11amu 0.1fs0.09amu 0.1fs0.05amu

0.2 0.2fs0.1amu 0.2fs0.2amu 0.2fs0.15amu 0.2fs0.11amu 0.2fs0.09amu 0.2fs0.05amu
0.15 0.15fs0.1amu 0.15fs0.2amu 0.15fs0.15amu 0.15fs0.11amu 0.15fs0.09amu 0.15fs0.05amu
0.11 0.11fs0.1amu 0.11fs0.2amu 0.11fs0.15amu 0.11fs0.11amu 0.11fs0.09amu 0.11fs0.05amu
0.09 0.09fs0.1amu 0.09fs0.2amu 0.09fs0.15amu 0.09fs0.11amu 0.09fs0.09amu 0.09fs0.05amu
0.05 0.05fs0.1amu 0.05fs0.2amu 0.05fs0.15amu 0.05fs0.11amu 0.05fs0.09amu 0.05fs0.05amu

Table 4.1: Combination of parameters ∆t (fs) and µ (amu).

This study allowed us to choose the optimal set of parameters (∆=0.1 and µ=0.1 as well) for this kind of

systems. We shown the energies (in eV) versus trajectory time (in fs) that allow us to choose the best parameters

combination (∆t and µ) and keep the constancy in total energy (�gure 4.1), electronic kinetic energy (�gure 4.2)

and nuclear kinetic energy (�gure 4.3).

The nuclear and electron kinetic energy increases rapidly over the �rst 40 fs of simulation suggesting that a large

structural changes occur. These changes, as we can observe in the dynamics, are due to the Coulomb explosion

leading to two separated fragments. The big step at 40 fs for both nuclear and electronic kinetic energy is very

similar in all cases. As we expected, changing the �ctitious mass and time step does not a�ect on nuclear energies

at all. In case of electronic kinetic energies we can see that, as smaller �ctitious mass as better, but µ = 0.05

amu together with ∆t = 0.2 fs caused explosion of the system in the �rst fs of simulation. Electron kinetic energy

is stable as we could expect, since the temperature is directly proportional to the kinetic energy, should be also

stable. For ∆t = 0.1 and µ = 0.1 amu conservation of energy is acceptable and we do not need the better accuracy,

saving computational time. Increasing kinetic energy is observed together with decreasing potential energy of the

system (now shown in the manuscript). This could be explained due to the electrostatic energies changes, which

are potentials, depending on localization of the charges. When we start the simulations from the neutral conformer

and change the spin and charge, the system changes the geometry and/or undergo fragmentation. The charge is

distributing all over the molecule or into two separated fragments, which makes the electrostatic interaction lower.

Because of that the system is more stable and the potential energy decreases together with increasing the kinetic

energy. In the plots of the total energy conservation in the �rst 200 fs, changing the time step for all chosen values

of �ctitious mass, we can see, that the choice of the previous values of the parameters looks reasonably. The black

curves, parallel to x�axes represent the highest and the lowest energy value for µ = 0.1 amu with di�erent value of

time step. Small di�erences allowed us to choose both parameters.
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Figure 4.1: Total energy as a function of time for di�erent time steps and �ctitious mass.
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Figure 4.2: Electronic kinetic energy as a function of time for di�erent time steps and �ctitious mass.
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Figure 4.3: Nuclear kinetic energy as a function of time for di�erent time steps and �ctitious mass.

4.3 Molecular Dynamic (classical) and QMMM1 details.

During the European Master in Theoretical and Computational Chemistry I had an opportunity to be part of the

group of professor Maria João Ramos. During 3 months stay, using the knowledge and the experience of professor

Maria João Ramos in Molecular Modelling, I learned how to work with big systems, like clusters of β�alanine, which

can not be treated at a quantum level. To study that �eld of research we decided to use classical molecular dynamic

and Quantum Mechanics/Molecular Mechanics (QMMM) approaches. We wanted to simulate the experiment in

which the clusters of β�alanine are produced at a given temperature. Later they are ionized and di�erent reactions

1In this thesis we do not present the results of calculations at this level of theory. This method will be consistently applied to
investigate the clusters of β�alanine in the future study.
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are observed, where the most abundant is emission of neutral moiety with m=18 amu.

We used the general amber force �eld (ga�)90 with the RESP charge91 for the most stable neutral β�alanine

conformer taken from the conformational study (chapter 5.1). β�alanine is not a standard amino acid, because of

that we had to create the topology �les. The topology �les have to be created in a speci�c way allowing AMBER

package to recognize it. Via that fact we have to de�ne the atom numbers in the proper arrays which describe

bonds, angles, dihedrals and parameters, in other words creating prmtop and inpcrd �les:

� prmtop: the parameter/topology �le, which de�nes the connectivity and parameters for a molecule. This

informations are static and do not depend on the changes occurring during the MD simulations.

� inpcrd: the coordinates �le (optionally contain informations about box coordinates and velocities). This

informations are dynamic and change during the simulations.

The procedure to obtain this two �les preformed with antechamber tools for the general amber force �eld (ga�) is

as follow:

1. Build BAL.pdb �le from optimized the most stable neutral β�alanine conformer a1.

2. Create BAL.mol2 �le.

3. Generate gaussian input �le: BAL.gcrt using antechamber tools:

(a) antechamber -� mol2 -fo gcrt -i BAL.mol2 -o BAL.gau

(b) reoptimize the β�alanine conformer at HF/6-31G* SCF=tight Test Pop=MK iop(6/33=2) iop(6/42=6)

opt level of theory to get gaussian output BAL.out

4. Generate residue topology �le BAL.prepi using gaussian output after reoptimization if we want to use RESP

charge and amber atom types:

(a) antechamber -� gout -fo prepi -i BAL.out -o BAL_resp.prepi -j both -at amber -rn BAL

5. Generate an ac �le BAL_resp.ac from gaussian output �le BAL.out:

(a) antechamber -� gout -fo ac -i BAL.out -o BAL_resp.ac

6. Extract resp charge to a charge �le BAL.crg from BAL_resp.ac

(a) antechamber -� ac -i BAL_reap.ac -c wc -cf BAL.crg

7. Read in BAL.crg and BAL.mol2 and generate an ac �le BAL.ac:

(a) antechamber -� mol2 -i BAL.mol2 -c rc -cf BAL.crg -fo ac -o BAL.ac

8. Determine the atom type for ga� BAL_ga�.ac

(a) atomtype -i BAL.ac -o BAL_ga�.ac -p ga�

9. Generate residue topology �le BAL.prepc with format tag (-f) of �car� in the cartesian prep input �le:

(a) prepgen -i BAL_ga�.ac -o BAL.prepc -f car

10. Checking the missing force �eld parameters and generate additional force �eld �le BAL.frcmod

(a) parmchk -i BAL.prepc -o BAL.frcmod -f prepc

11. Having BAL.prepc and BAL.frcmod we can use xleap106 to generate the topology �les for sander (BAL.prmtop

and BAL.inpcrd):
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(a) source leaprc.ga�

(b) loadamberparams BAL.frcmod

(c) loadamberprep BAL.prepc

(d) bal = loadpdb BAL.pdb

(e) solvatebox bal BAL 8.0

(f) saveamberparm BAL BAL.prmtop BAL.inpcrd

After having the topology �les with the general amber force �eld parameters we run classical MD in gas phase

for neutral cluster of β�alanine with size 2,3,4,5,6,7,8,9,10 and 20 at di�erent temperatures: 300K, 373K, 423K,

443K, 463K, 498K. Classical Molecular Dynamics were used to determine the average structure of the neutral

clusters as a function of temperature. To perform these simulations we used Assisted Model Building and Energy

Re�nement86�89 (AMBER9) program. Later we took the geometry of average structures from the classical molec-

ular dynamics with the smallest RMS of atomic displacement for each cluster size for each temperature. That

procedure was successfully applied with the ptraj tool. At �rst we generated the average structure with transla-

tion and rotation aspects, which de facto is just the average of the coordinates during the trajectory. Averaging

coordinates does not give physically meaningful structure. Because of that we generated average structure with

mass weighted RMS �t of every frame to previously calculated average structure. That treatment is commonly

used and allow to remove the rotation and translation aspects. In that manner we generate the average structures

for 2,3,4,5,6,7,8,9,10 and 20 neutral cluster of β�alanine (chapter 7).

Later we performed optimization at quantum level for structures of (β�Ala)n, for n≤5. Before the optimization
at DFT level we have to decide which functional we are going to use. For molecular structures containing strong

intramolecular and intermolecular hydrogen bonds like in case of clusters of β�alanine deviations in their energetic

ordering occur, which are traced back to di�erent treatments of spatial non�locality in the exchange�correlation

functional.107 Because of that we did extensive study of the suitable functionals choosing dimer of β�alanine as a

representative system. First of all, using gaussview program we create 3 very di�erent in geometry dimers and we

performed geometry and harmonic vibrational frequencies calculations using the most popular B3LYP functional

with the 6-311G++(d,p) basis set as a starting point to further calculations. The �nal structure and nomenclature

is shown in �gure 4.4:

Figure 4.4: Optimized geometries for the three conformers: dim1, dim2 and dim3 of β�Ala at the B3LYP/6-311++G(d,p)
level of theory.

In the calculations of the total energies and structural optimizations we employed other functionals with the

same 6-311G++(d,p) basis set:

� hybrid: B3LYP,80;93;108 B3LYP with Grimme's D3 dispersion,109 M06 and its variation M062X;110
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� hybrid-meta: MPWB1K;111

� dispersion: B97D;112

Geometry optimizations and harmonic vibrational frequencies calculations at the MP2/6-311++G(d,p) level of

theory were also performed, as well as single�point energy calculations at the CCSD(T)/6-311++G(d,p) level over

the geometry optimized at the MP2/6-311++G(d,p) level. All valence electrons were correlated at the MP2 and

CCSD(T) levels of theory. The relative energy of the used functionals as well as MP2 with respect to CCSD(T)

with the 6-311++G(d,p) show that for dimers of β�alanine M06 tends to give results in much better agreement

with CCSD(T) than B3LYP, B3LYP with Grimme's D3 dispersion correction, M062X, MPWB1K, B97D or MP2.

On the other hand, the e�ect of further enlarging the basis set has been analyzed by performing calculations with

the augmented aug-cc-pVTZ basis sets.113 All the results for three dimers in the table 4.2.

Level of theory

Isomer B3LYP B3LYP+Grimme M06 M062x MPWB1K B97D MP2 CCSD(T) CCSD(T)/cc-pVTZ
dim1 6.72 6.70 9.54 11.66 8.84 11.88 -0.93 9.24 9.63
dim2 -1.60 -2.72 2.54 5.07 0.94 4.63 -7.50 3.26 2.42
dim3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table 4.2: Relative Energies (∆E) in kcal mol−1 at di�erent levels of theory.

Taking into account this previous study, based just on three dimers (dim1, dim2, dim3) we decided to exclude

the follow functionals: B3LYP+Grimme, M062x, MPWB1K, B97D in the next study. Enlarging the basis set

in the CCSD(T) calculations do not change the ordering and relative energy is almost the same as in case of

CCSD(T)/6-311++G(d,p). Perfect agreement in terms of energy we can observe for M06 functional with respect

to the CCSD(T) results. The latter functional has been chosen as the most appropriate for the optimization of

cluster of β�alanine.
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Chapter 5

Glycine

In this chapter we present an extensive conformational study of the neutral, cation and dication isomers of glycine

in the gas phase. Isomerization of cations and dications, as well as their unimolecular decomposition were also

studied. Both processes are presented in this chapter.

5.1 Conformational study

Geometry optimization is a key step to investigate the molecular structure, reactivity and fragmentation in all

theoretical studies. To �nd equilibrium geometries we used ab initio molecular orbital density functional theory with

analytical energy derivatives; methods that have been employed over the last decades. Our conformational study

is based on these methods to �nd features such as minima, transition states and reaction paths.114 Reaction path

means the process that can be described by �connections� of all chemical species that appear in the fragmentation.

Connections mean trajectories in which the whole molecular entity travels through the potential energy surface

(PES) at a given velocity (changing the nuclear kinetic energy, NKE) until the desirable products are obtained

or the reaction is complete. This was studied by ab initio molecular dynamics. However, it can be simpli�ed by

optimization methods and can be reduced to an exploration of the critical points in the PES115. This idea considers

that reactants and products are connected by the line in the con�guration space. Furthermore, all stationary points

on the PES are described by minima and saddle points (the transition structure) and show the conformational

rearrangement as well. This is the key step to reduce computational time and predict the most favorable structures

and fragmentation channels.

We used the nomenclature showed in the table 5.1, for example g9+ means glycine cation number nine. We

also kept the same numeration for the same neutral, cation and dication conformers for glycine and β�alanine i.e.

if it exists one structure with the suitable geometry for neutral, cation and dication it will be called with the same

number in the name: e.g. g3, g3+ and g32+, respectively.

Shortcut Meaning

g glycine
a β-alanine
f important fragment
m minor minimum
ts transition state
f1 NH2CH2

f2 COOH
f3 NHCH
f4 NH2CHCO
f5 NH2CHCH2CO

Table 5.1: Nomenclature
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Figure 5.1: Optimized geometries for the neutral isomers of glycine at the B3LYP/6-311++G(d,p) level of theory. Relative
energies (∆E) in kcal mol−1 with respect to most stable neutral (g1).

Using previous works by Mariona Sodupe et al.31 and Attila G. Császár et al.116, we have chosen eight con-

formers of neutral glycine and one geminal diol form (g9). As it was shown in the previous paper31, the B3LYP

functional in combination with the 6-31++G(d,p) basis gives relative energies in good agreement with single

point calculations using coupled cluster method over geometries optimized at the MPWB1K/6-31++G(d,p) level

(CCSD(T)/aug-pVTZ//MPWB1K/6-31++G(d,p)). Because of that we decide to use B3LYP/6-311++G(d,p) to

re�optimize the structures. The results are shown in �gure 5.1.

All conformers between g1 and g7 present the canonical structure of glycine and lie under 7 kcal/mol energy

range. g8 isomer looks very strange and it appears in �gure 5.1 just to show, that g9 (the geminal diol) is even

less stable (26.57 kcal/mol) that the mentioned one (24.38 kcal/mol). That stability will change drastically after

ionization, especially for doubly ionized glycine isomers, as we can observe in �gures 5.2 and 5.4.

Starting from the geometry of the neutral conformers, we extract one electron and obtained six cations: g2+,

g3+, g4a+ , g4b+, g6+, g9+. In our exploration of the potential energy surface (PES) we get other minima (�gure

5.2). 4E less than 45 kcal mol−1 for neutral conformers (≈2 eV) gives us certainty to populate the enols forms

of glycine cations (g9+ and g10+)13. Looking on the PES for isomerization of cations (�gure 5.3), we can observe

that theoretically all the conformers can be populated because minima+ and ts+ are close to the value described

by Depke at al117 (≈2 eV).

We used all minima (g+) and transition states (ts+) to build the PES for isomerization of cations (�gure 5.3).

We also calculated the 1st vertical ionization potential of the most stable neutral conformer (g1), which can be

used as the reference energy entrance channel in single ionization. We can observe that removing an electron from

neutral glycine leads to meaningful structural changes that depend strictly on the starting geometry of the amino

acid. Starting from conformers g1, g3 and g5 we obtained the same conformer g3+. Glycine number nine (g9),

despite its low stability in the neutral form, after extracting one electron (g9+) became the most stable cation

(�gure 5.2). This does not mean that g9+ comes only from its neutral equivalent. This is due to the fact that

ionization of glycine can lead to ultrafast hydrogen transfer leading to the diol cation. The extra stability of g9+

can be explained through the core�core and lone pair�lone pair repulsion together with hydrogen atom�lone pair

stabilizing interaction that this structure shows, and that correspond to the global minimum.13 In consequence, it

has minimal destabilizing e�ects of the well�organized lone pairs and hydrogen cores. We can also observe a very
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Figure 5.2: Optimized geometries for the cation isomers of glycine at the B3LYP/6-311++G(d,p) level of theory. Relative
energies (∆E) in kcal mol−1 with respect to most stable cation (g9+).

stable g10+ isomer, which has almost the same geometry as g9+: both are geminal di�enols forms with planar

nitrogen and with di�erent position of one hydrogen atom in one of the hydroxyl groups. The planar arrangement

can be explained through an extra π conjugation (�gure 5.2). Isomer g9+has also C1 symmetry and presents

a 2A ground electronic state. Despite of the problems of using the Mulliken population analysis,118 including

large changes of the computed atomic charges with small changes in the basic basis sets and the overestimation

of the covalent character of a bond, we employed it for the most stable isomer�g9+. The Mulliken population

analysis indicates that the radical character mainly lies on nitrogen (0.30) and one oxygen (0.2), whereas the

positive charge is mainly located at both hydrogens from hydroxyl groups (0.32 and 0.31). The one positively

charged group OH+ of g9+acts as proton donor in an intramolecular hydrogen bond with the NH2 group. Through

ts1+and intramolecular hydrogen transfer with ts2+ leads to isomer g11+, where we can obtain any of stationary

points on the PES. It is observed (�gure 5.3) that the two isomerizations g10+ −→ g16+ and g9+ −→ g18+

present a quite high energy barrier, 10.78 eV and 11.15 eV, respectively. This is due to the fact that both of them

correspond to 1,2�H transfers, which require high geometry distortions. In contrast, the isomerizations g9+ −→
g10+ and g10+ −→ g11+ have signi�cantly much smaller barriers, 8.28 and 9.04 eV. In the �rst case we observe

just one hydroxyl group rotation, changing the position of one hydrogen and, in the second case, 1,4�H transfer.

1,4�H transfer is also observed for isomerization g3+(NH2CH2COOH+) to g16+ (NHCH2C(OH)+2 ) with a very �at

transition state (ts15+= 9.49 eV). These migrations are very easy to obtain and do not require large geometry

distortions. On the other hand, 1,3�H transfer rearrangement, not observed in �gure 5.3, should be even more

energetically demanding that the three mentioned above.15 It is remarkable that some regions of the PES are very

soft: (g2+^ts11+^g15+ ^ts10+^g14a+ ^ts9+ ^g14b+); and particularly (g13+^ts13+^g3+).

Optimized rotamers of neutrals and cations were used as starting geometries to generate the dications by varying

the necessary dihedral angles, hydrogen positions and bonds length. Extracting two electrons, we obtained just

one conformer g92+, a geminal dienol structure. The rest of dications of glycine su�er Coulomb explosion during

the optimization process, when we start with the neutral isomers. Three of the isomers that we found come from
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the cations (g102+, g122+, g182+) and the rest of the isomers are new structures (�gure 5.4), found during the

exploration of the PES. All of them are shown in �gure 5.4.

Figure 5.4: Optimizied geometries for the dication isomers of glycine at the B3LYP/6-311++G(d,p) level of theory.
Relative energies (∆E) in kcal mol−1 with respect to most stable dication (g92+).

We used all minima (g2+) and transition states (ts2+) to built the PES for isomerization of dications (�gure

5.5). We also calculated the �rst and second vertical ionization potentials (1 st and 2nd VIPs) of the most stable

neutral conformer (g1), which can be the reference for energy entrance channel for double ionization leading to

dication g2+. As we can observe on �gure 5.5, the neutral system after ionization have to evolve via intra�molecular

H migration keeping the two charges on the molecule. H can be transferred from:

� Cα once to produce the forms: NH2CHC(OH)22+ (g92+), NH3CHCOOH2+ (g122+), NH2CHCOOH2
2+(g202+);

� Cα twice: NH2CC(OH)(OH2)2+ (g232+), NH3CC(OH)22+ (g242+);

� N: NHCH2C(OH)22+ (g182+);

� Cα once + N: NHCHC(OH)(OH2)2+ (g252+);

� or Cα twice + N: NHCC(H)(OH)(OH2)2+(g222+).

It is easy to notice that the minima obtained after single H transfer are more stable than those obtained after

double proton transfer. Additionally, H transfer in g9+ from Cα to the direction of carboxyl group (ts222+=24.98

eV) dominates over H transfer in g10+ from Cα to the direction of amino group (ts282+=25.73 eV). It can be

explained considering the radical character of ionized glycine. For that conformers the radical character is mainly

located on Cα and the acidity of the amino group is higher. Because of that the hydrogen bond in the NH2 group

becomes strengthened. Moreover, the proton from Cα prefers to move to the oxygen (ts222+=24.98 eV) rather
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than to the nitrogen atom (ts282+=25.73 eV). It can be explained due to the decreasing basicity of the amino

group that caused the elongation of the intramolecular hydrogen bond. Isomer g92+ is signi�cantly more stable

than any other ionized glycine isomer. The signi�cant di�erences between the stability of dication conformers

provide also an idea of the water loss process. The H transfer from one hydroxyl group of the enol to another

hydroxyl group presents the lowest energy hydrogen migration barrier and leads to the g202+ isomer. Metastable

conformer g202+ can easily loss neutral water leading to the doubly charged fragment NH2CHCO2+(�gure 5.14).

Preferable isomerization leading to one of the metastable conformers of glycine dications with the �OH2 group

goes through hydrogen transfer from one hydroxyl group to another (ts232+) and it is evidently more probable

than 1,3�H transfer going through ts222+ (it presents a lower barrier). It is worth to mention that the most stable

glycine ion g92+ does not isomerize to any other dicationic form with the exception of the less stable g102+, with a

slightly di�erent position of the hydrogen atom. Both isomers lie in a narrow energy range. It has to be mentioned

that structures g92+ and g102+ looks like the one which presents a two�center three�electron bond between the

OH and NH2 groups. The relative stability of these structures is found to be over stabilized by the DFT methods

due to an overestimation of the self interaction of the exchange energy.119;120

Figure 5.5: Stationary points on the isomerization part of the PES corresponding to the minima and transitions states of
glycine dication. Relative energies (∆E) in eV with respect to most stable neutral glycine (g1).

5.2 Unimolecular decomposition

5.2.1 Experimental results

The experiments were performed at the Univeristé de Caen Basse�Normandie in Caen, France by Sylvain Maclot,

Dr. Alicja Domaracka, Dr. Patrick Rousseau, Prof. Lamri Adoui and Prof. Bernhard A. Huber. The experimental
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details can be found in121. The experiments consist in collisions of Xe25+ with glycine molecules in the gas phase.

Charged molecular species are created in these collisions and analyzed with a time�of��ight mass spectrometer.

Time-of-�ight spectra are recorded in an event-by-event mode allowing to measure the correlation between the

charged fragments proceeding from a single ion-molecule collision.121

Signals for glycine cation fragmentation are observed in �gure 5.6. They were associated with the fragmentation

patterns calculated on the PES for the cation (table 5.2) and will be explained in detail in the next section.
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Figure 5.6: Mass spectrum of the cationic products obtained by fragmentation of the glycine cation in two charged
fragments after the interaction of neutral glycine with Xe25+ ions at the energy of 387.5 keV.

The most important channel in glycine cation fragmentation corresponds to Cα�Ccarboxylic bond cleavage. The

charge �prefer� to stay on the fragment containing the amino group (NH2CH+
2 ) as shown by the high intensity

of the peak at m/q=30+ amu. COOH+ fragment at m/q=45+ amu is only a minor channel in single ionization

process. Further fragmentation of NH2CH+
2 is clearly observed in the experiment (peaks at m/q=29+ and 28+

amu are observed). We made a zoom in one of the regions of interest of �gure 5.6, where we can see small peaks

at m/q=57+, 55+ and 54+ amu. In fact singly�charged glycine is also observed in the spectrum (m/q=75+ amu).

The assignation of these signals in the table is explained in the subsection 5.2.2.

Peak Assignation

30 NH2CH+
2 (f1+)

28 NHCH+ (f3+)
45 COOH+ (f2+)
75 g+

57 NH2CHCO+

55 HNCCO+

54 NCCO+

Table 5.2: Assignation of the peaks corresponding to the regions of interest in the mass spectrum for glycine cation (see
�gure 5.6).

For glycine dication the most important peaks observed in the experiment are presented in the so�called 2 stop

mass spectrum (�gure 5.7) and in the coincidence map (�gure 5.8). We assigned the main peaks observed in these
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spectra in table 5.3 with a map of the fragmentation channels computed on the PES for dications (section 5.2.3).
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Figure 5.7: Mass spectrum of the cationic products obtained by fragmentation of the glycine dication in two charged
fragments after the interaction of neutral glycine with Xe25+ ions at the energy of 387.5 keV.

Figure 5.8: Coincidence map for the fragmentation of the glycine dication in two charged fragments after the interaction
of neutral glycine with Xe25+ ions at the energy of 387.5 keV. The time-of-�ight (in ns) of the heavier fragment (TOF2) is
plotted as a function of the time-of-�ight of the lighter one (TOF1).
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M1 M2 Relative intensity Assignation

28 45 100% NHCH+ + COOH+

28 30 75.4% CO+ + NH2CH+
2

28 29 64% NHCH++COH+/CO+ + NH2CH+

1 12 63.7%
1 28 51.2%
1 16 50%
12 16 39.2%
30 31 38.5%
30 45 38.2% NH2CH2

++COOH+

29 45 32% NH2CH+ + COOH+

29 30 30.5% COH+ + NH2CH+
2

30 32 29.6%
18 28 27% H2O+ + NHCH+

Table 5.3: Assignation of the correlation islands corresponding to the regions of interest in the coincidence map for glycine
dication. Relative intensities are given in percentage of the total intensity of the map.

5.2.2 Cation

Glycine cation, despite its high stability (seventeen structures observed match to the peak at m/q=75+ amu) breaks

up mainly into two fragments: NH2CH+
2 /COOH (�rst fragment, f1+/second fragment, f2) or NH2CH2/COOH+

(f1/f2+) with di�erent charge distribution, corresponding to the signals at m/q=30+ amu and 45+ amu respectively

(�gure 5.9). This is explained due to the extra stability of NH2CH2
+and COOH+, where the �rst pathway is

about 2 eV lower in energy than the second one. A very intense peak at m/q=30+ prevails over 45+ amu in the

experiment. This is consistent with the energy required to create the immonium and carboxylic ions, indicating that

our theoretical calculations are in agreement with the mass spectrometry experiments and with previous studies.30

Figure 5.9: Fragmentation from glycine cation (g3+). 1st VIP from g1 is given as entrance channel. Relative energies
(∆E) in eV with respect to most stable neutral glycine (g1).

To interpret the experiments we also calculated the fragmentation of NH2CH+
2 . We can observe that other

intense peak m/q=28 amu appears in the experiment. We assign this peak to loosing hydrogen molecule from

NH2CH+
2 leading to NHCH+ (f3+) + H2 (�gure5.10). It is 3.86 eV higher in energy and indicates that in many

cases the produced NH2CH+
2 posses enough internal energy to break continuously (�gure 5.10). These channels

appear as a result of the cleavage of the Ccarboxylic�Cα bond and are also observed in the experiment with high

intensities: 30+, 28+ and 45+. In general, these ions are the characteristic features obtained in the fragmentation of

ionized α�amino acids.24;122;123 Other channels are much higher in energy and, even without consideration of any

barriers, lead to loss of neutral hydrogen from carbon or nitrogen side, 4.99 eV and 5.11 eV respectively. Figure 5.10
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also presents dehydrogenation process which is very similar to the deprotonation�textbook example of, probably,

one of the most important and one of the most extensively studied site�selective process among the reactions of

organic radical cations. In the gas phase hydrogen atom loss may be the favorable process but in halocarbons or

solid rare gases deprotonation will be favorable because of a large gain in polarization energy. As it is observed in

this manuscript, the concept of selective bond weakening is also appropriate to the backbones in the radical cation

and dication amino acids. Large elongation and weakening of the speci�c C�C σ�bond upon ionization has been

reported for linear and branched pentanes124 and alkanes.125

Figure 5.10: Fragmentation of NH2CH2
+. Relative energies (∆E) in eV.

In �gure 5.11 we can observe that easily we can get to the NH2CHCO++H2O from g13+, after obtaining a

weakly�bounded molecule (m1+) and removing water molecule. This structure is rather stable (9.28 eV) and is

found to readily equilibrate to m2+ prior to dissociation. The latter can loss hydrogen molecule with a quite high

barrier (13.43 eV) leading to HNCCO+(m/q=55+ amu) and �nally complete the fragmentation path at m/q=54+

amu corresponding to linear NCCO+ [+H2 +H +H2O] (m/q=54+ amu), lying around 5 eV higher than the

entrance channel. Since the peak at m/q=54+ amu is observed in the experiments, it shows that the excitation

energy on the glycine molecule in the collision is at least of 5 eV.
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Figure 5.11: Additional fragmentation path of glycine cation. 1st VIP from g1 is given as entrance channel. Relative
energies (∆E) in eV with respect to most stable neutral glycine (g1).

5.2.3 Dication

In �gure 5.12 we can observe the direct fragmentation into two charged fragments NH2CH2
+ (f1+) and COOH+(f2+)

m/q=(30+/45+) after Cα�Ccarboxylic break, which is the most characteristic fragmentation path of doubly�charged

amino acids. Both ions are produced with enough internal energy to follow subsequent fragmentation, leading to

loss of neutral moieties (H, H2, O, OH):

NH2CHCOOH
2+
2 −→ COOH+ +NH2CH

+
2 −→ COOH+ +NHCH+ +H2 (45+/28+) (5.1)

NH2CHCOOH
2+
2 −→ COOH+ +NH2CH

+
2 −→ CO+ +OH +NH2CH

+
2 (28+/30+) (5.2)

NH2CHCOOH
2+
2 −→ COOH+ +NH2CH

+
2 −→ COOH+ +NH2CH

+ +H (45+/29+) (5.3)

NH2CHCOOH
2+
2 −→ COOH+ +NH2CH

+
2 −→ COH+ +O +NH2CH

+
2 (29+/30+) (5.4)

Exploration of the PES reveals that the corresponding transition states and �nal products are below the energy

of the entrance channel, explaining why channels 5.1 and 5.2 correspond to the most intense peaks observed in

the experiment (�gures 5.8 and 5.6). Note that g2+ is produced in a collision with a very energetic ion, so it is

reasonable to assume that the produced fragments have enough internal energy to overcome the barriers needed

to reach not only the four fragments mentioned above, but also 29+/28+, 28+/28+, 27+/28+ fragments (�gure

5.12). In this respect, it is worth to mention that, for 5-fold ionization of Na clusters in collisions with Xe20+, the

measured transfer of energy can be as high as 4 eV.126

In addition, on the left�hand side in �gure 5.12 we can observe the competitive pathways leading to the creation
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of an enol form of dicationic glycine and to NH3CHCOOH2+(g122+). In comparison with the most probable

channel�Coulomb explosion, the production of stable dicationic forms of glycine (g92+, g102+, g122+) is at least

3.36 eV higher in energy. We should also mention that we calculated all the possible ways of loosing a neutral

radical or cation i.e. COOH++NHCH++H2, COOH++NHCH+H+
2 or COOH+NHCH++H+

2 but only the most

stable are reported. The preferences of loosing neutral radical or cation can be explained analyzing the value of

the ionization potential of the created species. In general, the more favorable process is the one leaving the charge

on the fragment with lower ionization potential. This is a general conclusion reported by Simon at al.15 and is

con�rmed in every further fragmentation pathway.

Figure 5.12: Fragmentations of dication of glycine in the wake of Coulomb explosion. Relative energies (∆E) in eV with
respect to most stable neutral glycine (g1).

According to our results (�gure 5.4), the dienol dication is signi�cantly more stable than the other conformers

and as shown in �gure 5.12, it is slightly less stable than the typical Coulomb explosion (NH2CH2
+ + COOH+). The

stability of doubly charged glycine diol requires an extra study in order to check if the structure can readily support

di�erent fragmentation channels, in addition to the Coulomb explosion NH2CH2
+ + COOH+. Starting from diol

g92+ we calculated �ve possible channels, four are shown in �gure 5.13 and one in �gure 5.14. The latter corresponds

to water loss, which remains the favored fragmentation pathway. We �rst focus on �gure 5.13, where the channel

with the lowest barrier (ts212+ = 25.75 eV) lead us to the same fragments as direct Coulomb explosion: NH2CH2
+

and COOH+ m/q=(30+/45+). The same signal m/q=(30+/45+) can be obtained with a slightly higher transition

state ts232+(26.65 eV) leading to the metastable fragment [H2· · ·NHCH]+. The complementary and structurally
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indicative fragments NHCH+/HC(OH)2+ m/q=(28+/47+) and NH2CH+/C(OH)2+ m/q=(29+/46+) also appear

in the experiment but are less abundant than those coming from the Coulomb explosion. Moreover, HC(OH)2+

can isomerise to HOCOH2
+(m/q=47+) and easily loss neutral water: NHCH++ COH+ + H2O (m/q=28+/29+

with 21.79 eV) or ionized water: NHCH++ COH + H2O+ (m/q=18+/28+ with 26.11 eV). These channels are

both accessible from the point of view of the entrance channel energy and the �rst one should be observed with

quite higher probability. The most intense peak in the coincidence map m/q=28+/45+ amu can be also obtained

from dicationic diol form with small energy barriers (26.07 and 22.10 eV)−→COOH++NHCH++H2. Furthermore,

in �gure 5.13 we can also observe three di�erent channels leading to the signal at m/q=28+/29+ amu. The lowest

in energy is described above. The two others should not be accessible or very improbable because they need to go

through many isomerization steps: C(OH)2++ NH2CH+−→H2OCO++ NH2CH+−→H2O + CO++ NH2CH+at

25.17 eV (unset in �gure 5.13) or they are very high in energy NHCH++ COH++ H2+ O (29.38 eV).

(1)

(1)

Figure 5.13: Fragmentations of dication of glycine: Coulomb explosion versus �enol� fragmentation paths. Relative energies
(∆E) in eV with respect to most stable neutral glycine (g1). Inset (1): Isomerization of C(OH)2+. Relative energies (∆E)
in eV.

In the inset in �gure 5.13 we can observe that C(OH)+2 can easily isomerize. However, the isomerization leading

to the form which can loss carbon monoxide requires a three step reaction and 2 eV of internal energy. The most

favorable process is isomerization to the structure found at 0.52 eV lower in energy than the molecule obtained

after direct Coulomb bond breaking.

The high stability of glycine diol dications after ionization can be proved analyzing the further fragmentation

mechanism theoretically predicted. The main attention of �gure 5.14 should be paid on the very stable dication

NH2CHCO2+ (m/q=28.5+ amu), which is obtained after water loss from g202+. The peak at m/q=28.52+ amu

is observed in the experiment, con�rming the mechanism proposed here. Additionally, fragmentation of this

structure allowed to construct of the potential energy diagram which describes the participation of three other
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dicationic forms: NH2CH2+(14.5+), HCO2+(14.5+) and HNCCO2+(27.5+) also measured in the coincidence map.

Moreover, signals at m/q=18+/57+ and 18+/55+, are again observed in the experiment; As shown in �gure 5.14

they correspond to H2O++NH2CHCO+. These fragmentation channels appear due to the competition between

loss of the neutral water and the singly charged one:

NH2CHC(OH)2+
2 −→ NH2CHCO

2+ +H2O (28.52+) (5.5)

NH2CHC(OH)2+
2 −→ NH2CHCO

+ +H2O
+ (18+/57+) (5.6)

The dehydratation process can occur following two paths, one of which should be favored because it requires

less energy (ts at 23.02 eV). Dehydration from the diol explains the peaks at m/q = 28.52+ and 18+/57+, which

depends on the charge distribution after fragmentation. Charge can be localized on NH2CHCO2+ or separated

between NH2CHCO+and H2O+. These species can only be produced if one considers atomic rearrangement before

Coulomb explosion. Thus, this detection is an experimental evidence of the intramolecular H transfer. Previous

studies observing the peak at 28.5 amu127 proposed a direct loss of OH and H from g2+ ; this route would require

much more energy than the two�steps mechanism proposed here: isomerization + neutral water loss. Starting from

the dehydrated cation, NH2CHCO+, a dissociation channel is found with one path sensibly favoured. On the other

hand, starting from NH2CHCO2+ we can distinguish 5 pathways: three paths lead to m/q=28+/29+ amu, one

path to m/q=14.52+ amu and the last one to 27.52+ amu. Thus, the follow fragmentation of aminoketene dication

(NH2CHCO2+) leads to loss of CO, CO+ or H2 processes, which are also in competition:

NH2CHCO
2+ −→ NH2CH

2+ + CO (14.52+) (5.7)

NH2CHCO
2+ −→ NH2CH

+ + CO+ (29+/28+) (5.8)

NH2CHCO
2+ −→ NHCCO2+ +H2 (27.52+) (5.9)

CO and H2 loss from the aminoketene dication explain the peaks at m/q=14.52+ amu and m/q=27.52+ amu in
the experiments, processes 5.7 and 5.9 respectively .

It is worth noting, however, that the NH2CHCO2+ presents an energy that makes it accessible from the entrance

channel but its possible dissociation pathways appear above this energy. Formation of HNCCO2+ and NH2CH2+

become accessible channels if we assume that part of the population of initial doubly�charged glycine is formed

with an internal energy of ≈2.2 eV. Thus, the computational study shows that for the formation of the observed

doubly charged species, the excited aminoketene dication plays a central role. The characteristic (14.52+ and

27.52+) peaks can be only explained in coincidence with the very stable NH2CHCO2+ structure, and do not come

from the typical Cacid�Cα bond cleavage. It has been found that these two NH2CHCO+ and NH2CHCO2+ ions

do not appear in other reaction channels, neither with the Coulomb explosion nor with any of the canonical nor

NH3CHCOOH glycine fragmentation structure. Such characteristics suggest that the typical signals observed in

the experiment (28+/29+) can be associated to fragments coming from fragmentation of NH2CHCO2+ as well, and

their presence should be consider in addition to the previous typical fragmentation paths.

The origin of the untypical fragmentation pathways, described above, is shown in �gure 5.14 and is associated

with an ultra�fast intramolecular hydrogen migration. This migration was previously studied on smaller molecules

such as acetylene128;129 and methanol130 and reported that it occurs within a few tens of fs, being the responsible

of the ultrafast decay of the excited dications.

We performed ab initio molecular dynamics calculations using the ADMP method to better understand the

fragmentation mechanisms. The main fragmentation channel observed in the �rst steps of the dynamics leads
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to �ssion of the dicationic glycine, g2+ into NH2CH+
2 /COOH

+ (�gure 5.15a), the corresponding experimental

coincidence measurement is noted m/q=(30+/45+ ) amu. However, the simulations also show fast intramolecular

H transfer leading to two stable doubly charged isomers NH2CHC(OH)2+
2 and NH3CHCOOH2+ (�gure 5.15b, c);

both of them correspond to a minimum in the potential energy surface (PES) as shown in the previous section. This

occurs only starting from certain conformers and for a given range of internal energy, thus a minimum excitation

is required to initiate the intramolecular transfer; however above a certain value, the excitation is too high leading

directly to the dissociation. These simulations con�rms the mechanisms proposed above: Coulomb explosion in

competition with intramolecular H transfer.

0fs 20fs 40fs 60fs 80fs

(a)

(b)

(c)

Figure 5.15: Snapshots of molecular dynamics simulations of a glycine dication with (a) 2.18 eV of internal energy giving
a �ssion process leading to fragments NH2CH+

2 /COOH
+ , b) 2.45 eV and c) 2.72 eV leading the isomerization by H�transfer

in diol NH2CH(OH) 2+ and NH3CHCOOH2+, respectively.
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Chapter 6

β-Alanine

Previous works have evaluated the conformers of neutral β�alanine in gas phase,28 as well as in aqueous solution.131

Furthermore the fragmentation of singly charged β�alanine have been also studied.30;123;132 In this chapter we focus

on the stability and fragmentation dynamics of doubly charged β�alanine. We present ab initio molecular dynamics

simulations of the possible fragmentation pathways as a function of the excitation energy. We found seventeen

di�erent fragmentation mechanisms. Finally, the PES of several fragmentation pathways of (β�alanine)2+ is also

presented.

6.1 Conformational study� neutrals

We have �rst studied di�erent conformers of neutral β�alanine in the gas phase. To do this, we used the same

methodology as in the case of glycine. β�alanine has more group rotation degrees of freedom and because of that

the existence of stable conformers with slight di�erence in relative energies scales rapidly. As it was mentioned

in the case of glycine, amino acids are generally �oppy molecules which can fall into many stable isomers during

the exploration of the potential energy surface (PES). Each well on a PES corresponds to the most stable local

minimum, where the geometry of one particular isomer changed and for which the forces on the nuclei vanish.

We can not be sure, from a theoretical point of view that any of presented minima (�gure 6.1) correspond to the

global minimum on the PES. Some of the starting geometries were taken from the previous study of McGlone and

Godfrey.133 Other starting geometries have been taken from Sanz et al.28. In our exploration we found sixteen

isomers as shown in �gure 6.1. The relative energy between the isomers shows a high degree of degeneracy; nine

of the isomers lie in a range of less than 2 kcal/mol (relative energy with respect to the most stable conformer a1).
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Figure 6.1: Optimizing geometries for the neutral isomers of β-Alanine at the B3LYP/6-311++G(d,p) level of theory.
Relative energies (∆E) in kcal mol−1 with respect to most stable neutral (a1).

6.2 Experimental results

The experiments for β�alanine were performed by the same group as for glycine at the Univeristé de Caen Basse�

Normandie in Caen (France) by Sylvain Maclot, Dr. Alicja Domaracka, Dr. Patrick Rousseau, Prof. Bernhard A.

Huber and Prof. Lamri Adoui. The methods used for β�alanine, accordingly to section 5.2.1 are the same as for

glycine. The most important peaks observed for dication of β�alanine are presented in the 2�stop mass spectrum

and in the coincident map 6.3. We assigned them (table 5.3) to the computed fragmentation channels (section 6.5).

Collision with highly charged ions like Xe25+ or He2+ is a very fast process. Therefore, the electrons of the

target molecule are rapidly extracted. The charged molecules are also excited and undergo fragmentation. Then,

the produced charged fragments resulting from the fragmentation are detected. Results are plotted as the time�

of��ight of one fragment as the function of the time�of��ight of second fragment on the so�called coincidence

map.
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Figure 6.2: Mass spectrum of the cationic products obtained by fragmentation of β�alanine dication in two charged
fragments after the interaction of neutral glycine with Xe25+ ions at the energy of 387.5 keV.
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Figure 6.3: Coincidence map for the fragmentation of the β�alanine dication in two charged fragments after the interaction
of neutral β�alanine with Xe25+ ions at the energy of 387.5 keV. The time-of-�ight (in ns) of the heavier fragment (TOF2)
is plotted as a function of the time-of-�ight of the lighter one (TOF1).
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M1 M2 Relative intensity Assignation

30 42 100% NH2CH2
++CH2CO+

30 31 80% NH2CH2
++HOCH2

+

42 45 58% NH2CCH2
++COOH+

28 42 47% NHCH++CH2CO+

30 45 45% NH2CH2
++COOH+

1 12 39%
28 45 39% COOH++NHCH+

12 16 35%
28 29 35% NHCH++COH+

30 32 34%
28 30 31% NH2CH2

++CO+

43 45 30% COOH++NH2CHCH2
+

29 42 29% NH2CH++CHCOH+/COH++NHCCH+
3

1 16 29%
1 28 28%
29 30 28%
41 45 22% NHCCH+

2 +COOH
+

1 24 21%
14 28 21% CH2

++NHCH+

Table 6.1: Assignation of the correlation islands corresponding to the regions of interest in the coincidence map for β�
alanine dication (see Fig. 2 in the main article). Relative intensities are given in percentage of the total intensity of the
map.

Comparing the experimental data with our calculations (AIMD simulations and PES fragmentation) we can

notice that the easiest way of breaking the molecule is through the Cα�Ccarboxylic bond cleavage (NH2CHCH3
+

+COOH+), not like the experiments show Cα�Cβ (NH2CH2
+ +CH2COOH+). The most intense peak at m/q=30+/

42+ coming from Cα�Cβ bond breaking is seen as the strongest fragmentation channel. This is because the further

�ssion of the molecule in this channel is less favorable than �ssion of the fragments coming from the Cα�Ccarboxylic
bond breaking. Moreover, the elimination of the carbon monoxide followed by the migration of the OH group is

observed with much lower barrier than the emission of the OH, leading to the peak at m/q=30+/42+. The loss of

CO from HOCH2CO+ followed by observation of a metastable m1+ is reported and assigned in the mass spectra

to the second most important channel with intensity 80% (table 6.1). Additionally, two electron extraction does

not a�ect to the COOH+ fragment and does not preferred further fragmentation of this ion. Observation the

corresponding COOH+ fragment at m/q = 45+, which is a major fragment in coincidence with many other small

charge fragments, con�rmed the high stability in double ionization of this molecular ion (table 6.1). As we show in

the next section, our results indicate also that isomerization in the �rst femto seconds after ionization is also a very

probable process and further fragmentation leading to stable dicationic moieties should be carefully investigated

by experimentalists.

6.3 Fragmentation dynamics (with ADMP)

To better understanding the mechanisms and what is happening during the fragmentation of the excited (β-

alanine)2+, we employ in this case a di�erent type of analysis (in comparison with glycine) based on ab initio

molecular dynamics. In particular, we have studied the fragmentation dynamics of doubly�charged β-alanine using

the ADMP method. In our simulations we mimic the experimental conditions by extracting the two outermost

electrons from the neutral conformers and introducing a certain amount of excitation energy (≈ 0.03-4.08 eV)

randomly distributed among the internal (vibrational) degrees of freedom of the molecule. In this way, we reproduce

the sudden ionization and excitation produced in the collision of neutral gas phase β-alanine molecules with highly

charged ions. Considering reasonable conditions for a statistical study we have chosen the twelve most stable

neural conformers of β-alanine (�gure 6.1). For each conformer we increase the internal energy starting from 0.001

through 0.005, 0.010, 0.020, 0.030, 0.040, 0.050, 0.060, 0.070, 0.080, 0.090, 0.100, 0.110, 0.120, 0.130, 0.140, until
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0.150 Hartrees. For each conformer and each value of internal energy we have performed 20 trajectories, i.e. a

total of 4080 simulations. To simulate the internal energy we used a random velocity distribution over all atoms.

Dynamics calculations were carried out using the B3LYP functional with a slightly reduced 6-31G++(d,p) basis

set with respect to the optimization calculations.101

From all the 4080 simulations we can observe three di�erent kinds of dynamics: Coulomb explosion (�gure 6.4),

isomerization (�gure 6.5) and combined processes (�gure 6.6).

Figure 6.4: Snapshots of molecular dynamics simulations of a β�alanine dication giving a �ssion processes and lead-
ing to fragments with a) Cα�Ccarboxylic bond breaking: (1) NH2CHCH3

+/COOH+ , (2) NH3CHCH2
+/COOH+, (3)

NH2CH2CH2
+/COOH+; b) Cα�Cβ bond breaking: (4) NH2CH2

+/CH2COOH+.

As we can observe in �gure 6.4 there are four di�erent Coulomb explosion processes I(1-3) and II(1):

I. Cα�Ccarboxylic bond cleavage leading to:

1. NH2CHCH3
++COOH+(1)

2. NH3CHCH2
++COOH+(2)

3. NH2CH2CH2
++COOH+(3)

II. Cα�Cβ bond cleavage leading to:

1. NH2CH2
++CH2COOH+(4)

In the dynamics (1) and (2) we can observe H migration to the terminal C atom or to the terminal N atom, respec-

tively, stabilizing the produced cation. On the other hand dynamic (3) is an example of geometry reorganization

to create the stable cyclic form of the NH2CH2CH+
2 cation. Simulation (4) does not follow any of these trends, it

is just a direct bond breaking.

In �gure 6.5 we present four di�erent isomerization processes. They lead to four stable isomers of dication of

β�alanine:
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Figure 6.5: Snapshots of molecular dynamics simulations of a β�alanine dication leading to the isomerization by H-transfer
in (5) Diol2+, (6) 5-membered ring dication, (7) linear NH3CH3CHCOOH2+ and (8) 4-membered ring dication.

� The most common event of isomerization is dynamics number (5). Geminal diol dication formation after fast

H migration is a favorable process similar like in the case of glycine. We also observe that in the �rst 40 fs H

is migrating to the NH2 group (leading to NH3) and after, a further H transfer to the carboxyl group leads

to the diol:

Cβ
40fs−→ N

60fs−→ O (6.1)

In our simulations we observe three further processes of isomerization:

� 5-member ring formation, dynamic (6); we can recognize here the stability e�ect produced through the

intramolecular N�O bond formation;

� linear form of dication of β�alanine: NH3CH2CHCOOH2+ , dynamic (7); H transfer takes place as follows:

Cβ
40fs−→ N andCα

80fs−→ Cβ (6.2)

� 4-member ring formation is observed in dynamic (8) with a stabilizing e�ect of the charge with the bonds

between C-C-O-C and the two terminal groups: NH3 and OH;

For all these isomerization processes, we observe that if β�alanine2+ becomes stable in the �rst 60 fs, it will not

undergo fragmentation even after 400 fs of the simulation. The stable cyclic2+ (5-membered ring) has not been

reported for β�alanine yet, but a similar 5-membered ring intermediate (oxazolone) was reported by Harrison,134

due to the fragmentation of a peptide and further elimination of water.

In �gure 6.6 we can distinguish six di�erent mechanisms of fragmentation:

� Coulomb explosion+isomerization+fragmentation:

� NH2CH2
++CH2OH++CO (9); Cα�Cβ bond cleavage (c.a. 80 fs) , then OH transfer (∼ 120 fs) and

�nally loss of neutral CO (∼ 160 fs); mechanism in eq. 6.3
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Cα − Cβ break
80fs−→ OH transfer

120fs−→ CO loss
160fs−→ NH2CH

+
2 + CH2OH

+ + CO (6.3)

� Coulomb explosion+fragmentation:

� NH2CCH2
++COOH++H2 (10); Cα�Ccarboxylic bond cleavage (∼ 50 fs) , then neutral H2 loss (∼ 80 fs);

� NH2CH2
++CH2+COOH+ (17); Cα�Ccarboxylic bond cleavage (∼ 60 fs) and neutral CH2 loss (∼ 60 fs);

� fragmentation+isomerization:

� H2+HNCCH2C(OH)22+(11); loss of neutral hydrogen molecule (∼ 80 fs) and HN transfer to O (∼ 100

fs);

� isomerization+Coulomb explosion+fragmentation:

� NH3+CH2CH++COOH+(12); H transfer (∼ 20 fs), then Cα�Ccarboxylic bond cleavage (∼ 80 fs) and

neutral loss of NH3(∼ 160 fs);

Cβ
20fs−→ N andCα

80fs−→ Ccarboxylic break
160fs−→ NH3 loss (6.4)

� isomerization+dehydratation:

� NH2CHCH2CO2++H2O (13); H transfer and water loss;

Cβ
60fs−→ Cα

100fs−→ OH
140fs−→ H2O loss (6.5)

� NH2CHCH2CO2++H2O (14); H transfer and water loss;

Cβ
20fs−→ N andOH

20fs−→ O andN
60fs−→ OH

100fs−→ H2O loss (6.6)

� NH2CHCH2CO2++H2O (15);

Cβ
80fs−→ O

170fs−→ OH and
180fs−→ H2O loss (6.7)

� isomerization+Coulomb explosion:

� NH3CHCH3
2++CO2 (16); H transfer (∼ 40 fs), then Cα�Ccarboxylic bond cleavage (∼ 60 fs)

OH
40fs−→ N and Cα

60fs−→ Ccarboxylic break (6.8)
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Figure 6.6: Snapshots of molecular dynamics simulations of a β�alanine dication giving a combined processes and leading
to a) Coulomb explosion+isomerization+fragmentation: (9); b) Coulomb explosion+fragmentation: (10), (17); c) fragmen-
tation+isomerization: (11); d) isomerization+Coulomb explosion+fragmentation: (12),; e) isomerization+dehydratation:
(13), (14), (15); f) isomerization+Coulomb explosion: (16).

H transfer leading to water remove is observed in dynamics (13), (14) and (15) with di�erent mechanisms as

shown in �gure 6.6. Two of them are indirect mechanisms (equations 6.9 and 6.10) one of them is a direct one

(equation 6.11):

Cβ −→ Cα −→ OH (6.9)
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�

Cβ −→ O −→ OH (6.10)

Cβ −→ OH (6.11)

The mechanism 6.11 is much faster than 6.9 and 6.10; it occurs in the �rst 40 fs after ionization. Accordingly we

observe on the PES a lower barrier of the H transfer following 6.11 (mechanism shown in the next section), it is

therefore more probable than the other mechanisms.

The results of the statistical study performed over the 4080 trajectories are shown in �gures 6.7, 6.8 and 6.9.

Figure 6.7 shows that the fragmentation pattern depends a lot on the geometry of the conformers. This can be

explained due to the fact that the electronic structure of a dication formed at the initial stage of the fragmentation

determines the reaction path and thus the fragmentation products. Moreover, the structure of the neutral conformer

leads us to a large variety of obtained products when increasing the internal energy. The general dependency of

each isomer can be classi�ed as a preferable way for �ssion and gather into four groups:

� NH2CHCH3
++COOH+(1): isomers a1, a2, a6, and a11;

� NH2CHCH3+COOH+(1) in competition with NH2CH2
++CH2OH++CO (9): isomers a3 and a12;

� NH2CH2
++CH2COOH+(4): isomers a7, a8, a9, a10;

� NH2CH2
++CH2OH++CO (9) in competition with NH2CH2CH2

++COOH+(3): isomer a5;

The isomer a4 is unclassi�ed because of the wide variety of possible fragmentation pathways. Its geometry is

slightly similar to a5, but very di�erent from the other isomers. Indeed, conformer a5 also present a di�erent

fragmentation behavior than the others. The detailed description of each of the investigated isomers is as follows:

1. a1: the most populated fragmentation channel is NH2CHCH3
++COOH+ (1). For an excitation energy lower

than 0.05 Hartree (Eexc < 0.05 Hartree) we only observe this channel. When we increase the excitation

energy we can observe nine di�erent pathways. I. e. there is also a trend showing a highest contribution of

di�erent fragmentation pathways after increasing the internal energy of the molecule.

2. a2: the most populated fragmentation channel is NH2CHCH3
++COOH+ (1). The fragmentation of this

conformer does not depend on Eexc in all investigated range <0.001;0.150>. Only a 5% of probability, just

one trajectory for one value of Eexc = 0.07 Hartree, correspond to the NH2CH+
2 +CH2OH++CO pathway.

The other Cα�Cβ bond cleavage: NH2CH+
2 +CH2COOH+ is observed with 5% and 10% of probability for 0.1

and 0.14 Hartree, respectively.

3. a3: competition between NH2CH2
++CH2OH++CO (9) and NH2CHCH3

++COOH+ (1) channels is observed.

For Eexc < 0.06 Hartree the dominant pathway is (9). For the higher excitation energies we observe about

40%/60% ratio (9)/(1) with a very small participation of the NH2CH2
++CH2COOH+(4) fragments.

4. a4: we observe competition between diol2+ (5), NH2CH2CH2
++COOH+ (3) and NH2CHCH3

++COOH+(1).

When we increase the excitation energy, we can observe a decreasing of the two the most probable fragmen-

tation channels: (5) and (3). From Eexc = 0.03 Hartree channel (1) increases systematically its participation

with the energy. The geometry of this conformer after ionization allows us to obtain a very high variety of

other possible fragmentation pathways; the most signi�cants are:

� NH3CHCH2
++COOH+ appearing since Eexc ≥ 0.05 Hartree

� NH2CCH2
++H2+COOH+ appearing for Eexc = {0.05}∧ ≥ 0.1 Hartree

Three observed channels that also contribute to the fragmentation of a4 are: NH2CH2
++CH2OH++CO (9),

NH2CH+
2 +CH2COOH+ (4) and NH3CH2CHCOOH2+ (7) and do not depend on the excitation energy. Isomer
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a4 also posses the geometry characteristic to occur the H transfer leading to diol2+ or NH3CH2CHCOOH2+

and therefore these paths are also seen.

5. a5: competition between three channels is observed: NH2CH2CH2
++COOH+(3), NH2CH2

++CH2OH++CO

(9) and NH2CH+
2 +CH2COOH+ (4). When increasing the excitation energy, we observe the decreasing of

channel (3) and increasing of (9) and (4), where the latter is signi�cantly less important. Fragmentation of

this conformer gives us also NH3+CHCH2
++COOH+ at Eexc = 0.14 Hartree, which is observed only once

over the 4080 simulations.(3-aminopropanoic acid)

6. a6: very similar to isomer a2, there is only one principal fragmentation channel: NH2CHCH3
++COOH+ (1).

The minor fragments: NH2CH+
2 +CH2COOH+ and NH3CHCH2

++COOH+ appear at Eexc ≥ 0.09 Hartree .

7. a7: the most populated fragmentation channel is NH2CH+
2 +CH2COOH+(4). The geometry of a7 after

ionization allows us to remove neutral water molecule. This isomer gives the highest contribution to the

channel: NH2CHCH2CO2++H2O.

8. a8: competition between NH2CH2
++CH2COOH+(4) and NH2CH2CH2

++COOH+(3) is observed. The

channel (4) dominates over all the excitation energy range covered, being less important for higher Eexc.

Starting from Eexc ≥ 0.02 Hartree we can observe an increment of channel (3). Moreover we can see

almost the 10% of NH2CH2
++CH2OH++CO (9) and it does not depend on the energy, appearing for

Eexc = {0.01, 0.04}∧ ≥ 0.06 Hartree.

9. a9: the most populated fragmentation channel is NH2CH+
2 +CH2COOH+ (4). From Eexc≥ 0.06 Hartree we

can observe an increasing contribution of NH2CH2CH2
++COOH+(3). Similar to isomer a8 we can also see

almost an equal presence of NH2CH2
++CH2OH++CO (9), that neither depends on the excitation energy

and appear for Eexc = {0.05, 0.06∧ ≥ 0.11} Hartree. An insigni�cant presence of NH2CCH2
++H2+COOH+,

NH3CHCH2
++COOH+ and diol2+ for Eexc ≥ 0.12 Hartree is also appreciated.

10. a10: the most populated fragmentation channel is NH2CH+
2 +CH2COOH+ with two �oscillating� pathways

with the energy: NH2CH2
++CH2OH++CO (9) and NH2CHCH3

++COOH+ (1) appearing since Eexc =

0.03 ∧ Eexc = 0.5 Hartree, respectively.

11. a11: the most populated fragmentation channel is NH2CHCH3
++COOH+ (1). Indeed, for Eexc ≤ 0.06

Hartree only (1) is observed. Increasing the excitation energy allows a higher geometry distortion leading

to six other pathways, where two of them are standing out over the rest: NH3CHCH2
++COOH+ (2) and

NH2CCH2
++H2+COOH+ (10).

12. a12: competition between NH2CHCH3
++COOH+ (1) and NH2CH2

++CH2OH++CO (9) is observed. In-

creasing the excitation energy the probability to obtain (9) increases and automatically decreases the pos-

sibility to get (1). The third minor channel observed: NH2CH+
2 +CH2COOH+ (4) also decreases when the

excitation energy arises.
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Figure 6.7: Ab initio molecular dynamics statistics for each neutral conformer of β�alanine with relative energy ≈ 2
kcal/mol−1.
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Figure 6.8: Ab initio molecular dynamics statistic for all neutral conformers of β�alanine; percentage of the most important
fragmentation channels as a function of energy ( in Hartree).

Taking into account all data from the 4080 molecular dynamic simulations we prepared the general statistics

shown in �gure 6.8. In the left part of the �gure (6.8a) we can observe all the fragmentation channels for whose

there are linear dependencies on the energy. In the right part of the �gure (6.8b) we can see competition between

di�erent processes occurring during molecular dynamics simulations: Coulomb explosion vs. isomerization vs.

combined processes. We �rst analyzed the left part, where we can observe that two channels dominates over the

rest: NH2CHCH3
++ COOH+ and NH2CH2

++ CH2COOH+ with around 40% and 30% of probability to occur.

Moreover, there are three di�erent trends:

� the percentage of probability to occur NH2CHCH3
++ COOH+ and NH2CH2CH2

+ +COOH+ is almost

constant and does not depend on energy;

� the percentage of probability to occur NH2CH2
++ CH2COOH+ and diol2+ decreases with the excitation

energy;

� the percentage of probability to occur NH2CH2
++CH2OH++CO (9), NH3CHCH2

++COOH+ and NH2CCH2
+

+H2+COOH+ increases when the excitation energy increases. This can be explained due the fact that pro-

cess (9) is a further stage of NH2CH2
++ CH2COOH+ with the OH migration. The two latter processes

appear only when the excitation energy is big enough (Eexc ≥ 0.04 Hartree).

In �gure 6.8b we can observe that Coulomb explosion dominates over isomerization and combined processes but

when increasing the excitation energy this process becomes weaker and we can observe more complicated combined

processes. This is what we can expect because of the fact of easier Cα�Ccarboxylic or Cα�Cβ bond cleavages than

other more complicated processes, require higher geometry distortions and therefore, higher excitation energy.

Another type of analysis that we did corresponds to detailed statistics of each of the three processes: Coulomb

explosion (�gure 6.9a), isomerization (�gure 6.9b) and combined processes (�gure 6.9c). First of all, we focus in

�gure 6.9a, where we can observe that Coulomb explosion leading to Cα�Ccarboxylic bond cleavage dominates over

Cα�Cβ . This is over all the excitation energies, where that rule is even stronger for the highest Eexc because of the

competition with combined processes (mainly (9)), which �nally makes the Cα�Cβ fragmentation less competitive

then the Cα�Ccarboxylic .

Figure 6.9b shows the results of the isomerization leading to diol, 4-membered ring, 5-membered ring and

linear NH3CH2CHCOOH forms of dication of β�alanine as a function of excitation energy. All theses processes

are populated less than 5% of the total intensity. Proton transfer is more favorable on the oxygen atom of the

carboxyl group leading to diol2+. This behavior is mainly observed for lower values of excitation energy. For higher

excitation energies, Eexc ≥ 0.06 Hartree, we can see competitive processes, where the one does not need H transfer

leading to stable cyclic form of β�alanine (structures a12+ or a122+ in �gure 6.10). The other competitive action
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Figure 6.9: Ab initio molecular dynamics statistic for all neutral conformers of β�alanine; percentage of the most important
fragmentation channels as a function of energy ( in Hartree) for all studied of β�alanine with relative energy ≈ 2 kcal/mol−1.

is the formation of linear NH3CH2CHCOOH2+ , which demands H transfer as well as the creation of diol2+ and

appears randomly when Eexc achieves 0.06 Hartree. The dication of 4-membered ring structure was obtained once,

for Eexc = 0.12 Hartee.

Figure 6.9c shows the competition between combined �ssions. The most important and dominant channel is

NH2CH2
++CH2OH++CO leading to emission of neutral carbon monoxide. The other slightly observed channels

are NH2CCH2
++H2+COOH+ and NH2CHCH2CO2++H2O appearing for Eexc ≥ 0.05 ∧ Eexc ≥ 0.09 Hartree and

leading to emissions of neutral hydrogen molecule and water, respectively. Fragmentation of neutral CO2, NH3

and CH2 are very rare processes appearing with 1/4080 probability each.

6.4 Conformational study� dications

The isomerization mechanisms obtained in the molecular dynamic simulations lead to four di�erent stable conform-

ers of β�alanine: diol (a202+), 4-membered ring (a312+), 5-membered ring (a1a2+ or a1b2+ which are enantiomers)

and linear NH3CH2CHCOOH (a27a2+ or a27b2+ which are also enantiomers). The optimized structures for this

isomers together with the others species found during the exploration of the potential energy surface (PES) are

shown in �gure 6.10.

Linear conformers NH2CH2CH2COOH2+ and NH3CHCH2COOH2+ are unstable and starting optimization

from these geometries leads to other geometries. One of the hydrogens connected to Cα (or even two H in the cases

of a292+ and a302+) prefer to transfer to Cβ (a272+) or to O (a232+) leading to the enol form together with a NH3

group. Two hydrogens in the position Cα are observed only for the cyclic or enol forms. The stability depends

mainly of the number of hydrogens located in the amino and carboxylic groups and the schematic pattern can be

shown with increasing relative energy as follows: NH2. . . C(OH)22+ → NH3. . .C(OH)22+ → NH3. . .COH2+(cyclic

form) → NH2. . .C(OH2)(OH)2+ → NH3. . .COOH2+ → NH2. . .COOH2+ (cyclic form). We can observe that the 5-

membered ring structures show the lowest stability, similar to the metastable a282+ or linear a292+ and a302+ and
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Figure 6.10: Optimizing geometries for the dication isomers of β-Alanine at the B3LYP/6-311++G(d,p) level of theory.
Relative energies (∆E) in kcal mol−1 with respect to most stable isomer (a202+).

these compounds are the only canonical forms of dication of β�alanine. We found four dicationic forms with O � N

bonds of β�alanine which has not been found for cationic conformers of bigger amino acids like γ�aminobutyric acid

(GABA).121 The 4-membered dicationic structure (a312+) is more stable ≈ 14 kcal/mol−1 than the corresponding

linear form a272+. The two isomers a292+ and a302+ are linear and posses two protonated stabilizing groups

NH3. . .C(OH)22+, but the lack of hydrogens in Cα unstabilizes these structures.

We explored the PES (�gure 6.11) and connected all the dicationic isomers that we have found. For completeness

we included other minima on the PES that did not appear in the molecular dynamic simulations but they play a

role of links. We show these structures in comparison and with the observed in the dynamics with their relative

energies in the �gure. We can see in �gure 6.11 four di�erent energy levels:

� diols2+ ≈ 19.5 eV

� 4-member ring2+ ≈ 21 eV

� NH3CH3CHCOOH2+ ≈ 21.5 eV

� 5-member ring2+ ≈ 22.5 eV

As we can observe the relative energy of diols (with respect to the most stable neutral isomer of β�alanine) is ∼2
eV lower than for the other isomers. This can explain why the diols are the favorable isomerization products of the

molecular dynamic simulations. After the results obtained in the MD simulations, we were surprised to observe

the 5-membered ring structures, since obtaining this form of β�alanine from the diol form requires a large amount

of energy (ts52+ = 25.40 eV). The only explanation that this process is the second favorable isomerization event is

due to the fact that it does not require any H transfer, but just a small geometry reorganization is enough; even if

this cyclic form does not belong to the most stable region of PES.
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Figure 6.11: Stationary points on the PES corresponding to the minima and transitions states of β-Alanine dications.
Relative energies (∆E) in eV with respect to most stable neutral β-alanine (a1).

6.5 Unimolecular decomposition

The fragmentation pathways of singly�charged β�alanine have been already investigated.132;135;136 We present here

an exploration of the potential energy surface (PES) for the doubly�charged β�alanine. The exploration of the

PES has been performed starting from the most probable processes as observed in the statistics of the molecular

dynamics: processes (1), (2), (3), (4), (5), (9), and (10). The results are shown in �gures 6.12, 6.13, 6.14 and 6.15.

Firstly, we calculate all of the pathways corresponding to products obtained in the molecular dynamic simulations.

Peaks corresponding to the charged fragments are also observed in the coincidence map obtained in the experiments

(�gure 6.3) and a summary is presented in the table 6.1.

Since the experimentalists observe a peak at m/q=30+/31+ amu we assigned it to the process (9): NH2CH2
+

+CH2OH+ +CO reaction observed in the dynamics. We propose in �gure 6.12 (showing the fragmentation after

processes (4) and (9)) the fragmentation path leading through hydroxyl group migration and Coulomb explosion to

NH2CH2
++HOCH2CO+. We revealed that in the loss of the neutral carboxyl group, presumably the metastable

HOCH2CO+ structure is involved in the formation of NH2CH2
+ and HOCH+

2 ions. The fragmentation process,

which is proceeded by the migration of the OH group, has to occur at the femtosecond timescale and is the only

possibility to explain the coincidence peak at m/q=30+/31+ amu. The driving force for this fragmentation process

seems to be the stability of the NH2CH2
++ HOCH2

+ ions (18.25 eV), where the relative energy is 8 eV lower than

the entrance channel and much lower than the channel appearing in competition NH2CH2
+ + HOCH2 + CO+

(24.72 eV). The latter is exactly the same as the previous one but with di�erent charge distribution. Additionally,

we calculated the pathways at 28+/31+ for CO+ + HOCH2
+ coming from doubly charged HOCH2CO2+, which
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Figure 6.12: Fragmentations of dication of β-alanine: Coulomb Cα�Cβ bond cleavage in competition with combined
process NH2CH2

++CH2OH++CO (9). Relative energies (∆E) in eV with respect to most stable neutral β-alanine (a1).

is very high in energy (29.04 eV, not presented in �gure 6.12). The same mass/charge ratio (28+/31+) can be also

obtained for di�erent molecules: (NHCH+)/(HOCH2
+) just after removing the hydrogen molecule from NH2CH2

+,

which is not observed in the experiment, despite its low energy barrier (22.11 eV). This seems to be an opposite trend

to fragmentation of glycine (see �gure 5.12) and the others channels like NH2CH2
++CH2COOH+ (30+/59+)−→

NHCH++CH2COOH++H2 (28+/59+) or NH2CH2
++CH2CO+ (30+/42+)−→ NHCH++CH2CO++H2 (28+/42+)

which are analogous and correspond to the removing the hydrogen molecule (�gure 5.10). Further fragmentation

NHCH+/CH2CO+(28+/42+) leads to NHCH+/COH+ with emission of neutral CH (30.59 eV).

The absence of the signal at 59+ in coincidence with any other signals in the experiment and the relatively low

energies calculated for that charged fragment (HOCH2CO+ or CH2COOH+) allow us to draw the conclusion that

the fragment at 59+ have to undergo further fragmentation processes [signals at (30+/42+), (30+/45+), (28+/45+)

and (28+/14+)]. The observation of theses signals indicates that the molecule has enough energy to break Cα�

Ccarboxylic bond leading to CH2 and COOH+ or CH+
2 and COOH, where the latter is not presented in �gure

because is very high in energy. Finally, the peaks with intensities around 21 % at 14+/28+ are assigned to CH+
2

and NHCH+ ions (table 6.1).

In �gure 6.13 we present the channels coming after Cα�Ccarboxylic bond cleavage. We �rst focus on the minimum

at 17.32 eV (the right part of the �gure). This is the strongest observed channel in the dynamic calculations. We

can see now that it is not a surprising information because energetically it is the lowest pathway (≈ 1.2 eV

lower than Cα�Cβ break and about 0.5 eV lower than combined process NH2CH2
++HOCH2CO+). Starting from

COOH++NH2CHCH3
+ on the PES we can follow four di�erent fragmentation channels:

1. removing H2 leading to:

(a) COOH++NH2CCH2
++H2 (19.43 eV) with ts252+ (20.62 eV).

From this point the lowest possible fragmentation pathways correspond to the loss of a neutral hydrogen

atom:

i. COOH++NHCCH2
++H2+H (23.06 eV);
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Figure 6.13: Fragmentations of dication of β-alanine: Coulomb explosion additional channels. Relative energies (∆E) in
eV with respect to most stable neutral β-alanine (a1).

ii. COOH++NH2CCH++H2+H (23.76 eV);

or to breaking the COOH+ leading to emission of neutral OH:

iii. CO+ + OH++NH2CCH2
++H2 (26.48 eV).

(b) COOH++NHCCH+
3 +H2 (18.90 eV) with ts262+ (21.33 eV).

Further fragmentation leads to �ve di�erent channels on the PES:

i. COOH++NHCCH2
++H2+H (23.06 eV);

ii. COOH++NHCH++H2+CH2 (24.68 eV);

iii. COOH++NCCH3
++H2+H (25.18 eV);

iv. CO++OH+NHCCH+
3 +H2 (25.95 eV);

v. COH++O+NHCCH+
3 +H2 (28.14 eV);

Channel 1(a) and 1(b) can isomerize with slightly low barrier (ts462+ 22.74 eV). Removing hydrogens (1(a)i

or 1(a)ii) leading to one of the isomers with m/q=41+ is about 3 eV more favorable process than breaking

of COOH+. The similar trend is observed starting from channel (b), where we can observe additionally two

di�erent pathways. One corresponds to the removal of neutral CH2 from NHCCH+
3 and the second to the

removal of neural oxygen leading to COH+ from COOH+ fragment. The latter needs much more energy to

occur (≈ 3.5 eV). The �rst one can be also obtained through weakly bounded species (see point 3).

2. removing H leading to:

(a) COOH++NH2CHCH+
2 +H (21.17 eV);

This reaction pathway leads to the same isomer as previously observed with m/q=41+ amu:

i. COOH++NHCCH+
2 +H+H2 (23.06 eV);

or alternatively to a very unstable isomer with m/q=41+ amu, which is about 0.3 eV above the

1st + 2nd vertical ionization potential:
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ii. COOH++NHCHCH++H+H2 (26.61 eV);

(b) COOH++NH2CCH+
3 +H (22.01 eV), from which the reaction barrier through ts292+ (25.84 eV) leads

to:

i. COOH++NHCCH+
3 +H2+H (25.28 eV);

(c) COOH++NHCHCH+
3 +H (22.44 eV); This reaction pathway leads to the same isomer as the previous

(2(a)ii):

i. COOH++NHCHCH++H+H2 (26.61 eV);

and to new isomer with m/q=42+ amu:

ii. COOH++CHNCH+
3 +H+H (23.92 eV) through ts31+ (26.13 eV);

3. removing CH2 leading to :

(a) a weakly bounded species m5+, crossing barrier at ts47+ (22.36 eV) and then emission of neutral CH2

(22.60 eV). Further fragmentation leads through common H2 loss from NH2CH2
+ to a minimum previ-

ously mentioned (see point 1(b)ii):

i. COOH++NHCH++H2+CH2 (24.68 eV);

4. isomerization to NH3CHCH2
+ (18.00 eV) with ts32+ (20.42 eV);

Starting from NH3CHCH2
+ we can easily obtain di�erent fragmentation pathways than from NH2CHCH3

+.

The calculated channels are itemized in order of increasing relative energies:

(a) COOH++NH+
4 +CHCH (19.33 eV) with ts49+ (20.64 eV);

(b) COOH++NH3+CHCH+
2 (21.50 eV);

(c) COOH++NH+
3 +CHCH2 (22.97 eV);

(d) COOH++NH4+CHCH+ (25.63 eV).

We can also see another pathways from our MD simulations in the breaking of Cα�Ccarboxylic bond: COOH+

+NH2CH2CH2
+ (3). This channel was not consider to the further investigation because it will be similar to the

two channels previously shown and do not bring any new energetic information.

From the analysis of the �gure 6.13, carefully described above, together with the molecular dynamics calcula-

tions, we can draw the conclusion that the most probable channels are those corresponding to further fragmenta-

tion of the specie NH2CHCH3
+: m/q=45+/42+, then 45+/43+ and 45+/41+ amu and with small contribution of

m/q=30+/45+ amu (CH2 loss); Further �ssion of the COOH+ is much higher in energy. Other fragmentation path-

ways coming from NH3CHCH2
+ should be less populated (m/q=45+/26+ and 45+/27+ amu) despite its high sta-

bility. This can be easily explained with the dynamics simulations, where the probability of COOH++NH3CHCH2
+

is much smaller than COOH++NH2CHCH3
+ .

On the other hand, the isomerization process is energetically more favorable (ts32+ = 20.42eV) than the lowest

fragmentation channel: NH2CHCH3
+ - H2

ts252+(20.62eV )−→ NH2CCH+
2 + H2. The coincident peak with m/q=43+

and 45+ amu could be obtained from both NH2CHCH3
+ and NH3CHCH2

+ without any barrier. Despite that, and

despite its high stability (comparable with m/q=30+/42+ NH2CH2
++CH2CO+ ) removing atomic hydrogen is

not preferable in comparison with removing hydrogen molecule. The question is: why the experimentalists do not

observe the signals at m/q=45+/44+ amu instead of the observation of m/q=30+/42+ amu (NH2CH+
2 +CH2CO+)?

The answer to this question, even after dynamics which lead us to this channel is di�cult. The only possible

explanation is that the internal energy of the two fragments, mainly NH2CHCH3
+ or NH3CHCH2

+ with coincident

with COOH+ (m/q=44+/45+ amu) is high enough to overcome the energy barriers and leads with a certain

probability to further fragmentation steps.

In the next �gure 6.14 we focus on the isomerization processes occurring during dynamics simulations�we

present further fragmentation processes in the PES after the formation of the dication of diol. In that �gure we
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Figure 6.14: Fragmentations of dication of β-alanine: �enol� versus �cyclic� versus �linear� fragmentation paths. Relative
energies (∆E) in eV with respect to most stable neutral glycine (g1).

can see competitions, similar to the one observe for glycine, between fragmentation channels with di�erent charge

distribution. The most important fragmentation implies the four channels presented in �gure 6.14:

1. NH2CHCHCOH2++H2O (22.58 eV)

2. NH2CHCHCOH++H2O+ (22.27 eV)

3. NH2CHCHCO++H3O+ (17.00 eV) with ts362+ (21.46 eV);

4. NH2CHCH2CO2++H2O (21.68 eV)

Fragmentation from a262+ (20.95 eV) favors the 3rd channel, even if we do not consider any barrier for the 1st and

2nd. The channel with signal 19+/70+ is not observed in the experiment despite its very high stability. This can

be explained in two ways:

1. The paths of arriving to a262+ imply several steps and it is thus dynamically very improbable. As we can

observe in the right part of the �gure 6.14 there are two ways of remove water:

� one step: a302+ (19.64 eV) −→ m32+ (20.74 eV) with ts342+ (22.38 eV);

� two steps: a202+ (19.63 eV) −→ a252+ (20.77 eV) with ts352+ (22.49 eV) −→ a262+ (20.95 eV) with

ts222+ (20.94 eV)

2. One step isomerization leading to m22+ (20.36 eV) with ts332+ (21.67 eV) from where emission of neutral

water is the most probable channel leading to NH2CHCH2CO2+. This channel is observed in the dynamics

as the only one among the ones mention above. This shows that is is much probable to loss H2O through

m22+ rather than produce a262+. For the further fragmentation of NH2CHCHCOH2++H2O (22.58 eV) we

found two possible pathways leading to:

� two singly charged fragments: NH2CH++CHCOH++H2O (23.01 eV) with barrier ts412+ (27.05 eV);
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� one doubly charged fragment: NHCCHCOH2++H2O+H2 (25.08 eV) with barrier ts422+ (28.24 eV).

The �rst path is energetically more favorable, although the second one leads to the peak at 34.52+ with just

hydrogen molecule loss might be observed in the experiment (similar to the glycine case).

Another way of obtaining stable dicationic forms is to consider possible fragmentation of a302+. Just with one

fragmentation step through ts492+ (25.28 eV) we can remove two neutral fragments (CO2 and H2) leading to

the doubly charged NH2CHCH2
2+(m/q=21.5 amu). Further fragmentation is 2 eV above the entrance channel

(ts432+ = 28.39 eV) leading to NHCCH2+
2 (m/q=20.5 amu) with additional removed of one hydrogen molecule:

NHCCH2+
2 + H2+CO2+H2 (27.60 eV). Taking into account the left part of the �gure 6.14 we can observe the most

probable dehydratation channel, which is also seen in the dynamics simulation: NH2CHCH2CO2++H2O (21.68

eV). This very stable dicationic specie (m/q=35.52+ amu) can easily follow further fragmentation through four

paths, all of them below the entrance channel:

1. NH2CHCH+
2 +H2O+CO+ (23.29 eV) with ts402+ (23.29 eV) leading to a signal m/q=28+/43+amu

or removing neutral carbon monoxide without any barrier:

2. NH2CHCH2+
2 +H2O+CO (25.26 eV) leading to a signal at m/q=21.52+

and two processes in competition with very similar energy barriers leading to emission of neutral hydrogen

atom:

3. NH2CHCHCO2++H2O+H (25.71 eV) through ts372+ (25.82 eV) at m/q=352+ amu

and:

4. NHCCH2CO2++H2+H2O (24.14 eV) through ts382+ (25.78 eV) at m/q=34.52+ amu.

Despite the very similar energy barriers between channels 3 and 4, the latter leads to a minima at ∼ 1.5 eV lower in

energy than the channel 3. As we can see the �at molecule NH2CHCHCO2+ is less stable than the one with angle

C-C-C around 180º and two hydrogen in middle carbon position NH2CCH2CO2+ (34.52+). Two other possible

fragmentation channels arising from a202+ imply Cα�Ccarboxylic fragmentation. In one of them the charge is located

on the NH2CHCH2+
2 moiety and in the second case (more favorable), the charge is separated between NH2CHCH+

2

and C(OH)+2 . The latter pathway is more than 2 eV lower in energy and can undergo further �ssion according to:

� NH2CHCH+
2 +H2+CO+

2 (22.24 eV) with m/q=43+/44+ amu:

� NH2CHCH+
2 +H

+
2 +CO2 (23.82 eV) with m/q=43+/2+ amu.

Both channels are not observed in the experiment. Absence of the signals at m/q= 43+/44+ and 43+/2+ amu is

due to the competition with the dehydrogenation process, which is more favorable since it requires less energy to

cross the barrier (ts332+ = 21.67eV). Moreover, the one step �ssion process (ts492+ = 25.28eV) with emission of

two neutral fragments should be a more favorable process than NH2CHCH+
2 +C(OH)

+
2 .

In �gure 6.15 we propose di�erent fragmentation paths starting from other products obtained in the molecular

dynamics simulations: NH3CH2CHCOOH2+ and dications of 4-membered and 5-membered rings. On the left part

of the �gure we can see four pathways, where the most favorable one corresponds to the fragments, which we can

get directly after Coulomb explosion: NH3CHCH+
2 +COOH

+ with ts552+ (23.32 eV). The three additional channels

are unique. The presence of peaks at m/q: 17+/62+, 222+ and 362+ amu in the experiment might be a proof of the

isomerization to NH3CH2CHCOOH2+ prior to fragmentation. We can not observe the signals mentioned above if

there will not be a hydrogen transfer leading to a272+. The most probable �ssion is the one with ts542+ (24.45

eV) leading to equal charge separation: NH+
3 +CH2CHCOOH+. We calculated the competition channel with the

dicationic fragment NH3+CH2CHCOOH2+ (26.32 eV) for which further fragmentation is around 6.5 eV over the

entrance channel. This pathway should not be accessible and the dicationic form CHCH2+
2 (m/q=13.52+ amu) is

not observed in the experiment. The right part of the �gure presents the �ssion processes of the 4-membered and

5-membered rings. The a12+ can undergo the follow fragmentations:
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1. Cα�Cβ �ssion with ts442+ (24.09 eV) together with isomerization leading to NH2CH2
+ +HOCH2CO+ (17.84

eV) at m/q=30+/59+ amu. Further fragmentation will be exactly the same as channel (9) in �gure 6.6; i.e.

NH2CH2
++CO+CH2OH+;

2. Neutral hydrogen molecule emission with a simultaneous hydrogen transfer to the carboxyl group:

HNCCH2C(OH)22++H2 with ts452+ (24.39 eV) at m/q=43.52+ amu. Further fragmentation leads to a

weakly�bounded HNCCH2COOH2
2+ (m62+) and then to signal at 34.52+ amu (NHCCH2CO2+) after emis-

sion of neutral water (24.14 eV).

We can observe that a312+ is 1.5 eV more stable than a12+ . Dehydratation of dication of 4-membered ring can

lead to the 3-membered dicationic specie with emission of neutral water (25.90 eV) or to a cationic fragment with

di�erent 4-memebred ring with emission water cation (24.83 eV) at m/q=71+/18+. The latter is more preferable

(∼ 1 eV) but requires the production of a weakly bounded moiety between ts562+ and NH3CHCHOC++H2O+.

The lowest barrier (ts572+ = 23.03 eV) corresponds to the �ssion into NH3CHO++CH2COH+ (18.75 eV) at

m/q=46+/43+, which is not observed in the experiment but could prove the existence of a 4-memebered specie.

Figure 6.15: Fragmentations of dication of β-alanine: �enol� versus �cyclic� fragmentation paths. Relative energies (∆E)
in eV with respect to most stable neutral glycine (g1).

Figure 6.16 presents a summary of all combined processes observed in the molecular dynamics simulations

together with other complementary channels. The ordering in terms of increasing relative energies are as follow:

1. NH2CH2
++HOCH2

++CO (18.25 eV) through ts24+ (18.00 eV) and weakly�bounded OC· · ·CH2OH+ (m1+);

2. COOH++NH2CHCH2
++H2 (19.43 eV) with ts462+ (20.62 eV);

3. COOH++NH3+CHCH2
+ (21.50 eV);

4. NH2CHCH2CO++H2O+ (21.62 eV) with ts332+ (21.67 eV); not observed in the dynamics

5. NH2CHCH2CO2++H2O (21.68 eV) with ts332+ (21.67 eV);

6. NH3CHCH3
++CO+

2 (21.89 eV); not observed in the dynamics
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Figure 6.16: Fragmentations of dication of β-alanine: summary of combined fragmentation paths. Relative energies (∆E)
in eV with respect to most stable neutral glycine (g1).

7. Hydrogen molecule emission from NH2CH+
2 (20.32 eV) with typical ts=22.11 eV; not observed in the dynamics

8. NH3CHCH3
2++CO2 (22.18 eV)

9. COOH++NH3
++CHCH2 (22.97 eV);

10. HNCCH2C(OH)2+
2 +H2 (21.75 eV) with ts452+ (24.39eV);

11. NH2CH2
++HOCH2+CO+ (24.72 eV) through ts24+ (18.00 eV) and weakly�bounded OC· · ·CH2OH+ (m1+);

not observed in the dynamics.

The �ssions 4,6 and 10 are not observed in dynamics. From our calculations of the PES, the charge prefers

to delocalize over two fragments (4 and 6) but MD calculations shows that, despite that, small molecules like

water, carbon dioxide or hydrogen molecule prefer to be neutrals (5 and 7). Moreover charge distribution between

CO and HOCH2 in coincidence with NH2CH2
+ prefers de�nitely the latter moiety. On the other hand, channel

NHCH++H2+HOCH+
2 +CO is not observed neither in the dynamics neither in the experiment despite its low

energy barrier, as explained in the beginning of this section.

6.6 Reactions between two singly charged fragments

We also calculated the energy barriers for chemical reactions between two singly charged molecules on the PES of

β�alanine dication. The connections between the most important fragmentation products of β�alanine are showed

in �gure 6.17. We can observe that if the position of the hydrogen from the carboxyl group is closer to the amino

group the chemical reaction involves a lower energy barrier:

� NH2CHCH+
3 +COOH

+ −→ NH2CH2
++CH2COOH+ with (ts802+ = 23.96 eV)

than the reaction with the hydrogen in opposite position (ts822+ = 24.99 eV). This trend is observed also for the

reaction:
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� NH2CH2
++CH2COOH+ −→ COOH++NH2CH2CH+

2 with (ts842+ = 23.90 eV).

The reaction between NH2CH2
++CH2COOH+ leading to COOH++NH2CH2CH+

2 can take place through two

di�erent transition states: ts842+ = 23.90 eV and ts512+ = 24.15 eV. NH2CHCH2CO+ is involved in two reactions:

� NH2CH2
++CH2COOH+ −→NH2CHCH2CO++H2O+ with (ts502+ 24.29 eV);

� COOH++NH2CHCH+
3 −→NH2CHCH2CO++H2O+ with (ts522+ 23.20 eV).

Both channels are accompanied by emission of cationic water. The second pathway is energetically more probably

(it presents a lower activation energy).

Figure 6.17: Chemical reactions between two cation in the PES of dication of β�alanine. Relative energies (∆E) in eV
with respect to most stable neutral β-alanine (a1).
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Chapter 7

Clusters of β�alanine

In this chapter we present the evolution of single β�alanine molecules into clusters. With respect to glycine and

β�alanine, the clusters of β�alanine are more CPU demanding and are mainly characterized by the non�covalent

interactions between the molecules. Recently, they become the interests of experimental and theoretical chemists.

On the one hand, because they posses di�erent internal interactions than single molecules such as intermolecular

forces as van der Waals interactions or hydrogen bonds. On the other hand, because they present similar properties

than foldamers (discrete chain of molecules or oligomers) and therefore they can adopt a secondary structure,

which is stabilized by the non�covalent interactions. The latter attracts the attention because the secondary

structures,137;138 that they are able to adopt are a essential in the rational design of nucleic acid structures for

DNA nanotechnology and DNA computing.139 In a future study, we will consider that via ionization and excitation

of the neutral clusters we can form covalently bonded residues. Due to that, we should �rst perform a careful

investigation of the geometry of the neutral clusters of β�alanine as the �rst step towards understanding the main

properties of these structures before ionization. The recent experiments performed by P. Rousseau et al. (private

communication) shows strong correlations between the temperature of exposition of the neutral clusters and their

further reactions after ionization. After ionization, the obtained positively charged β�peptides will have new

properties, such as the secondary structures (beta helix or beta sheets). Those structures do not su�er proteolytic

degradation (breakdown of the peptide bond) in contrast to the conventional peptides (build of α�amino acids) and

they can present abundant conformational stability at relatively short lengths in water.140 141 Furthermore, clusters

of β�amino acids, can be employed as a medium to the rational synthesis of β�peptides; this could be a �rst stage

of the creation of this biologically active molecules.142 Additionally, considering the formations of peptide bonds

in the clusters of β�amino acids leading to β�peptides, we have to take into account their potential to form a new

platform technology for the design and synthesis of peptidomimetic materials (very stable compounds designed to

mimic a biologically active peptide).143

Clusters of β�alanine do not present the covalent bonds between the residues and only the non�covalent e�ects

can stabilize the neutral clusters. Moreover, it has been proposed experimentally144 that oligomers constructed

from β�amino acids will avoid the hydrogen bonds between the nearest neighbors the amide groups along the

backbone. Thus, they become an attractive �material� to build the foldamers, due to the fact that abstention of

attractive interactions with the nearest neighbor appears to be important for acceptance of compact secondary

structures.144

On the other hand, clusters of β�alanine are challenging systems to investigate theoretically for several reasons.

One of them is that the single residues are not covalently bonded, thus many stable conformers of the clusters may

be found. Moreover, the van der Waals interactions between the residues in the cluster should be easily broken

when the temperature increases.

In this chapter we present the average geometry of the clusters of β�alanine obtained from classical molecular

dynamics (CMD) simulations for di�erent values of the temperature and clusters size. Moreover, geometry opti-

mization at the DFT level of theory (B3LYP and M06 functionals) was performed for di�erent isomers with 2,3,4
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and 5 residues of β�alanine. We used the nomenclature based on parameters taken from the CMD simulations:

(β�Ala)n300K_200ps, where n is the cluster size, 300K is the temperature used in the dynamics and the third

element is the time of the CMD simulation (table 7.1). The shape of the geometry after the optimization with

the B3LYP and the M06 functionals is very similar and we present in the �gures only geometries optimized at the

M06 level of theory. We also show the relative energy, root mean square deviation (RMSD) and binding energies

(BE) for the di�erent conformers at the two levels of theory (M06 and B3LYP) for the clusters of β�alanine with

2,3,4 and 5 residues. Relative energies are calculated with respect to the most stable conformer. RMSD is the

answer to the question how much did the optimized structure changed with respect to the average one taken from

a molecular dynamics simulation. The geometries are compared after an alignment��tting of the molecules based

on the selected atoms (in our case all atoms). RMSD is de�ned as:

RMSD =

√∑Natoms

i=1 (ri (average)− ri (optimized))
2

Natoms
(7.1)

where, Natoms is the number of atoms and ri is the position of atom i.

The stability of the cluster can be presented in terms of binding energies (BE) as well. BE was calculated as:

BE = En −NE (7.2)

where, En is the energy of the cluster, N is the residues number and E is the energy of the most stable neutral

β�alanine conformer. The binding energies give us an idea of the participation of the hydrogen bonds and van der

Waals interactions for the stabilization of the cluster. When BE is negative, it means that the cluster is stable

and as more negative value as larger the intramolecular interactions.

We performed CMD calculations to create the cluster distribution with di�erent sizes. In the dynamics we can

observe that smaller the molecule and higher the temperature, shorter the dynamics because the clusters fragment

at higher temperature. This trend is mainly observed for the odd residues (n = 2, 4). The residues prefer to

destabilize the van der Waals interactions and break the hydrogen bonds, thus separating into smaller clusters

or even into single residues. Because of that, we needed to control the parameters of the simulations (simulation

time, time step, equilibration, etc.) to obtain the reliable average structure. The average structure is an arti�cial

structure of a conformation which mostly represents the behavior of the cluster at a certain temperature. Because

of that the temperature has an indirect in�uence on the potential well, in which the molecule fall down (minimum)

after optimization. Results of the average structure of neural clusters of β�alanine for 2 ≤ n ≤ 10 and 20 are

presented in �gures 7.1 to 7.10. Moreover, in that �gures for 2 ≤ n ≤ 5 we can see the structure obtained after

optimization at the DFT level using the average MCD geometry as initial guess.
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Figure 7.1: Average geometries of the six neutral conformers (β�Ala)2 taken from classical molecular dynamics calculations
for di�erent temperature: 300K, 423K, 443K, 463K, 498K and optimized geometries for each structure at the M06/6-
311++G(d,p) level of theory.
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Figure 7.2: Average geometries of the six neutral conformers (β�Ala)3 taken from classical molecular dynamics calculations
for di�erent temperature: 300K, 423K, 443K, 463K, 498K and optimized geometries for each structure at the M06/6-
311++G(d,p) level of theory.
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Figure 7.3: Average geometries of the six neutral conformers (β�Ala)4 taken from classical molecular dynamics calculations
for di�erent temperature: 300K, 423K, 443K, 463K, 498K and optimized geometries for each structure at the M06/6-
311++G(d,p) level of theory.
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Figure 7.4: Average geometries of the six neutral conformers (β�Ala)5 taken from classical molecular dynamics calculations
for di�erent temperature: 300K, 423K, 443K, 463K, 498K and optimized geometries for each structure at the M06/6-
311++G(d,p) level of theory.
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Figure 7.5: Average geometries of the six neutral conformers (β�Ala)6 taken from classical molecular dynamics calculations
for di�erent temperature: 300K, 423K, 443K, 463K, 498K.
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Figure 7.6: Average geometries of the six neutral conformers (β�Ala)7 taken from classical molecular dynamics calculations
for di�erent temperature: 300K, 423K, 443K, 463K, 498K.
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Figure 7.7: Average geometries of the six neutral conformers (β�Ala)8 taken from classical molecular dynamics calculations
for di�erent temperature: 300K, 423K, 443K, 463K, 498K.
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Figure 7.8: Average geometries of the six neutral conformers (β�Ala)9 taken from classical molecular dynamics calculations
for di�erent temperature: 300K, 423K, 443K, 463K, 498K.
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Figure 7.9: Average geometries of the six neutral conformers (β�Ala)10 taken from classical molecular dynamics calculations
for di�erent temperature: 300K, 423K, 443K, 463K, 498K.
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Figure 7.10: Average geometries of the six neutral conformers (β�Ala)20 taken from classical molecular dynamics calcula-
tions for di�erent temperature: 300K, 423K, 443K, 463K, 498K.
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In �gures 7.1 to 7.10 we can notice that for the clusters of (β�Ala)n with 2 ≤ n ≤ 10 and n = 20 the obtained

average geometry extremely depends on the temperature. Moreover, all optimized conformations for 5 ≥ n ≥ 2 are

very similar to the averages structures. The contribution of the average structure to the real minimum is noticeable

and, in an important degree, the average structure predicts the found minima. Thus, the average structure should

present a very similar conformation to the close conformational minimum also for bigger clusters of (β�Ala)n
(n ≥ 6). β�amino acids built of acyclic residues can form helices137;145;146 or sheets.147 Similar structures can

be observed for the neutral clusters of β�alanine. For dimers and trimers it is not so common, but for bigger

cluster we can see this kind of stabilization e�ects almost for each conformer for every cluster size. We can observe

that until 443K the dominant interaction between the residues are the hydrogen bonds between carboxyl groups �

COOH· · ·HOOC�. Di�erent hydrogen bonds are observed at higher temperatures, mainly �OH· · ·N, CH· · ·N and,

similar to observed in beta�sheets and helix, =O· · ·HN and CH· · ·O, respectively. Moreover, when the temperature

increases the residues are more spread. This is due to the fact that the residues have more internal energy, which

can easily breaks the hydrogen bonds and van der Waals interactions. To get deeper insight into the conformational

structure of the smaller clusters of (β�Ala)n with 2 ≤ n ≤ 5 we calculated relative energies, RMSD and BE. The

results are presented in the table 7.1 at the two levels of theory employed (B3LYP and M06 with the same basis

6-311++G(d,p)).

Isomer
Level of theory

Relative Energy (kcal mol−1) RMSD (Å) Binding energy (eV)
B3LYP M06 B3LYP M06 B3LYP M06

n=2
(β�Ala)2300K_200ps 1.79 2.75 0.51 0.48 -0.53 -0.58
(β�Ala)2373K_80ps 2.49 3.99 0.29 0.28 -0.50 -0.52
(β�Ala)2423K_60ps 8.98 9.19 1.28 1.27 -0.22 -0.30
(β�Ala)2443K_15ps 0.00 0.00 2.01 1.99 -0.61 -0.69
(β�Ala)2463K_42ps 7.48 8.03 1.25 1.15 -0.29 -0.35
(β�Ala)2498K_60ps 7.45 7.27 1.53 1.43 -0.29 -0.38

n=3
(β�Ala)3300K_1ns 1.09 1.44 1.41 1.68 -0.76 -0.86
(β�Ala)3373K_600ps 0.00 0.00 1.04 1.21 -0.81 -0.92
(β�Ala)3423K_60ps 0.40 0.40 1.12 1.12 -0.79 -0.90
(β�Ala)3443K_35ps 10.82 10.87 2.38 2.45 -0.34 -0.45
(β�Ala)3463K_50ps 3.81 2.68 1.51 1.49 -0.64 -0.81
(β�Ala)3498K_50ps 11.59 12.02 3.30 3.66 -0.30 -0.40

n=4
(β�Ala)4300K_200s 0.00 0.00 1.45 1.59 -1.21 -1.52
(β�Ala)4373K_28ps 4.16 6.53 0.90 1.26 -1.03 -1.24
(β�Ala)4423K_10ps 2.00 4.13 1.45 0.99 -1.13 -1.34
(β�Ala)4443K_80ps 7.79 8.43 1.61 1.66 -0.88 -1.15
(β�Ala)4463K_50ps 11.31 12.46 3.56 3.49 -0.72 -0.98
(β�Ala)4498K_30ps 9.54 4.89 2.51 2.38 -0.80 -1.31

n=5
(β�Ala)5300K_1ns 0.00 0.00 1.73
(β�Ala)5373K_250ps 38.35
(β�Ala)5423K_280ps 8.03 3.14 2.10
(β�Ala)5443K_200ps
(β�Ala)5463K_50ps
(β�Ala)5498K_20ps 15.09

Table 7.1: Relative Energies (∆E) in kcal mol−1 at di�erent levels of theory in respect to the most stable conformer. RMS
of atomic displacement in respect to average structure in Å at di�erent levels of theory. Binding energies in eV at di�erent
levels of theory.

We decided to use the M06 functional (see the computational details) and compare some properties of the

neutral clusters of the (β�Ala)n, where 2 ≤ n ≤ 5 with the �magic� B3LYP functional. As we can observe in
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the table 7.1, for dimers, when the temperature increases until 443K the stability of the conformer decreases.

This is due to the conformational changes in the geometry of the molecule (�gure 7.1). We observe breaking of

the hydrogen bonds between two carboxyl groups and rotation of one of the molecules with respect to the other.

For the (β�Ala)2443K_15ps isomer we observe stabilization through hydrogen bonds again and this conformer

becomes the most stable one. This is because the amino groups switch their positions�under and over the plane of

the cluster. The optimized geometry for trimers is shown in �gure 7.2. The relative energies between isomers are

presented in table 7.1. We can notice that for T ≤ 423K there are hydrogen bonds between two carboxyl groups

and one amino group and the relative energies are in range of ∼ 1 kcal/mol. When the temperature increases we

observe the rotation of the residues inside the cluster. For T = 443K the isomer that we have found predicts a

lower number of H bonds making a cluster quite unstable. For higher temperatures the position of the carboxyl

and the amino groups is close to each other. That property together with the high stability of (β�Ala)3463K_50ps

conformer will allow us to consider the formation of peptide bond after ionization for these conformers. For dimers

and trimers both functionals gave the same energy order. Di�erence between functionals is observed in case of the

clusters with n = 4. Here, we can see that the (β�Ala)4498K_30ps conformer optimized using M06 functional is 5

kcal/mol more stable than at the B3LYPlevel of theory. In other cases, we can noticed that the stability decreases

with increasing the temperature.

Root mean square deviation calculations con�rmed our previous qualitative observations: the average structures

are very close to the real minima. Additionally, the di�erence increases with the temperature. On the other hand,

the geometry optimized at B3LYP and M06 are in all cases very similar.

Binding energy results are correlated with the stability of the clusters. In the table 7.11 we can noticed that with

the increasing of the cluster size the binding energies drastically decreases, thus increasing the stability of the

clusters. We suppose that for big enough clusters the binding energy should became �at or even decreases as a

function of cluster size due the the destabilizing e�ects. This consideration requires other calculations of bigger

clusters. Additionally we can see in the �gure 7.11 that M06 functional gives BE more negative than B3LYP

functional.
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Figure 7.11: Binding energies as a function of clusters sizes.

Hypothesis of peptide bond formation

Clusters of β�alanine can be stabilized in di�erent ways: van der Waals interactions, hydrogen bonds or covalent

bonds, which could be formed due the condensation or ionization of one amino acid. The covalent bond linking

amino acids is called peptide bond. A schematic contribution of it, as well as hydrogen bonds, to stabilize the

cluster of two β�alanine is illustrated below:

� a) the condensation of two β�alanine molecules into a neutral cluster, leading to the formation of a peptide

bond;

� b) formation of the neutral cluster of two β�alanine molecules stabilized by hydrogen bonds;

� c) formation of an ionized cluster of two β�alanine molecules with a peptide bond, induced by a highly

charged ion (O3+);

� d) formation of an ionized cluster of two β�alanine molecules, stabilized by hydrogen bonds, induced by

highly charged ion (O3+).
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Figure 7.12: Schematic hypothetic formation of the peptide bond.

In recent experiments of P. Rousseau et al. (private communication) after ionization of β�alanine clusters in

gas phase with high energy O3+ ions, emission of neutral moieties of mass 18 amu is observed. Considering that

the mass corresponds to the removal of the neutral water, we expected to observe the formation of a peptide

bond. Creating a peptide bond by removing a water molecule in a cluster of amino acids could be associated

with hydrophobic and hydrophilic properties of their side chain. Before ionization we have neutral, non�polarized

clusters of amino acids. Because they do not bond with polar water, they tend to be keep together and avoid water

molecules as much as they can. The core of the clusters therefore tends to be neutral, a hydrophobic core. After

the ionization, charged and polar side chains in the cluster become hydrophilic and can loss water and also �drain�

out the water molecule from the core of the cluster. Because of that, the geometry of the clusters plays a dominant

role in the formation of the peptide bond.
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We have investigated the stability, fragmentation dynamics and di�erent de�excitation pathways characterizing

the decay of the two simplest lineal amino acids: glycine and β�alanine excited and positively charged in gas phase.

We have found many stable charged conformers of both molecules. Besides, the canonical form of the dication for

these amino acids does not exist. Ionized dicationic species were found due to the fast (fs time scale) hydrogen

migration before su�er Coulomb explosion. We �nd that these two types of processes occur in competition: charge

separating leading to two singly charged fragments and the formation of stable dications that can evaporate neutral

particles.

For the glycine molecule, the dominant fragmentation process for the single and double ionization channels

is Cα�Ccarboxylic bond breaking with the charge located on NH2CH+
2 and on NH2CH+

2 /COOH
+, respectively.

Qualitatively, our theoretical predictions are in good agreement with the mass spectra and coincidence map,

recorded after a collision with highly charged ions. In competition with the expected Coulomb explosion, an

ultrafast H migration takes place, leading to fragmentation channels with stable dications. The reverse processes

may be considered as a new mechanism for the formation of prebiotic molecules in the interstellar media. Moreover,

the energy barriers calculated for the fragmentations channels suggest that the energy deposited on the glycine

molecule is ∼ 5 eV.

In the case of β�alanine we observe competition between direct bond cleavage, isomerization and combined

processes. For all theses processes the conformers distribution plays a dominant role. Furthermore, the probability

of the processes also depends on the excitation energy. In the context of a direct Coulomb explosion the Cα�

Ccarboxylic bond breaking dominates over the Cα�Cβ one. The law probability of the isomerization (around 4%)

allows us to draw the conclusion that further emission of neutral moieties leading to stable dicationic species can

be a probable reversible process. According to that, the mechanism of producing amino acids in the interstellar

space will be possible. Moreover, these results are interesting since amino acids are the essential of life encoding

the genetic information and therefore fragmentation of them will a�ect replication the DNA.

The present study gives not only the general overview of the fragmentation mechanisms but also detailed

information about the energy barriers, which have to be overcome to �nish the reactions. These processes may

occur in other systems and has to be considered to obtain a complete picture of the fragmentation dynamics in

complex biomolecular systems.

In this thesis we also presented the �exibility to generate a big number of isomers in clusters of β�alanine as a

function of the temperature via a wide range of stereo� and regio�isomers. This enormously expands the structural

diversity in the investigation of this kind of systems. Additionally, this demonstrates how many conformers are

available to populate at a given temperature.

In the future, we are planning to apply QMMM methods to study clusters with more than �ve residues. We will

also investigate the mechanisms behind the peptide bond formation in clusters of amino acids. Future studies will

also aim to the investigation of unimolecular decomposition of more complex systems like solvated clusters of β�

alanine using more accurate techniques, as Car�Parinello molecular dynamics (CPMD), to get in depth evaluation

of the fragmentation process after ionization.
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