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RESUMEN!

  

 Los estudios en fase gas han permitido comprender más a fondo la naturaleza 
de las interacciones que se establecen entre los iones y las bases neutras al no estar 
estas enmascaradas por el efecto del disolvente. Este tipo de estudios han permitido 
tener una mayor compresión del origen de los efectos de los sustituyentes en la 
reactividad de muchos compuestos. Teniendo en cuenta las ventajas que presenta la 
fase gaseosa y la relevancia de los metales Ca2+ y Sr2+ en contextos biológicos, el 
objetivo último del trabajo recogido en esta tesis ha sido el análisis de la reactividad en 
fase gaseosa de moléculas de relevancia bioquímica en presencia de Ca2+ y Sr2+. 

 En particular, en esta tesis se ha llevado a cabo el estudio de la reactividad que 
presentan estos dos metales frente a moléculas como la urea y la formamida, simples 
prototipos de nucleótidos y péptidos, respectivamente. En este caso, la interacción de 
teoría y experimento ha sido decisiva para, conociendo la distribución experimental de 
productos de reacción, postular posibles mecanismos de reacción a partir del análisis 
topológico de la superficie de energía potencial.   

 Además, hemos estudiado las interacciones que presenta Sr2+ en presencia del 
uracilo y sus tio- y seleno-derivados y los efectos que estas interacciones tienen en las 
reacciones de tautomerización que presentan estas especies. Asimismo, han sido 
estudiados los efectos que la interacción con Sr2+ y Ca2+ tiene sobre las estructuras de 
los dímeros de uracilo así como los efectos que tienen estas interacciones en los 
procesos de transferencia de protón que tienen lugar dentro de estos dímeros.  
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1 - Introduction 
 

Until recent years, molecular dication, MB2+, formed by the association of 
neutral chemical compounds and doubly charged metal ions were oddities, due to the 
difficulty of generating them in the gas phase. The main consequence is that during 
many years our knowledge on reactivity patterns of ions in the gas phase was 
essentially restricted to monocations.  

 

From the experimental point of view, the main problem for the study of such 
systems is the large amount of energy required for the double ionization processes. 
During some decades the impact ionization have been the most common technique to 
generate small multicharged ions. These multicharged ions could be generated either 
from the neutral precursors, or from the monocharged monocation. However, the 
enormous advances in techniques such as electrospray ionization, have convert this 
experimental set-up in an additional alternative for the formation of double charged 
complexes from aqueous solutions. These advances have fostered the study of these 
kind of species on experimental and theoretical grounds.     

 

 The stability of doubly or multiply charged species is particularly critical when 
they are the result of the association of a doubly (or multiply) charged transition metal 
ion, M2+, to a neutral organic compound, B, because in general, the recombination 
energy of M2+ is much larger than the ionization energy of B. The immediate 
consequence is that the association of the metal ion to the base B results in an oxidation 
of the latter, which is normally followed by a deprotonation of the radical cation 
formed. Hence, in general, it is not possible to detect the MB2+ species, and only M(B-
H)+ singly-charged species are observed experimentally. The situation changes 
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dramatically when dealing with alkaline-earth metal dications, such as Ca2+ or Sr2+, 
because their recombination energies are much lower than those of transition metal 
dications and therefore they are not able to oxidize the base, so the CaB2+ or SrB2+ 
species are stable and detectable in the gas phase.  

However, the reactivity of these doubly charged molecular ions brings new 
questions up, because in principle two different kind of fragmentations are possible, 
those in which the system losses a neutral fragment producing a new and lighter 
doubly charged molecular ion or those in which the system undergoes a coulomb 
explosion yielding two singly charged products. Which of these two kind of processes 
dominate is an important question, and the observed behavior clearly depends on the 
base in question, and for instance, whereas it has been found that in urea-Ca2+ 
reactions,1 both kinds of mechanisms compete, glycine-Ca2+ gas-phase reactions are 
completely dominated by the coulomb explosions.2 

Along this Thesis, the structure and reactivity of the molecules of biochemical 
interest in the presence of the Ca2+ and Sr2+ dications have been studied.  by means of 
high-level density functional theory calculations, in parallel with experiments carried 
out using electrospray mass spectrometry techniques. These experiments have been the 
responsibility of the group of Dr. Jean-Yves Salpin from the University of Evry Val 
d'Essonne, which has a long experience in this kind of studies. 

The study of the interactions between the Ca2+ and Sr2+ dication with bases of 
biochemical interest have been motivated by the importance of these cations in a 
variety of biochemical processes. Calcium is the most abundant cation in the organism.  
Most of the total body calcium is located in bones as hydroxyapatite cristal form. The 
50% of the plasma calcium is in free ion form, the 10% is interacting with anions and 
the 40% is interacting with proteins. The ionic calcium is the biologically active 
fraction. Out of the cell, the calcium-derived ions contribute to the maintenance of the 
structural rigidity of the biopolimers. They are involved in the enzymatic activity as 
well as in the enhanced thermal stability of the proteins. Inside the eukaryotic cells the 
concentration levels of calcium regulate a number of biological processes including the 
muscle contraction, secretion, glycolysis and gluconeogenesis, ion transport, cell 
division and growth. Strontium dication often mimics the behavior of Ca2+ in the 
human body due to the similar chemical structure of both dications. Although in this 
media is a trace metal, there is a increasing awareness of the biological role of Sr after 
the development of the drug strontium ranelate, which has shown to reduce the 
incidence of fractures in osteoporotic patients.3-6 

The number of theoretical studies on Se-containing systems is not very large 
and the number of them focused on biochemical systems containing Se is rather scarce. 
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Hence, one of our first concerns was to develop a suitable theoretical model to 
investigate Se-containing biochemical compounds. Due to the size of these systems the 
use of accurate high level ab initio calculations such as CCSD(T) approaches are out of 
question because they become prohibitively expensive for most practical applications. 
The alternative is the use of density functional theory (DFT) approaches, but here the 
problem is the huge number of functionals proposed in the literature. Therefore, as an 
unavoidable first step in our research we carried out an assessment of different 
functionals and different basis sets, using CCSD(T) calculations as a reference. It is 
important to take into account that the good functional should be able not only to 
adequately describe the BSr2+ complexes, but also the isolate base B. This has reduced 
the number of possible functionals to be explored significantly, but still a good number 
of them were considered in our assessment.    

Different studies about the nature of the interactions between the calcium 
dication and the ligands of biochemical interest carried out so far, have shown the 
preference of the dication to bind to oxygen containing ligands.1, 2, 7, 8 In order to 
understand the behavior of these kind of systems, very often a the studies are focused 
in much smaller molecules containing the same active functional groups of the 
biomolecule, what permits a useful  modelization of the more complicated systems. In 
this Thesis, urea and formamide molecules were chosen as a simpler model of 
nucleotides and as peptide prototype, respectively and their unimolecular reactivity 
upon Ca2+ and Sr2+ attachment have been studied. 

 

On the other hand, the properties and reactivity of the nucleobases have been 
extensibely studied during the last decade due to their important biological functions 
in living systems, including genetic information storage, gene expression and 
catalysis.9-12 Also nucleobase thio-derivatives have attracted much interest. In particular 
the thio- and seleno-derivatives of uracil have attracted much attention due to their 
important biological functions.13-17  In particular, 2-thiouracil and 4-thiouracil, 
identified as minor components of t-RNA, can be used as anticancer and antithyroid 
drugs.18 On the other hand, the replacement of the oxygen on the nucleobases with 
sulfur19, 20 has provided insight into DNA duplex stability, recognition, and replication 
at the atomic level.21, 22  Recent studies on these sulfur modifications have revealed 
enhanced base-pairing selectivity23 and replication efficiency and fidelity, especially 
with the 2-thiothymidine.24 Since selenium is in the same group, but is much larger 
than oxygen, the replacement of O by Se will provide insight into base pairing 
selectivity. Recently, Se derivatives of DNA nucleobases have been siynthesized, and 
their crystal structures, their thermostabilities, and the impact of their incorporation 
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into oligonucleotides have been studied.25 In addition, specific pyrimidines in natural 
tRNAs have been derivatized by incorporation of Se on the nucleobases.26 

 

  In view of the increasing interest of nucleobase thio- and seleno-derivatives, 
many efforts have been devoted to explore the reactivity changes caused by replacing 
oxygen by sulfur and selenium in small biological systems. In the particular case of 
uracil and its thio- and seleno-derivatives a great deal of attention have been devoted 
to the study of the tautomerization processes of these molecules,17-27 because their 
structural characteristics give them the possibility to exist in many tautomeric forms. In 
order to rationalize the intrinsic reactivity of these tautomers their relative stabilities 
have been studied. These studies have concluded that dioxo, dithio and diseleno are 
the most stable forms and that the energy barriers connecting them with other 
tautomers  formed by suitable hydrogen transfers, are high enough as to conclude that 
only the aforementioned forms will be observed experimentally in the gas-phase under 
normal conditions. 

 

It is believed that some mutagenic and mispairing processes may have their 
origin in proton transfer (PT) mechanism taking place within Watson and Crick base 
pairs. These processes would produce a new tautomeric form, and therefore a 
permanent alteration of the base pair and an incorrect transmission of the genetic 
information. Therefore, these proton transfers have been the subject of both, 
experimental and theoretical analysis.  

Hence, in view of the important biological functions of the nucleobases and the 
important role that the proton transfer processes play in this biomolecules, one 
important part of this Thesis is devoted to the study of the effects that the Ca2+ and Sr2+ 
metals may have in the proton transfers processes of uracil and its thio- and seleno-
derivatives. We have also investigated their effect in proton transfers taking place 
within a base-pair, by using the dimers of uracil a suitable models.  

This part of the research was carried out exclusively on theoretical grounds. 
The number of uracil dimers is large (6 in total) but much larger is the number of 
(uracil)2Ca2+ or (uracil)2Sr2+ complexes formed. Unfortunately, they cannot be 
discriminated by mass spectrometry techniques, so one cannot easily identified from 
the experimental point of view which complex we are looking at or if in the product 
some enolic structures have been formed, because these tautomerizations do not alter 
the mass of the system. Nevertheless, we do not discard in the future to carry out the 
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experimental determination of the IR spectrum of these systems by means of free-
electron lasers facilities.  

The theoretical survey of these proton transfers in (uracil)2M2+  were carried out 
in the frame of the reaction force approach, which was conveniently modified in this 
Thesis for the description of complex mechanisms which are the result of the 
superposition of almost successive elementary processes. We have shown that a wise 
use of techniques like the electron localization function (ELF) permits to locate with 
reasonable accuracy the position of critical points along the reaction coordinate, which 
permits the decomposition of the energy profile of whole mechanism, in the profiles 
associated to the different elementary processes ivolved. 
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2.1 - Ab Initio methods 

2.1.1 - Hartree Fock Theory 

The ab initio methods attempt to obtaining the wave function and the 
energy of a given molecule from the solution of the Schrödinger equation in 
order to get its chemical properties. The general expression of this equation can 
be written as follows:  

  ! ! ! !! !  2.1 

Where ! is the Hamiltonian operator, E is the total energy of the system 

and ! is the wave function.  The Hamiltonian operator, can be expressed as the 
sum of the kinetic and potential operators: 

  ! ! !! + ! 2.2 
For a given molecule with M nuclei and N electrons, the Time 

Independent non Relativistic Hamiltonian can be written as: 
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Where !!! !!!! ! !!! ! !!!, the electronic coordinates are given by i and j 
subscripts and the nuclear ones by a and b. In this equation the electron-electron, 
electron-nucleus and nucleus-nucleus interactions are represented. However, for 
any atom or molecule with more than one electron, this equation is analytically 
unsolvable, and thus the resolution of this equation requires the use of 
approximations. 

The first step that simplifies this equation is the Born-Oppenheimer approximation, 
which splits the nuclear and electronic motion due to the their high mass 
difference between the two types of particles, being the latest lighter and therefore 
faster than the others. Thus, since the chemical properties of a given molecule 
depends mostly on its electronic structure, this approximation allow us to study 
the electronic motion of a given molecule with fixed nuclei. Then, we can rewrite 

the Schrödinger equation in the following way:!!!!!!!!!!!!  

 !!" ! !!! !!" ! !!!!" !  2.4 

 

Where !!" is the electronic Hamiltonian: 
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!!!  denotes the repulsion between nuclei and it is defined as: 

 !!! !
!!!!!!
!!"!!!!
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!!! is a constant parameter, since we fix nucleus-nucleus distance (!!"!. Hence, U 
represents the electronic energy plus the internuclear repulsion. The electronic 
wave function and the electronic energy will parametrically depend on the 
position of the nuclei (nuclear configuration). Therefore, the variation of the 
nuclear configuration will give rise to an infinite number of electronic energies, 
which will constitute the Potential Energy Surface of the molecule. Considering that 
the internuclear repulsion is a constant parameter, the Schrödinger equation that 
needs to be solved is as follows: 
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2.1.1.1 - Molecular wavefunction. Slater Determinant 

 The first approach for the solution of the polielectronic wave function was 
the Hartree method. This method defines the polielectronic wave function as a 
product of one-electron wavefunctions:  

 !! ! !!! ! !! ! !! ! !!!!!! 2.8 
 

where !! is a function of the coordinates of all the electrons in the atom or 

molecule, !! !  is a function of the coordinates of the electron one, !!!!! is a 
function of the coordinates of the electron two, etc.. These one-electron wave 

functions are called molecular orbitals. !! is called the Hartree product. On the 
other hand, since the electrons are identical fermions a polielectronic wave 
function must satisfy Pauli exclusion principle or antisymmetry principle. This 
principle establishes that a many-electron wavefunction must be antisymmetric 

with respect to the interchange of the coordinate ! (both space and spin) of any 
two electrons. However, the Hartree product does not satisfy this principle. This 
was the modification introduced by V. Fock: ensuring that the wavefunction was 
antisymmentric with respect to the interchanged of any two electrons,  and this 
was the origin of the Hartree-Fock method1, 2. In 1930 Slater,3 proposed a very 
clever way to automatically guarantee that a wavefunction would fulfill the 
exclusion principle, by writing it as a determinant rather than as a simple product 
of one-electron wavefunctions. In expression (2.9) the one-electron functions are 
named spin orbitals since they depend not only on the spatial coordinates but also 
on the spin: 
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Where !
!! is the normalization factor, and !! ! ! !!! ! !!!!!!!! ! !!! ! !!. 

For a system with 2n electrons, each electron is assigned to all 2n spin orbitals of 

!
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each row, in a sense it is allowed to roam among these 2n spin orbitals. This Slater 
determinant ensures that there are no more than two electrons in each spatial 
orbital, since for each spatial orbital there are only two one-electron spin functions, 

and that ! is antisymmetric, since switching two electrons means exchanging two 
rows of the determinant, and this changes its sign. Slater determinants enforce the 
Pauli exclusion principle, which forbids any two electrons of a given system to 
have the same quantum numbers. This is so because, two electrons with the same 
quantum numbers would result in two identical rows in the determinant, making 
the wave function vanish.     

 

2.1.1.2 - Energy term 

The Hartree-Fock approximation1-3 considers that the wave function is 
composed just by one Slater determinant, and its elements are molecular orbitals, 
which depend on the spatial and spin coordinates of the electrons. 

According to this, and taken into account that ! is an approximation, we can 
calculated the  expectation value of the energy, as: 

 ! ! !! !!!!!!"
!!!!!  2.10 

 

Which ensures that the energy of the system will be real even if the total wave 
function of the molecule is complex. Working with a normalized wave function 
makes the denominator unity, and the equation (2.10) can be written as 

 ! ! !! !!!!!!!! 2.11 

 

Substituting in this expression the Slater determinant and the molecular 
Hamiltonian, the following expression for the energy can be reached: 
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Where i and j correspond to the n spin orbit, !! !!"#!!!, which form the Slater 

determinant. !! is the monoelectronic term, which involves the kinetic energy and 
nuclear attraction for one electron: 
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and the !" !"  abbreviation stands for:  !" !" ! !" !" ! !" !"  

Where  

 !" !" != !!! !! !!! !! !
!!"
!! !! !! !! !!!!!! 2.14 

 

These are the Coulomb integrals and corresponds to the repulsion between the 

charge distribution of electron 1,!!!! !! !! !!  and electron 2, !!! !! !! !! , and 

can be interpreted as the classic electrostatic repulsion. The integrals of the type 

!" !" : 

 !" !" ! !!! !! !!! !!
!
!!"

!! !! !! !! !!!!!! 2.15 

 

They do not have classical meaning. They appear as a consequence of the 
antisymmetry principle and are called exchange integrals.  

Once these two integrals have been integrated over the spin they are usually 

denoted by !!" and !!" respectively, and considering that the second integral is null 
between spin orbits of different spin, the expression of the energy can be written 
in the following way: 
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or  
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2.1.1.3 - Energy minimization: Hartree-Fock equations 

The variational principle states that the mean value of the Hamiltonian, ! ! !, 

for an approximate wave function,!!, must be greater or equal to the exact ground 

state energy, !!. The variational flexibility of the wavefunction arises in the choice 
of the spin-orbitals.  

! ! ! !! ! ! ! ! ! !!! 2.18 

 

Therefore, this method allow us to minimize the expectation value of the energy, 
by means of first-order changes in the wave function proposed as a solution of the 
aforementioned equation. In this way, we can make first-order changes in the 
wave function until the variation in the energy is zero. 

Thus, from equation (2.17) the spin-orbit can be varied in order to find the 
minimum energy. The variational principle ensures that the energy obtained from 
this process will be an upper-bound limit of the true energy. This minimization, 
which is carried out with the constrain that the orbitals remain orthonormal, leads 
to a n/2 equations (as many as spatial-orbitals). This equations are called The 
Hartree-Fock equations and are written in the following way: 

 !!!"#$ ! ! !!! ! ! !! !
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Where !!!"#$ ! ! !!! ! ! !! !!!!
!  = !! !  and is the Fock operator. 

The 1 in parentheses in each orbital emphasizes that each of these n/2 equations is 
one-electron equation. The Fock operator is a one-electron operator, and acts on 
n/2 spatial-orbitals, unlike the general electronic Hamiltonian that is a 
multielectronic operator and acts on the general wave function.   
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 The !!!"#$ constitutes the one electron contribution of the fock operator, and is 
defined as follows: 

 !!!"#$!!!!!!!! ! ! !!!!
! ! !!
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This term represents the kinetic term of the electron (1), situated in the orbital  

!! and the attraction that this electron feels for the nuclei. 

!! is the Coulomb operator, and when acts on !!!!!! orbital can be written like as: 

 !! ! ! !! ! ! !!!!! !!! !!!
!
!!"

!! ! !!! 2.21 

 

Where this expression represents the electrostatic repulsion between one 

electron, (1), located in !! orbital and another one, (2), located in !!. 

!! is the Exchange operator:  

 !! ! !! ! ! !! ! !!! ! !
!!"

!! ! !!! 2.22 

 

This operator can be interpreted as the correction of !! operator. This reduction in 
repulsion arises because two electrons with the same spin cannot occupy the same 
spin-orbital, and therefore they will repeal each other less than they would do just 
by coulombic repulsion.  

The !!! ! ! !! !!!!
!  term can be considered the true coulombic repulsion, 

corrected for electron spin and therefore for Pauli exclusion principle effect. This 
term is called the Hartree-Fock potential, and it represents the interactions 
between the electron (1) and the remaining electrons of the system as a mean-
averaged repulsion term.  

The main idea of the Hartree-Fock approximation is to simplify the complicated 
multielectronic problem to a monoelectronic problem, by means of the one-
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electron contribution term, and describe the electron-electron interaction by means 
of a mean-averaged potential term. 

Multiplying both sides of Hartree-Fock equations by !!! (1) and integrating with 

respect to the coordinates of electron 1, the Fock matrix is obtained: 

 !!" ! !!!!! !!!!! !!!!!  2.23 

 

And therefore, the Hartree-Fock equations can be rewritten as a matrix equation: 

 F! ! !!   2.24 
 

Where ! it is not a diagonal matrix. It can be shown that a unitary transformation 
of equation (2.24) leads to a new Fock matrix whose diagonalization gives rise to 
this new pseudo eigenvalue equation:  

 !!!! ! !!!!! 2.25 
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Where ! is a diagonal matrix.  

For the new set of orbitals, !!! , the new one-electron Hartree-Fock equation can 
be written as follows: 

 !!! ! !!! ! ! !!!!!!!! 2.27 
 

In a true eigenvalue equation the operator is not dependent on the function on 
which it acts. However in the Hartree-Fock equations, the Fock operator depends 

on ! through !!!"#!! operators, and therefore it constitutes a pseudo eigenvalue 
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equation. Since the Hartree-Fock equations are not lineal, they must be solved 
iteratively. In order to do this, it is necessary an initial guess as a zero 

approximation of the molecular orbitals, !! . With them, the Fock potential can 
be constructed. Adding to this potential the monoelectronic part, the Fock 
operator is obtained. This operator act on the zero approximation of the molecular 

orbitals, giving rise to a new set of orbitals, !! . With this new set, it can be 
constructed again an improved Fock potential, and with this a better Fock 

operator. This new operator may act again on the !!  set of orbitals, leading to an 

improved set of orbitals, !! . The process is continued until !!  and !! no longer 
change (within a given convergence criterion). This process is denominated SCF 
(Self Consistent Field). 

The set of functions obtained from the SCF procedure, !! ! are the spatial 
molecular orbitals or wavefunctions that (along with the spin functions) make up 
the total molecular (or atomic) wavefunction, which can be written as a Slater 
determinant. 

 

2.1.1.4 - Restricted Hartree-Fock: Roothaan-Hall equations 

The main problem when the Hartree-Fock equations are solved is that the 

radial function of the Fock orbitals, !! ! has not a closed analytical form. This 
added problem was solved by Roothaan4 and Hall5 who suggested that a good 

alternative to avoid this problem, was to expand the molecular orbitals !! ! as a 

linear combination of  basis functions, !! , of known shape.  

 !! ! !!"!!
!

!!!
!!! ! !!!!!!! !!    2.28 

 

Hence, in this new formulation each molecular orbital is expanded in terms of m 
basis functions. These basis functions are usually located in atoms, and they are 
usually a function of the electron-nucleus distance. Since each base function may 
usually be regarded as a kind of atomic orbitals, this linear combination of basis 
functions approach is called a linear combination of atomic orbitals (LCAO).  
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Thus, substituting the LCAO expansion (2.28) into (2.27) equation the following 
expression is obtained: 

 !!"!!!! ! !! !!"!!
!!
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Where the s subscript refers to the basis function and i to the molecular orbitals. 

Multiplying the left side by !!! and integrating:  

 !!"!!" ! !! !!"!!"!!            2.30 
 

Where 

 !!" ! !!!!!!"   2.31 

 

are the elements of a new matrix, named overlap matrix, arising from the fact that 
the basis functions used to expand the orbitals are not orthogonal.  

Where in the compact matrix form: 

 FC=SC!     2.32 
 

Where F is the matrix representation of the Fock operator in the atomic orbitals 

basis!!C is the coefficients matrix of the !!  orbital expansion. ! is the diagonal 
matrix of the energies and S is the overlap matrix. The elements of the Fock matrix 
are:  

 !!" ! !!"!"#$ ! ! !! ! !! ! !! ! ! !! ! !! ! !! !
!

    2.33 

 

Where, !!"!"#$ ! !! ! !!"#$ !! ! , which corresponds to the one-electron part of 
the Fock operator, does not depend on the coefficients of the base expansion. 
However, coulomb and exchange operators depend on the orbitals which, in turn, 
depend in the base expansion coefficients 
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And thus, 

 !! ! !! ! !! ! ! !!"!
!

!!" !" !"
!

  2.35 

 

Similarly for the exchange operator: 
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When substituting these expressions in the (2.33) equation: 
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And finally, defining the so-called density matrix elements as: 

 !!" ! ! !!"! !!"
!
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equation (2.33) turns, 

 !!" ! !!"!"#$ ! !!" !" !" ! !! !" !" ! !!"!"#$ ! !!"
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Where !!" is the matrix representation of the two-electron part of the Fock 

operator, which trough the density matrix, !!", depends on the expansion 
coefficients. 
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The atomic orbital basis set is usually non-orthogonal, and a transformation must 
be carried out in order to convert (2.32) equation into an eigenvalue equation that 
can be solved with diagonalization algorithms. The most frequently used is 
Löwdin´s transformation6: 

 !! ! !!!!!!!!!!! 2.41 
 

The eigenvalue equation to be solved being:  

 !!!! ! !!! 2.42 
 

And coefficient matrix is obtained transforming !! into C in the following way:  

 C = !!!!!!! 2.43 
 

Thus, by diagonalizing the transformed Fock matrix, the !! coefficient matrix can 
be obtained. From this coefficient matrix and by means of the (2.43) expression the 
C coefficients of MO expiation can be obtained.  With Roothaan-Hall 
implementation the SCF methods importance arises in the improvement of the C 

expansion coefficient of the base. The !!" expansion coefficients are the only thing 
that changes from one interaction to the next, and with them the density matrix. 

The !!"#$ matrix remains constant during the SCF process, and consequently its 
evaluation has to be carried out only once. In the same way, the G matrix does not 

depend on !!" expansion coefficients, since it is composed by coulomb and 
exchange integrals.  Roothaan-Hall implementation accelerates SCF procedure 
since all the integrals required for the construction of Fock matrix need to be 
solved just in the first cycle. 

The Hartree-Fock procedure using Roothaan-Hall equations can be summarized 
as follows: 

-Step 1: The definition of the molecule: geometry, charge and electronic state, and 
basis set. 

-Step 2: The calculation of the one-electron and two-electron integrals of the Fock 
matrix. 
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-Step 3: The calculation of overlap, S, and orthogonalization, !!!!!, matrixes. 

-Step 4: Obtaining the base expansion coefficients, !!. With these coefficients and 

the integrals resulting from step 2, an initial Fock matrix, !!, is constructed. 

-Step 5: Apply the transformation matrix, !!!!!, to Fock matrix.  

-Step 6:  To diagonalize the transformed Fock matrix, !!!, in order to get an 

improved base expansion coefficients, !!!. 

-Step 7: Transform !!! coefficients in !! by means of (2.43) equation. 

-Step 8: If the calculation is not converged, return to step 4. If it is converged, 
construct the molecular wave function. 

 

2.1.1.5 - Unrestricted Hartree-Fock method (UHF). Pople-Nesbet equations 

The Restricted Hartree-Fock (RHF) method assumes that the system has the 

same number of ! and ! electrons, and all the electrons are paired. In this method 

each !" electron couple shares the same spatial orbital. If this spin restriction is 
not taken into account, UHF method leads to the Pople-Nesbet equations,7 in 

which the ! and ! electrons are described by different spatial orbitals: 

 !! !
!!!!
!!!!

 2.44 

The introduction of these two different partition of spatial orbitals into the one-
electron Fock equation (2.27) and the integration of this equation over the spin 

coordinates, leads to two analog Fock equations, one for electrons ! and the other 

one for electrons !. 

 !!!!!! ! !!!!!! 2.45 

 

 !!!!!! ! !!!!!! 2.46 

 

Where !!! has de following meaning, 
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Being !! and !! the number of ! and ! electrons, respectively, and 

 !!! ! !!! ! ! !!!!!! !!!! !
!
!!"

!!! ! !"! 2.48 

 !!! ! !!! ! ! !!!!!! !!!! !
!
!!"

!!! ! !"! 2.49 

 !!! ! !!! ! ! !!! ! !!!! !
!
!!"

!!! ! !"! 2.50 

 !!! ! !!! ! ! !!! ! !!!! !
!
!!"

!!! ! !"! 2.51 

 

The !!! term of equation (2.47) denotes the coulomb repulsion that one ! electron 

feels with respect to one ! electron. In this equation there is no !!! term because 

the exchange operator does not act on electrons of different spin. Similarly, the 

Fock operator for a ! electron can be written as follows: 
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It can be noticed from equations (2.47) and (2.52) that the Fock operator of ! 

electron depends on !!  through !!! and similarly, the Fock operator of ! electron 

depends on !!  through !!!.  

Introducing LCAO approximation, we can define two sets of molecular orbitals: 

 !!! ! !!"!!!
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And following an analog deduction used to get Roothaan-Hall equation, we can 
reach to Pople-Nesbet equations: 

 !!!! ! !!!! 2.55 

 !!!! ! !!!! 2.56 
 

If we define the density matrix as follows: 
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Then, we can write the Pople-Nesbet equations in the following way: 
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If we define a total matrix density as 

 !!"!"! ! !!"! ! !!"!  2.61 

 

We can rewrite the Pople-Nesbet equations as   

 !!"! ! !!"!"#$ ! !!"!"! !" !" ! !!"! !" !"
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Both equations depend on the total density matrix, and therefore their solution 
must be reach simultaneously by means of iterative process, similar to the one 
used to solve Roothaan-Hall equations.   
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2.1.2 - Post-SCF methods: Electron correlation  

 The SCF method does not take into account the correlation between 
electrons with antiparalell spin, and it considers that the electrons are moving 
in an average field generated by all the other electrons, which does not take into 
account the correlation of the electron movement. Post-SCF methods are 
developed in order to include correlation effects. And thus, the correlation 
energy, Ecorr, is defined in the following way: 

 !!"## ! !! ! !! 2.64 
 

Where !! denotes the exact non-relativistic energy, and !! corresponds to the 
HF energy obtained in the limit of the complete basis set.  

2.1.2.1 - The Configuration Interaction approach: 

The configuration interaction method8-10 constitutes the simplest 
correlated ab-initio method. In this method for a system with N electrons (where 
N is the total number f electrons) the electronic wave function is expressed as a 
lineal combination of Slater determinants, where the coefficients of the 
expansions are obtained minimizing the energy with respect to the coefficients 
variationally. Once we have solved an SCF calculation for a given system, and 
therefore we have obtained its N spin-orbitals, it is possible to construct the HF 

wave function, !! , for the ground state with the lowest energy N spin-
orbitals. Since in general we will use a basis set in which the number of basis 
funcstions is greater than N, we will have also a set of empty or virtual 
orbitals.The total number of Slater determinants that can be build with N 

electrons and 2K spin orbits, is given by the number !!
! . Each of these 

determinants can be classified as a simple excitation, !!! , where the !! orbital 

have been sustituted by !!; double excitations, !!"!" , in which the occupied !! 

and !!! orbitals are replaced by the !! and !! virtual ones, respectively and so 

on up to N excitations. If !!  constitutes a reasonable approximation for the 

exact wave function !! , the latter can be written as follows: 

 !! ! !! !! ! !!! !!! !
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!!"!"
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In this expansion only the determinants with the same spin and symmetry of 
the wave function are included. The set of determinants with the same spatial 
or spin symmetry of the wave function are called configuration state functions or 
state functions (CSF).  

If every possible CSF were included in the expansion, the wave function 

obtained,! !! , would be the full-CI wave function. This wave function is the 
“exact” wave function in the subspace expanded by the basis, and thus a 
provided the basis set would be infinite we would obtain the exact wave 
function and the exact energy.  

However, in the practice the application of this method requires the truncation 
of the expansion and the use of a finite basis set. Thus, if we truncate the 
expansion in the monoexcitation, CIS, Configuration Interaction Singles, we 
would not be introducing any correlation energy, since the Brillouin theorem 
states that the determinants corresponding to the monoexcitations do not 

interact with the HF wave function, !! ! !!! ! !, since HF is invariant upon 
first-order changes. If only the biexcitations are considered, CID, the employed 
method is Configuration Interaction Doubles. This methodology accounts for the 
main part of the correlation energy in the small molecules. On the other hand, 
according to the Slater-Condon rules, we can also consider CISD (Configuration 
Interaction Singles and Doubles), since the matrix elements between singles and 
doubles are not null. Although the relative contribution of the monoexcitation 
to the correlation energy is quite small, this constitutes the most used 
methodology in most of the systems, since the monoexcitations do not suppose 
an excessive increase of the computational cost. 

However, one of the main problems of the truncated CI method arises in the 
fact that it is not size consistent.11 One method is size consistent when exist a 
proportion between the energy that it predicts and the number of atoms of the 
system. Lets take as example a hydrogen dimer. We can calculate each 
monomer considering the double excitations, however when analyzing the 
dimer with the same level of theory, we would not be considering the double 
excitations of the both monomers at the same time, and thus, the dimer would 
be worse described than the isolated monomers. The size consistency problem 
is important when calculating the relative energies of the fragments with 
different size. Full-CI and HF are size consistent methods. 
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 2.1.2.2 - The Quadratic Configuration Interaction approach 

The Quadratic Configuration Interaction methods, developed by Pople and 
coworkers aims to solve the size consistency problem of the truncated-CI 
methods. This method, consist on including quadratic terms using products of 
double excitations at the cost of the variational character of the approach. This 
method can be considered a particular case of the more general CCSD 
treatment, with fewer terms.  

This methodology takes as a reference the Hartree-Fock wave function, and by 
substituting the occupied spin-orbitals by the virtual ones the excited state 
wave functions are generated. The operators that are used in the construction of 
the aforementioned excited state wave functions can be defined as follows: 

 !! ! !!!!!!
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Where, !!!, !!"!"  and !!"#!"#  represents the substitution operators and C are the 
variational coefficients, usually called amplitudes, that need to be determined. 
By means of these operators, the CID and CIDS wave functions can be written 
as, 

 !!"# ! ! ! !! !! 2.69 
 !!"#$ ! ! ! !! ! !! !! 2.70 
 

The C coefficients are obtained projecting the Schrödinger function into the 
different configurations created by the substitution operators, being H the 
complete Hamiltonian and E the total energy. 

 !! ! ! ! !!" ! ! 2.71 
 !!! ! ! ! !!" ! ! 2.72 
 !!"!" ! ! ! !!" ! ! 2.73 
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The total number of the projection equation must be the same as the number of 
unknown quantities that need to be determined. And thus, considering that 

 !!" ! !! ! !!  2.74 
 ! ! !!" ! !!"## 2.75 
 ! ! ! ! !!" 2.76 

 

And using the intermediate normalization,  
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the following projections are obtained for the CISD from the equation (2.71-
2.73) 

 !! ! !!!! ! !!"## 2.78 
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The energies obtained from these equations are not size consistent. This is due 
to the fact that the right side of the equation shows a quadratic dependence on 
C, whereas the left part shows a lineal dependence. This problem can be solved 
adding in the left side of the equation a quadratic terms in such a way that they 
cancel the quadratic terms of the right side. 

 !! ! !!!! ! !!"## 2.81 
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This is the set of equations that need to be solved when performing QCISD12 
calculations. These equations could be defined for higher excitation levels, 
following the procedure that has been already described. In general, if m 
substitutions are included in the calculation, the projection equations are lineal 
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until the (m-2) level, but they need to be added the quadratic terms, !!!!!!, for 

the (m-1) level, and !!!! for the m. With !!!! term, the ! ! factor is required. 

The QCI method is generally used including the mono- and bi-excitations. The 
contribution of the tri-excitations can be some times important, and they can be 
fully considered performing a QCISDT calculation. The problem of this method 
is that is impracticable due to the high number of matrix elements that involves 
the triple excitations. Another alternative when including the triple excitation is 
to treat them perturbationally on QCISD solution. The QCISD(T)12 method is 
size consistent. 

 

2.1.2.3 The Coupled Cluster approximation 

The Coupled Cluster theory is based in the idea of describing the electron 
correlation in terms of interacting clusters of electrons. This method is size 
consistent, however, it is not variational and therefore, it does not ensure that 
the energies obtained with this method are above the real energy of the system. 

The Coupled-Cluster wave function is written as an exponential ansatz: 

 !!! ! !"#!!!! !!  2.84 
 

Where T is the cluster operator, which can be written as the sum of the 
excitation operators: 

 ! ! !! ! !! ! !! !! 2.85 
 

The Coupled-Cluster wave function in which only the double excitations are 
included, CCD11, can be written as follows: 

 ! !!!" ! !"# !! !!  2.86 
 

Where !! denotes the substitution operator for the double excitations, and it can 
be expressed in function of the creation and annihilation operators: 
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 !! !
!
! !!"!"!!!!!!!!!!
!"#$

 2.87 

 

Using a Taylor series expansion of the exponential ansatz, the Coupled-Cluster 
wave function can be written as follows: 

 

 

!! ! !! !! !!"!"!!!!!!!!!!
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2.88 

 

The CCD wave functions contains quadruples and sextuples excitations, 
however, the number of coefficients that need to be determined is the same as 
the number of excitations. The procedure to obtain the C coefficients is analog 
to the one described in the QCI methodology, where the projection of the 
Schrödinger functions into the different configurations generated by the 
substitution operators is done, 

 !! ! ! ! !!! ! ! 2.89 

 !!"!" ! ! ! !!! ! ! 2.90 
 

Following an analog procedure, we could obtain the wave function for Coupled-
Cluster singles and doubles, CCSD13-16: 

 
!!!"# ! !"# !! ! !! !!  

 
2.91 
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And thus, we can also obtain the Coupled-Cluster singles, doubles and triples 

wave function, adding to the !!!"#  the triple excitation terms:  

 

!!!"#$ ! !"# !! ! !! ! !! !!  
 

! !!!"# ! !! !
!!!
! ! !!!! ! !!!! !! !!  

2.93 

 

Adding excitation operators to the Coupled-Cluster wave function until !!, 
where N is the total number electrons of the molecule, we would reach to the 
Full-CI wave function. Coupled-Cluster theory converges more easily to the 
Full-CI wave function, since at the same truncation level CC contains a greater 
number of excitations.  

 

2.1.2.4 - M!ller-Plesset perturbation theory 

The aim of the Møller-Plesset17 method is to apply the perturbation theory to 
the Hartree-Fock wave function in order to get the correlation energy of the 
system.  

In this methodology the Hamiltonian is composed of two parts,  

 ! ! !! ! !" 2.94 
 

Where !! is the cero order Hamiltonian and denotes the sum of the Fock 
operators,  

 !! ! ! ! ! ! ! ! !!" !
!!

 2.95 
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The zero order wave function is the Hartree-Fock wave function, and the zero 
order energy is the sum of the canonical spin orbitals energy. 

 

 !!!!! ! !!" 2.96 

 !!!! ! !!
!

 2.97 

 

However, the !!!! considers two times the interelectronic repulsion, !!", and 

therefore, the ! correction must be: 

 ! ! !!!!" !
!
!!"!!!

 2.98 

 

! is an arbitrary parameter which enables the graduation of the perturbation 

effect. And thus, when !!= 0 we would be working with the zero order 

Hamiltonian (no perturbation). It would be possible to increase the ! value in 

such a way that when ! ! ! we would reach to the exact Hamiltonian, and the 
solution would be the eigenvalues and eigenfunctions of the exact Hamiltonian. 

This methodology assumes that the difference between the real Hamiltonian 
and the zero order Hamiltonian, as well as the differences between their 
eigenvalues and eigenfunctions are small.  

On the other hand, the eigenvalue and eigenfunctions of H can be written as an 

infinite expansion that contains the eigenvalues of !! and the perturbation 

matrix elements. Considering that H depends on !, their eigenvalues and 

eigenfunctions will depend on ! as well. 

 !! ! !!!!!
!

!!!
 2.99 

 !! ! !!!!!!!
!

!!!
 2.100 
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Where !!! and !!!!! represents the n order corrections of the wave function and 
the energy: 

 !!! !
!!!!!!!
!!!  2.101 

 !!!!!! !
!!!!!!!
!!!  2.102 

 

And thus we can write the Schrödinger equation as: 

 

!! ! ! !! ! ! !!! ! ! !!!! ! !! ! 

! !!!!! ! !!!!!! ! !!!!!!! !! !! ! ! !!!!!! ! !!!!!!! !!  
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In order to satisfy this equality, the coefficients of the term of the same ! order 
must be equal, and thus: 

For !! 

 !!!!!!! ! !!!!!!!!!! 2.104 

 

For !! 

 !!! ! ! !!!! ! ! !! ! !! ! ! !! ! !! !  2.105 

 

For !! 

 !!! ! ! !!!! ! ! !! ! !! ! ! !! ! !! ! ! !!!!!!!!!! 2.106 

 

From these equations and expanding the k order corrections, !!!!!, in the base of 
the zero order Hamiltonian´s eigenfunctions,  

 !!!!! ! !!"!!!!!!!!
!

! 2.107 
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For the first order equation we can get: 

 

!!!!! ! !!!!! ! !!!!! !! !!!!!

! !!!!! !!!!! !!!!! ! !!!!! !!!!! !!!!!  
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Taking into account that !! is hermitic, 

 !!!!! !! !!!!! ! !!!!! !!!!! !!!!! ! 2.109 

 

And considering that the basis set is orthonormal, 

 !!!!! !!!!! ! ! 2.110 

 

And thus, 

 !!!!! ! !!!!! ! !!!!! !!!!!!! 2.111 

 

In general the n order energy correction can be written as follows: 

 !!!!! ! !!!!! ! !!!!!!!  2.112 

 

Once we know the energy corrections for n orders, we can write the energy as: 

 !!! ! !!!!! ! !!!!!
!

!
 2.113 

 

From equation (2.111) and taking into account (2.96) and (2.98) equations, 
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And therefore, the corrected first order energy is: 

 !!! ! !!!!! ! !!!!! ! !! !
!
! !" !"

!!!
! !!" 2.115 

 

So, the Hartree-Fock energy is correct to first order, as all variational methods. 

From the first order perturbation equation, multiplying by !! !  in the two sides 

of the equation, we can reach the following expression for the first order 
corrected wavefunction, 

 !!!!! !
!! ! ! !! !

!! ! ! !! !!!!
!! !  2.116 

 

The first order wavefunction correction allows to obtaining of the second order 
energy correction, thus, from equation (2.116), we can reach the following 
expression for the second order energy correction 

 !!!!! !
!!"!" ! !!!!!

!

!! ! !! ! !! ! !!!!!
!!!

 2.117 

 

The second order correction it is known as the MP2 theory 18, so we can write 
the energy of this methodology as: 

 !!"! ! !!" ! !!!!! 2.118 

 



! #+!

With an analog procedure we can obtain the expressions for the energy and 
wave function corrections for higher orders. These methods are called MP319, 
MP420, MP521 and MP622, they would include the third, fourth, fifth and sixth 
order corrections respectively. 

 

 

 

2.2 - Density Functional Theory (DFT) 

This theory constitutes an alternative to conventional ab initio methods of 
introducing the electron correlation.  The main difference between ab initio 
methods and DFT consist on that, in the second the energy of the ground state 
of a many-electron system can be obtained through the electron density instead 
of the wave function. 

While this results in a substantial gain in computational speed, it must be noted 
that, contrary to ab initio methods, the approximations introduced in DFT are 
not systematically improvable.   

    

2.2.1 - The electron density 

For a given system of N electrons described by a wave function ! !!!!!!!! , 

where !! represents the spatial and spin coordinates of electron i, the 

probability of finding electron 1 between !! and !! ! !!!, while the other N-1 

electrons have arbitrary positions, can be get by integrating ! ! with respect to 
the coordinates of all electrons except electron 1: 

 !!! ! ! !!!!!!!! !!!!!!!!! 2.119 

 

Considering that the electrons are indistinguishable, equation (2.119) can be 
multiplied by the number of the electrons of the system. And integrating it by 
the spin coordinates of electron 1, the following expression is obtained:  
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 ! ! ! ! ! ! !!!!!!!!! !!"!!!!!!!!! 2.120 

   

Where ! !  is called the electron density and determines the probability of 
finding any of the N electrons with an arbitrary spin while the other N-1 

electrons have an arbitrary position and spin in the state represented by !. This 
is a non-negative function of only three spatial variables that vanishes at 
infinity and integrates to the total number of electrons: 

 !"#
!!!

! ! ! ! 2.121 

 ! ! !"! ! ! 2.122 

 

 

2.2.2 - The pair density 

We can also define the probability of finding electron 1 between !! and 

!! ! !!! and electron 2 between !! and !! ! !!! simultaneously, 
independently of where the other N-2 electrons are found. The quantity which 

contains this information is the second order density, !! !!!!! , and it is defined 
according to, 

 !! !!!!! ! !!! ! !! ! !!!!!!!!! !!!!!!!! 2.123 

 

Where N(N-1) are the possible electron couples that can be formed. Integrating 
with respect to spin variables, we get the pair density. This quantity it is of a 
great importance since it contains all the information about electron correlation. 

 !! !!! !! ! ! ! !!!!!!!!! !!"!!"!!!!!!!!!!! 2.124 

 !! !!! !! ! !! !!!!! !"!!"! 2.125 

 

If electrons would be identical classical particles that do not interact at all, the 
probability of finding one electron at space composed by spin and space 
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coordinates would be completely independent of the position and spin of the 
second electron. Since in our model we consider electrons as idealized mass 
points with no volume, the pair density would reduce to a simple product of 
the individual probabilities,  

 !! !!!!! ! ! ! !
! ! !! ! !!  2.126 

 

However this model does not take into account that the electrons have to be 
described by antisymmetric wavefunctions and the coulombic repulsions 
among them. The former is taken into account when considering the reduced 
density matrix for two electrons. 

 
!! !!!!!!!!! !!!! ! 

! !!! ! !! ! !! !!!!!!!!! ! !!! !!!! !!!! !!!!!!!!!! 
2.127 

 

When interchanging the variables !!and !! (or !!!  and !!! ), !! changes its sing 
due to the antysimmetry of the wavefunction. 

 !! !!!!!!!!! !!!! != ! !! !!!!!!!!! !!!!  2.128 
 

The diagonal terms of this matrix are the ones which have a physical meaning, 
since they amount to the second order density.  

 !! !!!!!!!!!! ! !! !!!!!  2.129 
 

The sum of these diagonal elements gives as a result the total number of 
electron pairs that can be formed, N(N-1). At the special situation in which two 

electrons are found in the same volume and with the same spin, !!! ! !!, we 
find that, 

 !! !!!!! ! !!! !!!!!  2.130 
 

This can only be true if !! !!!!! ! !. This result tell us that the probability of 
finding two electrons with the same spin at the same point in space is exactly 
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zero, which is a direct consequence of the Pauli principle. This effect is known 
as exchange or Fermi correlation, and it is also included in Hartree-Fock due to the 
antisymmetry of a Slater determinant. 

On the other hand, the coulombic repulsion is known under the label Coulomb 
correlation or correlation. This kind of correlation, which is not included at 
Hartree-Fock level, arises because the electros are charged particles that repeal 

each other through the ! !!" term of the Hamiltonian.  

The pair density can be expressed as a function of the independent densities 

and a correlation factor, ! !!!!! , which includes the N(N-1) constant and 
Coulomb and Fermi correlation, 

 !! !!!!! ! ! !! ! !! !! ! !!!!!  2.131 
 

We can also define the conditional probability, ! !!!!! , which represents the 
probability of finding any electron at position 2 in coordinate-spin space if there 
is one already at position 1. 

 !" !!!!! ! !! !!!!!
! !!

 2.132 

 

The conditional density integrates to N!1 electrons, 

 ! ! !!!!! !!! ! ! ! ! 2.133 

 

The difference between ! !!!!!  and the uncorrelated probability of finding 

one electron at !! gives as a result the region around the electron in which the 
presence of other electrons is excluded to a greater or lesser extent. 

 !!! !!!!!! !!
! !! !! ! !! !! ! !!!!! ! !!" !!!!!  2.134 

 

Since correlation typically leads to a depletion of the electron density at !!, the 

quantity !!" !!!!!  is called Exchange-Correlation or Fermi-Coulomb hole, which 
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usually has a negative sing in the regions close to the reference electron. Taking 
into account that the conditional probability integrates to N-1 and uncorrelated 
probability integrates to N: 

 !!" !!!!! !!! ! !! 2.135 

 

This result shows that the Exchange-Correlation hole contains exactly the 
charge of one electron.    

 

 

2.2.3 - Fermi and Coulomb holes 

The Exchange-Correlation hole function gives the idea of how the electron 
distribution is diminished around one electron due to electron correlation. 
Considering that the hole density usually has a negative sing, the interaction 
between the electron density (which is positive) and the Exchange-Correlation 
hole will be attractive. Considering that the origin of the electron correlation 

arises from the electron-electron interaction of the Hamiltonian, !!!, we can 
express the later in terms of the spin independent pair density in the following 
way: 

 !!! ! ! !
!

!
!!"!"

! ! !
!

!! !!! !!
!!"

!"!!"! 2.136 

 

We can split this expression in two terms using equations (2.131) and (2.134) 
and integrating over the spin coordinates. 

 !!! !
!
!

! !! ! !!
!!"
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 !!! ! ! ! ! !!" !  2.138 
 

The ! !  term is the equivalent of the J matrix of the HF method, and describes 
the classical electrostatic repulsion between two charge clouds. This term 
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contains also the unphysical self-interaction, since at !! ! !!, ! ! ! !! The !!" !  
term, denotes the interaction between charge distribution and the charge 
distribution of the exchange-correlation hole. It includes the correction for the 
self-interaction and all the contributions of quantum-mechanical correlation 
effects. 

The exchange-correlation hole can be expressed as the sum of two terms, the 

Fermi hole, !!!!!!! !!! !! , and the Coulomb hole, !!!!!!! !!! !! !!     

 !!" !!! !! ! !!!!!!! !!! !! ! !!!!!!! !!! !!  2.139 
 

The former, which involves electrons with the same spin, denotes the 
probability density of electrons due to the Pauli principle. This term is 
considered in HF method through the use of Slater type determinant. The 
second term applies for electrons of either spin, and it represents the hole 

resulting from the ! !!" electrostatic interactions. This term is neglected in HF 

methods. 

 

 

 2.2.4 - The electron density as the basic variable 

Considering that the resolution of the Schrödinger equation only requires 
mono- and bielectronic terms in the Hamiltonian and that the electronic wave 
function has 4N coordinates (where N is the number of the electrons), the DFT 

aims to solve this equation using the electronic density function, ! !  which 
only depends on three coordinates, as a simpler alternative to the electronic 
wave function.  

The Hamiltonian operator of any atomic or molecular system comes defined by 

N, the number of the electrons, !!, the position of the nuclei in the space and !!, 
the charges of the nuclei. Taking into account that we have to set up this 
operator, in order to define an atomic or molecular system, the electronic 
density must provide all the necessary information for it. Looking to some 

properties of ! ! : 
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1. The density integrates to the number of electrons ! !! !"! ! !  

2. ! !  has a maxima at the position of the nuclei, !!. 

3. At this position the gradient of the density has a discontinuity as a 

consequence of the ! !!
!!"

  part of the Hamiltonian as !!" ! !. The properties of 

these discontinuities are related with the nuclear charge Z of the nucleus 

according to: !"#!!!!!
!
!" ! !!! ! ! ! !, where ! !  is the spherical average of 

! ! .  

Consequently, this properties shows that the ! !  contains all the necessary 
information to obtain the total energy of the system. 

 

 

2.2.5 - The Hohenberg-Kohn Theorems 

The Density Functional Theory is based on the following two theorems: 

The First Hohenberg-Kohn Theorem:23 This theorem states that “The external 

potential !!"# !  is a unique functional of ! ! ; since, in turn !!"# !  fixes ! we see 

that the full many particle ground state is a unique functional of ! ! ”. This theorem 
can be proved by reduction ad absurdum. We can consider two external 

potentials, !!"#and !!"#! , that are part of two hamiltonians, !and !!, which only 
differ in the external potential. These two hamiltonians belong to two different 

ground state wave functions, ! and !!, with different ground state energy, !! 

and !!!, respectively, but give rise to the same electron density. 

 !!"# ! !! !! ! ! ! !! ! !! ! !!"#!  2.140 
 

Taking !! as a trial wave function of !, and considering that the two 
hamiltonians only differ in the external potential, 

 !! ! !! ! !! ! !! !! !! ! !! ! ! !! !!  2.141 

 !! ! !!! ! ! !!"# ! !!"#! !  2.142 
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Which yields to, 

 !! ! !!! ! ! ! !!"# ! !!"#! !" 2.143 

 

Interchanging unprimed with primed quantities and following the above steps, 
the following expression is obtained, 

 !!! ! !! ! ! ! !!"# ! !!"#! !" 2.144 

 

Adding these two equations, (2.157) and (2.158), we get the following 
contradiction, 

 !! ! !!! ! !!! ! !!!!"!! ! ! 2.145 
 

Thus we conclude that there cannot be two different external potentials that 
gives rise to the same ground state electron density. Consequently, this theorem 
involves that any observable property of a non-degenerate ground state system, 
can be exactly calculated from the electronic density of this state, or in another 
words, any observable can be written as a functional of the electronic density of 
the ground state. 

Thus, the electronic energy of the ground state, !!!, is a functional of the density 

of this state, !!, and therefore its different terms can be determined with !!.  

 !! !! ! !!" !! ! ! !! ! !!! !!  2.146 
 

This expression can be separated into two parts. One part which depends on the 

actual system, !!" !! ! !! ! !!"!", and another part which is universally 

valid, ! !! ! !!! !! . 

 !! !! ! !! ! !!"!" ! ! !! ! !!! !!  2.147 
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The terms of the energy that are independent on the system constitutes the 

Hohenberg-Kohn functional, !!" !! . 

 !!! !! ! !! ! !!"!" ! !!" !!  2.148 

 

Second Hohenberg-Kohn theorem:23 This theorem states that, “!!" ! , the 
functional that delivers the ground state energy of the system, delivers the lowest 

energy if and only if the input density is the true ground state density, !!”.  

This theorem is the analog of the variational principle for wave function 
methods, and constitutes a method to improve the trial electronic density 
through the minimization of the energy with respect to the electron density. 

This is possible if we have the exact expression of !!" ! . However, the 
Hohenberg-Kohn theorems don't tell nothing about how to construct this 

functional. Without any guide to construct ! !  and !!! !  functionals, we can 

just work with an approximation of !!" ! , and therefore in some particular 
cases it is possible to obtain an energy lower than the exact energy using 
standard functionals present in the literature. 

 

 

2.2.6 The Kohn-Sham Approach 

The energy can be expressed as: 

 ! ! ! !!" ! ! ! ! !!"!" 2.149 

 

Where, 

 !!!" ! ! ! ! ! !!! !  2.150 
 

Minimizing ! !  with respect to the density, considering that ! ! !" ! !. 
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 !" !
!" ! ! !!!! !!" ! ! !!" ! ! 2.151 

 

Where ! is the Lagrange multiplier, which ensures that the electron density is 
normalized. Equation (2.151) shows how to minimize the energy in order to get 
the energy of the ground state. The problem is that we don't have the exact 

expressions of ! !  operator. On the other hand, Gilbert's decomposition of the 
electron density,24 shows that for any density which is normalized to N 

electrons, exists a set of monoelectronic functions, !! , that obeys, 

 ! ! ! !!! ! !! !
!

 2.152 

 

Considering this decomposition of the electron density into monoelectronic set 

of functions, !! , Kohn and Sham proposed a method to evaluate the kinetic 
energy functional from the electronic density. They devised a reference system 
with N electrons that do not interact between then and are moving under an 

effective potential generated by the remaining electrons, !!"". These non-

interacting electrons are represented by !!  functions. Thus, they proposed a 
kinetic energy operator analog to the one of HF method,25 

 !! ! ! ! ! !!!
! !

!
 2.153 

 

This is not the exact expression of the kinetic energy, it is an approximation 

since !!  functions, called Kohn-Sham orbitals, do not constitute part of the 
wave function.  

Thus, the total energy of the system can be written as follows, 

 ! ! ! !! ! ! !!
! !! ! !!

!!"
!"!!"! ! ! ! !!"!" ! !!" !  2.154 

 

Where !!" !  is called the Exchange and correlation energy. This functional 
contains everything which is unknown.  
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 !!" ! ! !! ! ! !!" !  2.155 
 

It contains the correction corresponding to the non-classical effects of self 

interaction correction, Exchange and correlation,!!", and the correction 

corresponding to the kinetic energy, correlation kinetic energy,!!! ! . 

 !! ! ! ! ! ! !! !  2.156 
 

Where ! !  denotes the kinetic energy of the real system and !! !  is the kinetic 
energy of the reference system. 

The effective potential in which the electrons move in the Kohn-Sham model 
has the following meaning, 

 !!"" ! ! !
!

! !!
!!"

!"! ! !!" !
!!!" !
!" !  2.157 

 

Where 

 !!" !
!!!" !
!" !  2.158 

 

This last term is called the Exchange and Correlation Potential, and with this we 
can write the hamiltonian in the following way: 

 !! ! ! !!!!
! ! !!""

!
 2.159 

 

Similarly as it is done in HF method, in DFT a Slater determinant can be written 

with the M set of Kohn-Sham orbitals !! . Applying the (2.159) hamiltonian to a 
wave function constructed in this way and minimizing the energy, we reach to 
the Kohn-Sham equations, 
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 ! !!!!
! ! !!"" ! !!!" ! !!!!!" 2.160 

Taking into account that !!"" !  depends on the electron density, the strategy to 
solve these equations is analog to that used in the SCF procedure. First of all we 

need an initial Kohn-Sham set of orbitals, !!!!! , from which an initial electrom 

density can be constructed. With this initial electron density the effective 
potential can be constructed and the Kohn-Sham equations solved until 

convergence. If the exact form of !!" were known, the Kohn-Sham procedure 
would lead to the exact energy. This process does not contain any 
approximation and thus, unlike the HF model, where the wave function it is 
assumed to be a single Slater determinant, the Kohn-Sham approach it is in 

principle exact. The approximation comes from the expressions of !!". The 
central goal of the modern DFT is therefore to find a better and better 
approximation to this quantity. These are the steps required to solve the Kohn-
Sham equations: 

Step 1: We define a trial KS orbitals, !!!!! . 

Step 2: we calculate the electronic density: ! ! ! !!! ! !! !!  

Step 3: we propose an exchange and correlation energy functional, and obtain 
the exchange and correlation potential by means of (2.158) equation. 

Step 4: the effective potential is built by means of (2.157) equation. 

Step 5: improved KS orbitals and density are obtained by solving the Kohn-
Sham equations until consistency. 

Step 6: the total energy is calculated. 

 

 

2.2.7 - The Exchange and Correlation Functionals 

2.2.7.1 - The Local density Approximation (LDA) 

This approximation considers that the electron density of the system behaves as 
an uniform electron gas. It is called Local density approximation because it is 
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considered that the electron density is constant and therefore, the Exchange and 
correlation energy at position r only depends on the density at this point: 

 !!"!"# ! ! ! ! !!" ! ! !" 2.161 

 

Where, !!! ! !  is the Exchange and correlation energy per particle of a 

uniform electron gas density ! ! . This energy can be split in two terms, 

Exchange, !! ! ! , and correlation, !! ! ! , contributions. 

 !!" ! ! ! !! ! ! ! !! ! !  2.162 
 

The expression of the Exchange energy of a uniform electron gas was proposed 
by Slater, 

 !! ! ! ! ! !!
!! !
!

!
 2.163 

 

This expression is known as Slater´s Exchange Functional, (S). Vosko, Wilk and 
Nusair (VWN),26 obtained an expression for the correlation energy by means of 
numerical methods. The combination of the Slater´s Exchange potential (S) with 
the VWN correlation potential, leads to the SVWN exchange-correlation 
potential.  

 

 

 

 

2.2.7.2 - Local spin density approximation (LSDA) 

In open-shell systems the electron density is split in ! and ! contributions,  

 !!"! ! ! !! ! ! !! ! ! !!! ! ! !!!
!

!!

!!!

!!

!!!
 2.164 
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The resolution of the Kohn-Sham equations is made separately. 

 ! !!!!
! ! !!"" ! !!! ! !!!!!! 2.165 

 ! !!!!
! ! !!"" ! !!! ! !!!!!! 2.166 

 

These two equations are connected since the exchange and correlation energy 

depend on !! !  and !! ! , !!" ! !!" !! !!! . 

L(S)DA method works reasonably well in systems in which the electron density 
is maintained approximately constant (e.g. bulk metals) . 

 

2.2.7.3 - Generalized Gradient Approximation (GGA): 

The L(S)DA approximation is based on the uniform electron gas model, which 
works well in systems in which the electron density changes very little with 
position. These kinds of functionals assume that the Exchange and correlation 
effects depend on the value of the electron density at each position. However, 
there are functionals in which exchange and correlation effects are defined not 
only by the electron density at given position, but also by its variation in the 
surroundings. 

 !!"!!" !! !!! ! ! !! ! !!! ! !!!! ! !!!! ! !" 2.167 

 

In this approximation, the exchange-correlation energy functional is spilt in 

exchange and correlation energy terms, !!!!" and !!!!", and each term is 
modeled individually. 

 !!"!!" !! !!! ! !!!!" ! !!!!" 2.168 

 

The actual form of !!!!" and !!!!" does not assist the understanding of what 
these functionals try to describe, since they are not even based on a physical 
model. They just try to reach the better agreement with the experiment.  
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The GGA approximation gives better geometries than the L(S)DA ones, and it 
gives and average error of 6 kcal/mol with respect to G2 method. This method 
describes the hydrogen bonds reasonably well. G96-LYP is one of the GGA 
functionals used to obtain the results presented in this Thesis. This method 
combines the Exchange functional developed by Gill in 1996,27 with the gradient 
corrected correlation functional developed by Lee, Yang and Parr in 1988.28 

 

2.2.7.4 - Hybrid functionals: 

These functionals combine the exact Hartree-Fock exchange potential, in which 
the HF orbitals have been substituted by KS orbitals, 

 !!!"#$% ! ! !! !!!" ! !!!" ! ! !!" !!!" ! !!!" !
!

!!!

!

!!!
 2.169 

 

with the gradient corrected correlation and the exchange potentials, !!!!" and 

!!!!". And thus, for instance, the B329-LYP28 hybrid functional, which have been 
used to obtain some of the results presented in this Thesis, is defined as: 

 
!!"!!!!"# ! !! !! ! !! !!!"#$ ! !!!!!"#$% ! !!!!!!!

! !! !! !!!"# ! !!!!!"# 
2.170 

 

Where !! ! !!!"! !! ! !!!" and !! ! !!!" where determined to obtain the best 
agreement with experimental data of molecular atomization energies of G2 set 

of compounds. The !!!!!, !!!"# and !!!"#terms denote, the Becke´s gradient 
corrected Exchange functional developed in 1988,30 the LSDA correlation 
functional developed by Vosko, Wilk and Nuisar26 and the gradient corrected 
correlation functional developed by Lee, Yang and Parr,28 respectively. 

2.3 - Atomic basis sets 

In usual ab initio approach, based on the Roothaan method, the orbitals 
have to be expanded in terms of basis functions. Ideally, the of use a complete 

set of basis functions, !! , to describe these orbitals, would result in an exact 
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representation of the Fock orbitals and the energy obtained would be what is 
normally named the Hartree-Fock limit. However, a complete basis set is 
computationally unaffordable, and the use of an truncated expansion is 
required. Thus, when choosing a set of basis functions, the best balance between 
accuracy and speed must be found. 

The most common type of basis function in the literature are: Slater Type 
Orbitals (STO) and Gaussian Type Orbitals (GTO). 

 

2.3.1 - Slater Type Orbitals 

In order to have functions retaining the essential characteristics of the 
hydrogen-like orbitals and therefore representing the electronic charge 
distribution correctly, Slater proposed the STO functions31: 

 !!!!!!!! !!!!! ! !!!!!!!!"!!!! !!!  2.171 

 

Where N is the normalization constant, !!!! are the spherical harmonic 

functions and ! is the effective nuclear charge. These functions preserve the 
same exponential dependence on the electron-nucleus distance that the 
hydrogen-like orbitals. They describe very well the region close to the nucleus, 
and their great advantage is that good results can be obtained using a reduced 
number of them. However, the main disadvantage of using this kind of 
functions arises when calculating two electron integral, which cannot be solved 
analytically with STO functions when they are centered in more than two 
atoms. Due to this inconvenient, the use of these functions in molecular 
calculations has been limited mostly to the treatment of diatomic molecules, 
although some codes, i.e. ADF32 and SMILES33, have develop algorithm with 
different strategies in order to solve these problems. 

2.3.2 - Gaussian Type Orbitals 

Gaussian type orbitals34 can be written in terms of polar or cartesian 
coordinates as follows, 

 !!!!!!!! !!!!! ! !!!!!!!!!!!! !!!  2.172 
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Where the sum of !! ! !! and !! determines the type of orbital (s, p, d,..).  

The !!dependence on the exponential makes the GTO inferior with respect to 
the STO when describing the electron at short or far distances from the nucleus. 
At the nucleus, the slop of the GTO is zero, and thus the function maximum 
(cusp) at the nucleus is not well described. Furthermore, at far distances from 
the nucleus, the GTO decrease more rapidly than STO functions, which results 
in a worse description of the tail of the wave function in the former case than in 
the latter.  This implies that more GTOs are required to achieving a certain 
accuracy comparing with STO. 

However the great advantage of the !! dependence on the exponential, is that it 
makes possible the analytic evaluation of the multi-centered two-electron 
integrals with GTO. This fact compensates the fact that a larger number of GTO 
must be used for the description of the electronic structure with respect to STO. 

 

 

2.3.3 - Pople type basis sets 

In order to conjugate the advantages of using Slater and Gaussian type 
orbitals, Pople and co-workers developed STO-NG basis sets.35 The main idea of 
these basis set consist on fitting of a number of GTO (between 3 or 6) to a Slater 
type function: 

 !!"#!!" ! !!!!
!

!
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Where the set of !!  functions is a set of primitive Gaussians and the set of the 

!!  functions, is the set of contracted gaussians, and !! are the contraction 
coefficients. These basis sets are known as minimal basis sets since they are 
composed by the smallest possible number of orbitals to describe each atom in 
its ground state (1s for H and He, 1s, 2s, 2p for Li to Ne.....).  Hence, the number 
of contracted functions that describe them are as many as the number of 
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electrons of the system plus the number of functions required to complete the 
valence shell. 

Therefore, the first row atoms are described by one s orbital, the second row 

atoms are described by two s and three p (!! !!! !!!) orbitals, the third row 
atoms are described by three s orbitals, six p and five d and so on. Thus, the 
number of functions in the basis set will not be proportional to the number of 
the electrons of the system, since the same number of basis functions will be 
used for the atoms of the same row. 

The advantage of a minimal basis set is that they are composed by a small 
number of functions, and therefore they lead to rather cheap calculations. These 
type of basis sets are useful when a qualitative analysis of the system is needed.  

However, a minimal basis set is not flexible enough when describing the 
expansion or contraction of the electronic cloud due to the molecular 
environment and the anisotropy of the electron density. Thus, in order to 
provide more flexibility to the base, the minimal basis set can be enlarged 
including a second set of orbitals. These orbitals will be identical to the formers 
except that gaussian  functions defining them, will have a smaller exponent. 
With a smaller exponent, the wave function will decay more slowly. This allows 
the electron to be at larger distances from the nucleus. Thus, internal shell will 
be represented by gaussians with greater exponents, whereas the external shell 
will be represented by gaussians with smaller exponents. These types of basis 
sets are called Double-Zeta (DZ) and they will describe the first row atoms with 
two s orbitals, the second row atoms with four s and six p orbitals, the third 
row atom with six s, twelve p and ten d and so on. 

We can still increase further the base by including three sets of orbitals. The first 
one with large exponents, the second one with intermediate exponents and the 
third one with smaller exponents. These types of basis sets are called Triple-
Zeta (TZ). We can follow increasing the base up to Quadruple-Zeta, Quintuple-
Zeta, …  

On the other hand, some basis set split only the valence shell and the core 
electrons are described only by one function. These types of basis are called 
Split Valence. Considering that the core electrons are the ones that more 
contribute to the total energy, they need to be represented by means of the 
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contraction of a larger number of primitive gaussians (four or six) (4-31G36 or 6-
31G37 respectively). Taking into account that the chemical properties are mainly 
determined by the valence electrons, they are represented by two functions, one 
of them a contraction of three primitive gaussians and the other one 
represented by a non-contracted gaussian, i.e. 4-31G or 6-31G.  

Although the results obtained with N-Zeta and Split Valence basis set are very 
similar, the former involves computationally more expensive calculations than 
the latter, and thus the N-Zeta basis set have been substituted by the Split 
Valence ones. 

The Split Valence basis sets, still present some deficiencies when representing 
the modifications occurred in the electronic density distribution of the atoms 
when they form a molecule. In order to describe the polarization of the 
electronic cloud, basis functions with a higher angular momentum are required, 
this type of functions are called polarization functions.38 Thus, in the case of the 
first row atoms these functions are p orbitals, for the second row atoms are d 
orbitals, for the third row atoms are f orbitals, and son on. So a 6-31G(d) basis 
set (or 6-31G*) contains d polarization functions on the heavy atoms of the 
system, whereas 6-31G(d,p) basis set (or 6-31G**) also contains p polarization 
functions on hydrogen atoms. 

On the other hand, in order to obtain a well-balanced basis set the polarization 
functions must be added to a sufficiently large basis set. There should be one 
less polarization functions that the number of functions with a lower angular 
momentum. For instance, 3s 2p 1d or 4s 3p 2d 1f are well-balanced basis set. 
However 3s 2p 1d 1f or 4s 3p 1d 1f are not well-balanced because they includes 
the same number of f and d functions.   

The description of anions and systems including hydrogen bonds or Van der 
Waals interactions, requires the addition of the diffuse functions39 (very small 
exponents) in the basis set. Diffuse functions can be included in the heavy 
atoms and hydrogen atoms, or only in the former. The inclusion of these 
functions is indicated with + symbol. Thus, a 6-31+G(d) basis set is a 6-31G(d) 
base in which a sp set of diffuse functions has been added to the heavy atoms. 
In the case of a 6-31++G(d) basis set, a sp set of diffuse functions has been 
added to heavy and hydrogen atoms. 
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We could enlarge even more the Double-Zeta (Split Valence) basis set described 
above and obtain Quadruple-Zeta or Quintuple-Zeta basis sets. This basis set 
are large enough as to admit more polarization and diffuse functions. These 
type of bases are 6-311+G(d,p), 6-311+G(3df,2p),…  

 

2.3.4 - Dunning´s basis set 

The basis sets described up to now, do not consider the correlation of the 
core electrons, forcing the double occupation of the core orbitals. The error 
associated to this approximation is normally smaller or of the same order that 
the error associated to the use of a non-complete basis set or to the error 
associated to an inappropriate treatment of the electron correlation. 
Bauschlicher and co-workers40 established for the first time the division 
between correlation corresponding to the internal and external layers. The core-
core (CC or KK) component involves exclusively the excitations from the core 
orbitals. The core-valence (CV or KV) component involves excitations from the 
core and valence orbitals simultaneously. 

On the other hand, the calculation of thermodynamic properties of a given 
chemical system within chemical accuracy normally requires the inclusion of 
the core correlation. The absence of correlation functions for the core electrons 
could give rise to unreliable results when the method evaluates the correlation 
energy taking into account all the electrons of the system. The treatment of the 
core correlation requires the use of basis sets that contain radial and angular 
flexibility. The angular correlation from the internal orbitals is introduced 
including d and f contracted functions in the base.  

Dunning and co-workers41, 42 developed a set of basis functions in order to 
include the correlation effects in atoms and molecules. These basis functions 
were optimized using atomic calculations by means of correlated methods, and 
they are called correlation consistent polarized valence nZ basis sets, cc-pVnZ. The 
correlation consistent term indicates that they are generated in such a way that 
the error in the energy of the sp basis set must be comparable or slightly lower 
than the correlation error that arises from the polarization space. The basis set 
for the atoms of the first row were developed taking as staring point the basis 
set optimized for the oxygen atom. These optimizations were done using the 
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CISD method, in which the HF configuration and the symmetry 2allowed 
simple and double excitations were included. The polarization functions were 
obtained from primitive gaussian functions. The exponents of these primitive 
gaussian functions were obtained from the following expression: 

 !! ! !!!!!!!!!! ! !!! !!! 2.175 

 

Where !! is the total number of functions of each set and ! and !!are the 
coefficients that must be optimized for each set. In an analog manner, the 
exponents of the set of sp functions were optimized using the (2.175) 
expression.  Thus, starting from 1s, 2s, 2p set of atomic orbitals, the 1s 2p 
primitive functions were added, optimizing then the exponents with the CISD 
method. For the first row atoms the simplest correlation consistent base, cc-
pVDZ, is composed by (9s5p1d) primitive functions, which are contracted as 
[3s2d1d]. The cc-pVTZ base is composed by (10s5p2d1f) primitive functions, 
and these are contracted as [4s3p2d1f].  

In order to describe more diffuse electronic charge distributions, the cc-pVNZ 
basis sets can be enlarged with additional functions optimized for anionic 
atoms.43 First, a set of primitive s and p functions is added to each of the cc-
pVNZ bases of the neutral atom and the exponents are optimized for the SCF 
energy of the anion. Then, a primitive polarization function is added to each 
polarization set of the cc-pVNZ basis of the neutral atom. The exponents are 
optimized for the CISD energy of the anion. This procedure gives rise to the 
aug-cc-pVDZ, aug-cc-pVTZ and aug-cc-pVQZ augmented basis, which have 
the (10s5p2d)/[4s3p2d], (11s6p3d2f)/[5s4p3d2f] and 
(13s7p4d3f2g)/[6s5p4d3f2g] contractions schemes,  respectively.  

In some specific cases, the determination of core and core-valence correlation 
can be important in order to get accurate binding energies, molecular 
geometries, spectroscopic constants and vibrational harmonic frequencies.  For 
this purpose were developed the correlation consistent polarized core valence basis 
sets, cc-pCVnZ. The method used to determine the core-valence functions 
consisted in the incorporation of core and core-valence functions in order to 
describe the correlation effects. The coefficients of these functions were 
calculated optimizing the difference between the correlation energies, 
considering on the one hand all the electrons and on the other hand the valence 
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electrons. These basis set were developed by Martin and co-workers44 for alkali 
and alkaline-earth  metals. 

On the other hand, the correlated consistent polarized weighted core-valence basis 
sets, cc-pwCVnZ, were developed by Dunning and co-workers45. The 
fundamental motivation behind the development of these basis sets is that the 
determination of the chemical properties of a given system comes dominated by 
the core-valence correlation effects, being the effects of core correlation less 
important. Thus, the correlation functions were optimized for the core-valence 
correlation energy of the atoms, considering the energy of the core-core 
correlation as a small contribution weighted at 1%. 

 

 

2.3.5 - Pseudo Potentials 

The orbitals of the most internal shells of the heavy atoms are hardly 
modified by their participation in the molecular environment. This observation, 
together with the fact that the computational cost of a given calculation 
increases considerably with the number of basis functions, has motivated the 
development of other methods in which only the basis functions of the valence 
electrons are considered. This is the philosophy behind the Potentials that 
attempt to replace the basis functions of the chemically inert core electrons in 
order to reduce the computational cost of the calculation. 

Between the different ways to substitute the core electrons by a potential core, 
two different kinds should be differentiated, those which retain the correct 
nodal structure for  the valence orbitals, and those that do not. The former are 
named model potentials46-48 and the latter  Effective Core Potentials (ECP). The 
advantage of the model potentials is that the wave function of the valence 
electrons that they provide is very similar to that generated by means of all 
electron calculations. Therefore, they are very suitable to include the 
contribution of the valence electrons to the molecular properties. However, the 
main disadvantage of these potentials is the lack of a reduced set of functions 
that reduces the computational cost. Instead, the ECP describe the valence 
electrons using pseudo-orbitals that do not retain the nodal structure in the core 
region. 
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Thus, the ECP can be classified as: semi-empirical pseudo-potentials or SCF pseudo-
potential. In the former case, the ECP have been fitted with experimental 
energies, whereas in the latter, energies obtained with Hartree-Fock or Dirac-
Fock calculations have been used. 

Between the SCF Effective Core Potentials, The SKBJ pseudo-potential, 
developed by Stevens and co-workers49 and LANL1 and LANL250-52, developed 
by Hay and Wadt, are noted for their wide acceptance. The designs of both 
potentials have some steps in common. The first step consists on the definition 
of the core and valence orbitals depending on the type of the atom. Then, the 
valence orbitals are obtained solving the Hartee-Fock or Dirac-Fock equations. 

The next step consists on the definition of the pseudospin-orbitas in such a way 
that their behavior in the valence region is as close as possible to the valence 
orbitals derived from the numeric resolution of the Fock equations and the core 

region is fitted to a polynomial, ! ! , so that disappears the nodal structure of 
this region and facilitates the analytic fitting of the potential.  

 !!!! ! ! !!!! ! !!!!!!!!!!!!! ! !! 2.176 

 !!!! ! ! !!! ! !!!!!!!!!!!! ! !! 2.177 

 

Where !! is a value which is close to the most external maximum of the !!!! !  
spin-orbital. 

Once the pseudospin-orbitals are obtained, the next step consists on the 

determination of the !!!!!"# !  potential, imposing the !!!! !  pseudospin-orbitals 
to be solution of the Fock equation in the field created by the effective potential, 

for the same energy than the one of !!!! !  orbitals.  

 !!!"# ! !!!!!"# ! !!!! ! ! !!!!!!!! !  2.178 

 

Where !!!"# is the non-relativistic part of the valence Fock Hamiltonian, !!!! !  

is a valence spin-orbital and !!!!!"# !  is the relativistic effective potential to 
determine, which replaces the relativistic terms as well as the core-valence 
interaction terms of the valence Hamiltonian. In case of non-relativistic 

calculations, the !!!!!"# !  potential includes the core-valence interaction terms. 
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The non-relativistic part of the valence Fock Hamiltonian for a given angular 
momentum, l, is defined as follows: 

 !!!"# ! ! !!!
! ! !!""! ! ! ! ! !!!! !!!"#

!  2.179 

 

Where !!"" is the difference between the nuclear charge and the number of core 

electrons. The  !!"#
!  term contains the exchange and coulomb terms of the 

valence electrons. 

In the method proposed by Stevens and co-workers, each spin-orbital with a 
given angular momentum generates a single j dependent pseudo-potential. This 
pseudo-potential could be directly used in the molecular calculations, but it is 
more common the use of the Average Relativistic Effective Potentials (AREP), 
which remove the j dependency due to the spin-orbit coupling.  This average 
potentials are fitted to a compact expansion of gaussians, in order to optimize 
the efficiency of the molecular calculations. 

In the case of the ECP developed by Hay and Wadt, this is fitted to the 
following analytical expression: 

 !!!!!!!!!!!
!
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Where !! takes 0, 1 and 2 values and !! and !! parameters are optimized by a 
least square procedure. In general, a high number of gaussians is required in 

order to get a reliable fitting (k! !). 

Taking into account that the computational cost of the electronic integrals is 
proportional to the size of the analytic expansion, Stevens and co-workers 
propose an alternative to this type of fitting. 

 !!!!!"#$ ! ! !!!!!!!!!!!!!!!!!
!
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In this fitting, it is considered as “exact” the AREP obtained in the previous 
step, which in turn is used in Hartree-Fock valence calculations to generate a set 
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of pseudo-orbitals and a non j dependent and “exacts” eigenvalues. The 
number of the of the terms of the expansion cannot be greater than three. For a 

given !!!! value, atomic Hartree-Fock calculations are carried out varying !!!! 

and !!!! parameters until trial pseudo-orbitals and eigenvalues match with the 
exact pseudo-orbitals and eigenvalues. 

Finally, the numerical pseudo-orbitals are fitted to a set of Gaussian functions in 
order to obtain a valence basis set. 

On the other hand, the semi-empirical pseudo-potentials, allow the inclusion of 
the relativistic effects in the valence orbitals in a simple and efficient way, and 
in turn account for the core-valence correlation through the so-called 
polarization potential.  

Different authors have demonstrated that the dipolar polarization of the core 
charge density contains most of the core-valence correlation. Fuentealba and co-
workers53, 54proposed a polarization potential (shown in equation (2.183)), 

!!"# !!! , based on the induced dipolar momentum, !, by B core in A core, and 
pointing in a different direction to the position occupied by the single valence 
electron. 

 ! ! !!! 2.182 

 

Where !! represents the static polarizability of A core, and ! represents the 
electric field in the polarizable A core. This gives rise to the following 
expression for the polarization potential: 

 !!"# ! ! ! !! ! ! ! ! ! !!
!!!!

!! !! ! !!
!!!!

!! !! ! !!
!! ! !!
!!!!!!
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In this equation !! and !! represent the coordinates of the valence electrons, in 
the case of the alkaline-earth metals, or the coordinates of the single valence 

electron, in the case of the alkaline metals, of the B core. Where ! !  depends 

on ! as follows:  

 ! ! ! !! !"# ! !
!

!!  2.184 
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The incorporation of the polarization potential to the semi-empirical potential 
gives rise to the following expression for the global potential: 

 ! ! ! !!!!
! !!!"# !!!!!! !!

!
! !!"# !

!
 2.185 

 

Where Q is the core charge, !! are the angular projection operators and !! and 

!! are fitted by means of Rydberg spectra. 

 

 

2.4 - Population analysis methods 

 

2.4.1 - Mulliken´s population analysis and Natural Bond Orbitals 

(NBO) population analysis 

Probably the simpler and more economic way to calculate atomic 
charges is provided by the Mulliken population analysis. Even though, as we 
will discuss later, this is not a very reliable method it has the advantage of being 
extremelly cheap and therefore useful to get at least a qualitative idea of the 
charge distribution of a given molecular system.  

The following definitons are involved in this partition technique:  

The electron density associated to a given orbital is given by: 

 !! ! ! !!! !  2.186 
 

If this orbital is expanded in a set of non-orthonormal basis functions !! , 

 !! ! ! ! !!!!!!!!
!!"#$!

!"
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Knowing the occupancy, !!, of the !! orbital, the total number of electrons is 
given by the following expression: 

 

!!
!!"#

!
!!!!" ! !!!!!!!"

!"#

!
!!!!!"
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Where D and S are the density and overlap matrices, respectively. 

The Mulliken´s population analysis uses the D !!S matrix to distribute the electrons 

in atomic contributions. 55 The diagonal elements !!!!!! are the number of 

electrons of the a atomic orbital, and the non-diagonal elements !!"!!" are the 
electrons shared between a and b atomic orbitals. This analysis considers that 
the electrons are distributed evenly between a and b orbitals. Knowing the 
number of electrons per orbital, the number of electrons of atom A will be given 
by, 

 !! ! !!"!!"
!!"#$#

!!!
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and thus, the partial charge of atom A in the molecule can be defined as, 

 !! ! !! ! !! 2.190 
 

Where !! denotes the nuclear charge of A. 

This model presents some disadvantages: 

1.- The diagonal elements can be greater than two. This violates the Pauli´s 
exclusion principle since it involves that there are more than two electrons in 
one orbital.  
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2.- The non-diagonal elements can be negative. This have no physical meaning 
since it would involve a negative number of shared electrons between two basis 
functions. 

3.- The charge shared between two atoms should be polarized towards the most 
electronegative atoms. This effect is not well represented since the the electrons 
are distributed evenly between two orbitals.  

4.- The A atom could have a very low exponent basis function which would 
reach to a distant regions. The electron density of these regions could belong to 
atom B, but the charge described by this function would be assigned to  atom A. 
This prevents the convergence of the Mulliken analysis to a given value when 
increasing the size of the base. 

5.- The dipolar and quadrupolar moments are not well reproduced with the 
charges obtained by this population analysis. 

Due to these problems, the Mulliken method is usually used to analyze trends 
and relative charges. The deficiencies presented by this method have motivated 
the search of alternative population analysis methods that are able to provide a 
more reliable values for the charges. 

A popular population analysis method is based in the use of Natural Orbitals 
(NO). These orbitals are the eigenvectors of the first order reduced matrix, and 
the eigenvalue define their occupancy.  

 !! !! ! !!! ! !!"!# !! !!!! !!"#"$ !! !!!! !!"#"$ !!"!"#"$ 2.191 

 

Weinhold and co-workers56 used the natural orbital concept in order to 
distribute the electrons in atomic and molecular orbitals. Considering that the 
basis functions have been ordered in such a way that first have been disposed 
the bases corresponding to A atom, then the basis corresponding to B and so on: 

 !!!!!!!!!!!!!!!! !!!! !!!! !!!!! !!!! !!!!  2.192 
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Where !!!!!!!!!!!… functions belongs to atom A, !!! !!!! !!!! !… functions belongs 

to atom B, and !!!! !!!! !!!!… functions correspond to atom C. Then, the density 
matrix can be written in the blocks corresponding to each center as follows: 

 ! !
!!! !!" !!" !
!!" !!! !!" !
!!"

!
!!"
!

!!!
!

!
!

 2.193 

 

The Natural Atomic Orbitals (NAO) of A atom are obtained diagonalizing the 

!!! block, the NAO of B are obtained diagonalizing the !!! block, and so on. 
In general these NAO are not orthogonal, and therefore, the sum of their 
occupancies does not give as a result the total number of electrons. In order to 
give the correct number of electrons, the NAO must be orthogonalized.  

The basis functions of NAO can be divided in two groups, the NAO 
corresponding to the occupied orbitals, and the Rydberg type NAO which 
contain occupations close to zero. Therefore, the effective dimension of the 
NAO is reduced to a Natural Minimum Base (NMB), which include the NAO 
corresponding to the valence and core electrons, whereas the Natural Rydberg 
Base (NRB) do not have an important role in the NBO analysis. 

Normally the NMB contain most of the electrons, so it is desirable not to change 
too much their shape when performing the orthogonalization. For this reason 
the orthogonalization of the Natural Atomic Orbitals is weighted with the 
occupancy, and thus the shape of the NMB group is preserved due to its high 
occupancy, whereas it is allowed the distortion of the orbitals containing lower 
occupancy, NRB.  

The algorithm for obtaining the NAO is the following: 

1.- Each atomic block of the density matrix is diagonalized in order to obtain the 
non orthogonalized set of NAO, “pre-NAO”.  

2.- The highly occupied pre-NAO of one atom are orthogonalizad with the 
highly occupied pre-NAO of the remaining atoms by means of the occupancy 
weighted orthogonalization. 
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3.- The highly occupied pre-NAO of a given atom are orthogonalized with the 
pre-NAO with low occupancy of the same atom, by means of Gram-Schmidt 
algorithm.  

4.- The low occupancy pre-NAO of a given center are ortogonalized with the 
low occupancy pre-NAO of a remaining centers, by means of the occupancy 
weighted orthogonalization. 

After this procedure, an orthogonal set of NAO is obtained. The diagonal 
elements of the density matrix in this base represent the occupation of the 
orbitals. Similarly to a Mulliken analysis, the charge of A is obtained by the 
addition of the population of the orbitals belonging to A tom. This analysis 
presents some advantages with respect to Mulliken: 

1.- The NAO are defined from the density matrix, and therefore them 
occupation will be between zero and two. 

2.- The values obtained with this method converge to a well defined values 
with the enlargement of the basis set. 

3.- Taking into account that the NAO are obtained from the density matrix, they 
can be also obtained from correlated functions. 

However, similarly to what happened in Mullikens method, the NAO could be 
extended to a distant regions describing the electron density belonging to other 
nucleus. 

Ones the density matrix have been transformed to the base of NAO, the bonds 
between the atoms arises from the non-diagonal elements. In order to 
determine these Natural Bond Orbitals (NBO), the following steps must be 
performed: 

1.- The NAO belonging to a given atomic block and showing a occupation 
higher than 1.999, are identified as core orbitals and are eliminated from the 
density matrix. 

2.- The NAO belonging to a given atomic block and showing a occupation 
higher than 1.90, are identified as a lone-pair orbitals and their contribution is 
eliminated from the density matrix. 
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3.- The blocks belonging to the atomic pair (AB, AC, BC,…), from which the 
core and lone pair electrons have been eliminated, are diagonalized. The NBO 
are identified as eigenvector with high occupancy.  

4.- If the sum of the occupations of core, lone-pair and NBO orbitals is smaller 
than the total number of electrons , then it is considered that the number of 
NBO is insufficient. As a consequence of that, the occupation required for the 
selection of the NBO is diminished in the previous step, or bonds involving 
three centers are considered. 

Among the NBO orbitals, bonding and non-bonding orbitals can be 
distinguished. The latter are orbitals with low occupation and describe the 
deviations of a given structure from a pure Lewis structure. The energy 
associated with these orbitals can be estimated by calculating the total energy 
after their elimination. Thus, the total energy can be divided in two 

components: One of them associated to the covalent contribution, !!! ! !!"#$%, 
and the other component associated to the non-covalent contribution, 

!!!! ! !!"!!!"#$%.  

 ! ! !!! ! !!!! 2.194 
 

In this decomposition, the non-covalent contribution, !!!!, represents the 1% of 
the total energy, which highlights the importance of the Lewis component in 
the total energy. Considering that the correction of the Lewis structure is 
normally small, this can be obtained perturbatively. In the Molecular Orbital 
Theory, the second order stabilization energy between the Lewis structure 

containing ! orbital and the !! empty orbital, is described as follows:  

 !!!!!
!!! ! !! ! ! !! !

!!! ! !!
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Where, ! is the Fock operator and !!! and !! are the energies of the orbitals. 
Within the perturbative approximation of the NBO theory, the non-covalent 
stabilization energies can be described in terms of maximum overlap principle 
between the bonding and nonbonding orbitals. The non-bonding NBO orbitals 
should not be confused with the virtual orbitals belonging of the SCF theory. 
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The latter are empty orbitals and they play no role in the wave function or in 
any observable property, whereas the former show a non-zero occupancy and 
they contribute to the energy stabilization and to the form of the wave function.  

 

 

2.4.2 – Bader’s population analysis 

The set of methods described up to now constitute different 
approximations for the resolution of the Schrödinger equation in order to 
understand and predict the properties of a given system. However, besides the 
geometry, the energy and the other properties derived from these kind of 
calculations, the information based on the topological analysis of the charge 
density can be useful,57since it permits the definition of concepts as atom, bond, 
molecular structure and molecular stability.   

 

2.4.2.1 - The topology of the electron density: 

The electronic density is a one-elecron property defined by the following 
expression 

 ! ! ! ! !!" 2.196 

 

Where the square of the wave function is integrated over N-1 electrons (N is the 
total number of electron). Since the electronic density is defined for a given 
nuclear configuration, this monoelectronic function depends on the position of 
the nuclei parametrically. Each topological feature of the electron density 
(maximum, minimum or saddle point) is associated with a critical point (cp). In 
these points, the gradient of the density vanishes. 

 !! ! !! !! 2.197 
 

The critical points are classified according to their rank and signature, !!! . 

The rank, !, is the number of no-null eigenvalues of the hessian (curvatures) of 
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the electron density at the cp. The signature, !, is the algebraic sum of the signs 

of the curvatures. The critical points with ! ! ! are call catastrophe points. These 
points are unstable and any disturbance in the molecular structure would lead 

to their disappearance or their evolution to a new critical point in which ! = 3. 

Therefore, in equilibrium structures only critical points in which ! = 3 will be 
found. The following are the critical points that may be found in equilibrium 
structures: 

1.- (3,-3), in which all curvatures are negatives. These points correspond to a 
maximum of the electron density, and denote the position of the nuclei. They 
are called nuclear critical points (ncp). 

2.- (3,-1), in which there are only two negative curvatures. The direction 
associated with the positive curvature is the one in which the density function 
presents a minimum and corresponds to the internuclear axis. Taking into 
account that the maximum in the electron density denotes the position of the 
nuclei, the minimum presented between two maximum indicates that a bond 
exists between the two nuclei. This point of the electron density is called a bond 
critical point (bcp). 

3.- (3,+1), in which there is only one negative curvature. This kind of points is 
called a ring critical point (rcp), and appears in cyclic structures.  

4.- (3,+3), in which all curvatures are positive. The density is a local minimum 
in this point and it is associated to the cage structural concept. This point of the 
electron density is called cage critical point (ccp). 

The number and type of critical points that may exist in an isolated molecule is 
given by the Poincaré-Hopf equation: 

 ! ! ! ! ! ! ! ! ! 2.198 
 

Where n denotes the number of nuclei, b the number of bond critical points, r 
the number of ring critical points and c the number of cage points. 
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2.4.2.2 - Gradient vector field of the charge density: 

For a given molecular geometry, X, the gradient vector field of the charge 
density is composed for a set of trajectories outlined by the gradient vector of 

the electron density, !! !!! . A trajectory is obtained in the following way: 

first, the gradient of the density in an arbitrary point, !!, is calculated. Then a 

small displacement is done in the gradient direction, !!, after which the 

gradient is calculated again for the new point, !!. This process continues until 
the end of the trajectory. The initial and final points of these trajectories are 
critical points. 

The gradient vector field divides the atomic space in regions, !, containing a 
single nucleus. These atomic regions are called atomic basins and are surrounded 
by zero-flux surfaces in the gradient vector field, i.e. , they do not cut any 
trajectory defined by the gradient vector. Within these atomic regions, all the 
trajectories finish in a nuclear critical point, indicating the attraction that the 
electrons feel for the nuclei. Thus, an atom in a molecule comes represented by 
the nucleus and its corresponding nuclear basin surrounded by a zero-flux 
surface.  

The location of a zero-flux surface between two atomic basins indicates the 
presence of a chemical linkage between them. In these cases, there is a direction 
joining the two atoms along which the electrons density reaches its maximum 
value. The line joining the two atoms in this direction is called the bond path. 
Within the bond path, the point in which the electron density is a minimum is 
the bond critical point, and concomitantly in this point the bond path line cuts 
the zero-flux surface that delimits the two atomic basins. 

In general, the existence of a bond path and its corresponding bond critical 
point indicates the existence of a chemical linkage in the molecule. The set of 
the bond paths associated to a given equilibrium geometry together with the 
corresponding bond critical points constitute the molecular graph at the 
equilibrium structure of the molecule.  
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2.4.2.3 - The atomic partition of the molecular properties: 

The partition of the molecular space into the atomic basins permits to 
rewrite the expected value of a given operator averaged in all space as the sum 
of the expected value of that operator averaged in each of the M nuclear basins, 

!!: 
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Where !"! represents the integration with respect to the space and spin 

coordinate of all electrons except one. The property defined by ! operator can 

be associated with the density of such property in the space,!!!!!. This density 
can be expressed as the sum of the atomic contributions obtained averaging the 

! operator in the atomic volume. This partition permits to observe the 
contribution of one atom in a given molecular property. 

If ! ! !! then the obtained observable would be the electronic population.  

 ! !! ! ! !
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Where !!! !!  is the diagonal of the overlap matrix evaluated within the atomic 
basin. This expression allows the calculation of the electronic charge of one 
atom. And thus, the partial charge of a given atom comes given by: 

 ! !! ! !!! ! ! !!  2.201 
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2.4.2.4 - Characterization of the atomic interactions: 

The charge density of a given bcp, !!, can be useful in order to 
investigate the chemical nature of the bond. 

When the number of electron pairs shared by two atoms increases, the 
electronic charge accumulation increases along the interatomic surface. This 
electron density enhancement is also mirrored in the electron density increase 
at bcp. Thus, the electron density at a given bcp can be related with the bond 
order by means of the following formula:  

 !" ! !"#!!! !! ! ! ! 2.202 
 

Where A and B are obtained empirically. In general, the !!value for covalent 
interactions is greater than 0.20 a.u. and in the case of hydrogen bonds, Van de 

Waals or ionic interactions the !! value is smaller than 0.10 a.u. 

On the other hand, the bond path corresponding to a given chemical linkage 
does not always coincide with the internuclear axis. In the cases in which bonds 
are stressed, i.e. in small cyclic hydrocarbons, the bond path is curved and its 
length is greater than the internuclear distance. The measurement of the 
difference between these two distances gives an idea of the magnitude of the 
stress to which this bond is subjected.  

The Laplacian of the electron density, !!!, can be also useful in order to 
determine the chemical nature of a given bond. From the diagonalization of the 

hessian matrix we obtain the eigenvalues !!! !!! !!, which, as mentioned above, 
define the curvature of the electron density in the directions of their 

corresponding  eigenvectors !!! !!! !!, respectively. Thus, the Laplacian of the 
electron density can be defined as the trace of the Hessian matrix as follows: 

 !!! ! ! !!! !
!!! ! !

!! !
!!! ! !

!! !
!!! ! !! ! !! ! !! 2.203 

 

!!! ! ! ! denotes that the charge density tends to be withdrawn from r, since 
the charge density in this point is smaller than that at the neighboring points. 
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Contrary, when  !!! ! ! !, the charges density is accumulated in r, since the 
charge density at this point is greater than at the surrounding points. 

The Laplacian at bcp is the sum of the three curvatures !!! !!! !!, where 

!!!!"#!!!are negatives and perpendicular to the internuclear axis 

(!!!corresponds to the value of the curvature of lower magnitude) and !! is 
positive along the internuclear axis. 

When a chemical bond is formed two effects predominate in the formation of its 
internuclear surface: i) the electron density tends to accumulate between the 
atoms across the internuclear axis. This trend is measured with 

!!!!"#!!!negative curvatures, ii) the nuclei withdraw electron density from the 
internuclear axis, due to the attraction between the electrons and nuclei. This 

effect is measured by the !! positive curvature. Thus the signature of !!! !  
will determine which of these two effects predominates.  

In the case of the covalent bonds the two negative curvatures will predominate 
with respect to the positive one due to the electron density shared between the 
nuclei, and therefore the sign of the Laplacian of the electron density will be 
negative. Contrary, in the case of the interactions between close shell systems, 
ionic bonds, hydrogen bonds and Van der Waals interactions,…the electron 
density shared between the atoms is considerably smaller than that shared in 
covalent ones. In these cases the positive curvature will predominate with 
respect to the negative ones, and consequently the sign of the Laplacian of the 
electron density will be positive. 

However, in the cases in which the covalent bonds are strongly polar, the sign 
of the Laplacian could be positive due to the high ionic character of the linkage. 
The covalent bonds with low electron density could also present positive sign 
of the Laplacian. 

It is also possible to determine the type of interaction existing between two 
atoms by means of the local expression of the virial theorem.  

 !!
!! !!! ! ! !! ! ! ! !  2.204 
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Where ! !  is the virial field or the potential energy density and denotes the 
averaged effective potential experienced by one electron positioned at r in a 
many electron system. The potential energy density evaluated at any point in 
the space is always negative. Integrating it over the entire space results in the 

potential energy of the molecule. On the other hand, ! !  is the kinetic energy 
density, and it is always positive. Thus, the sign of the Laplacian of the electron 
density will determine which of these two contributions predominates.  

In those parts of the space where the Laplacian is negative, the interactions 
reach their stability by decreasing the potential energy due to the charge 
accumulation occurred in this point. Contrary, if the Laplacian is positive, the 
kinetic contribution will predominate and the charge accumulation at this point 
will destabilize the system. Thus, in the case of the covalent bonds, the sing of 
Laplacian at the bcp will be negative. However, in the case of the ionic 2bonds, 
the sign of the Laplacian will be positive at bcp. 

On the other hand, the energy density is given by: 

 ! ! ! ! ! ! ! ! !! 2.205 
 

The energy density and the Laplacian are related by the virial theorem as: 

 ! ! ! !
!!

!! ! ! ! !  2.206 

 

From equation (2.194), the sign of ! !  determines exactly which of the two 

contributions, ! ! !!"!! ! , predominates. The advantage of this criteria is the 
disappearance of the 2:1 factor of the equation (2.193). This factor causes 

problems for those cases for which !! ! ! ! ! ! ! ! . 

On the other hand, it is possible to calculate to what extent the electron density 
is accumulated in a given plane that contains the bcp by means of the ellipticity, 

!. 

 ! ! !!!!!
! ! 2.207 
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Where !! and !! are the aforementioned eigenvalues of the hessian matrix. The 

axis associated to the smaller curvature, !!, determines the plane of the 
molecule in which the electron density will be preferably accumulated.  In the 
case of the sigma bonds, in which their electron density presents cylindrical 

distribution around the bond axis, !! ! !!, and therefore the value of the 

ellipticity will be zero, ! ! !. The same will happen in the case of the triple 
bonds, since their electron density distribution is cylindrical around the bond 
axis too. In these cases, in order to distinguish between a simple and a triple 
bond it is necessary the use of the electron density at bcp. In the case of the 
double bonds, in which the electron density distribution is preferentially 

located in a given plane, !! ! !!, and therefore the ellipticity will present a 

positive value, ! ! !. 

 

 

2.4.3 - The Electron Localization Function (ELF) 

The Electron Localization Function (ELF), was proposed by Becke and 
Edgecombe58 as a measure of the probability of finding electron pairs in a given 

system. This function, ! ! , has a form of Lorentzian distribution, which 
permits the values of this function to be confined in the [0,1] range.  

 ! ! ! !
!! !

!!
! 2.208 

 

 

Where 
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Thus, in the regions of the space in which a high probability of finding electron 
pairs with antiparallel spin exists, this function will take values close to one. 
However, in the regions of the space in which the probability of finding 
electron pairs with parallel spin is high, the function will take values close to 
zero.  

ELF can be considered as a probability density of electron pairs. Thus similarly 
to the electron density, ELF can be considered a potential function, and define a 

vector field in a three dimensional space from its gradient, !!. Within this 

space, the point in which !! ! ! ! are called the critical points. In particular, 
the critical points containing all the eigenvalues of the Hessian matrix positive 
are called attractors. 

One can indentify trajectories outlined by !! !  vectors on which its staring or 
final point is a critical point.  

The critical points can be the starting or final point of the trajectories outlined 

by the !! !  vectors. In the former case the critical point is called a ! limit of the 

trajectory whereas in the latter is called a ! limit. In addition to these 
trajectories, the ones starting or finishing at infinite point must be added. When 

the ! point constitutes an attractor, the set of trajectories staring from it 

describe the basin of that attractor. However, when the ! point is not an 
attractor, the trajectories starting from that critical point constitute the 
boundary between two basins.  

The basins of the attractors can be associated with chemical bonds and lone 
pairs.59, 60 It can be distinguished between two type of basin, core basins and 
valence basins. The core basins, C(A), which surround the A atom, contains the 
core electrons. The valence basins contain the valence electrons. They can be 
classified as mono- or poly-synaptic depending on the number of valence shells 
participating in the basin. This number is known as synaptic order. 
Monosynaptic basins, V(A), correspond to the lone pairs of a given atom. 
Polysynaptic basins corresponds to the number of electron shells shared 
between two or more atoms. Thus, one can found disynaptic basins, V(A,B), 
which correspond to a bond between atoms A and B, trisynaptic basis, 
V(A,B,C), which correspond to a bond in which the electrons are shared 
between atoms A, B and C, and so on.  
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On the other hand, the localization domain61 can be defined as the volume 

limited by one or more isosurfaces which has a given ELF ! ! ! ! value and 
contains one or more attractors. In the cases in which this domain contains 
more than one attractor, these can be better visualized enhancing the value of 
the isosurface. 

 

2.4.3.1 - The population of the basins and them fluctuation  

The population of !! basin can be obtained integrating the electron density 
within its boundaries: 

 ! !! ! ! ! !"
!

!!
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The populations of the basins must satisfy the completeness condition (2.212) 
and must sum up to a total number of electrons.  

 !
!

!! ! !! 2.212 

 

In an analog way, the corresponding spin density for each basin can be 
obtained: 

 !! !! !
!
! !! ! ! !! !

!

!!

!" 2.213 

 

On the other hand the Quantum Mechanincs establishes that there is always a 
non-zero probability to find an electron in any region of a given system. This 
involves that the basins do not have a fixed population and that a certain 
amount of electron density will be shared between them, which taking into 
account the completeness condition (2.212), indicates that the population of the 
different basins are interrelated. This relation can be established trough the 
covariance matrix, which shows the correlation between the populations of the 
different basins. Its matrix elements can be defined as: 
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!!
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Where ! !!! !!  corresponds to the pair density. The diagonal elements of the 

covariance matrix, !! !! , denote the measure of the quantum mechanical 
uncertainty of the population of the basins or the fluctuation of the electron 
pairs. This effect was observed first by Bader and Stephens.62 

Taking into account the completeness relation between the populations of the 
basins, an analog relation between the covariances can be established: 

 !"# !! !!! ! !
!

 2.215 

 

This expression allows the decomposition of the fluctuation corresponding to 
the i-th basin in contributions from each j-th basins which delocalizes charge 
density with it.  

 
! !"# !! !!!

!! !!
! !

!!!
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The covariance can be also related with the delocalization indexes, ! !! !!! , 
defined by Fradera in the context of the AIM theory.[ref] This index quantifies 

the electron delocalization between the !! and !! basins.  

 !!" !! !!! ! ! ! !! !!!
!  2.217 

 

A non-null covariance or delocalization index denotes a population interchange 
between different basins, and consequently, a charge fluctuation between 
different atoms. The charge fluctuation shows that there are different resonant 
Lewis structures that describe the system, so by means of these indexes the 
weight of each of them can be determined. 
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2.4.3.2 - Bond classification criteria: 

Richard Bader classified the interaction between the molecules into two 
main types: interactions involving electron shearing or close shell interactions.57 

In the !! !  gradient field theory the aforementioned two type of interactions 
are determined by the presence or absence of di- or poly-synaptic basins.59, 61  

The interactions involving electron shearing include covalent, dative and metal 
bonds. These interactions are characterized by the presence of a di-synaptic 
basin between the two nuclei that participate in the link. The population of 
these basins is close to two, in the case of simple bonds, and is greater than two 
in the case of multiple bonds.63, 64 In these cases, the dispersion of the population 
of the basin, which is measured by the root square of the variance of that basin, 
is very small comparing with the total population of the disinaptic basin. This 
shows the high localization of the electron pair in the internuclear region. 

On the other hand, in the case of the close shell interactions, there are no 
disynaptic basins. In this case, the atom shows monosynaptic basis around it. 
These basins show a population close to two, in the case of a single electron 
pair, or greater than two in the case of the multiple lone pairs. Also in these 
cases, if the dispersion of the population of the basins is very small,  it denotes a 
high localization of the electron pairs in the atoms.63 
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2.5 - Reaction force theory 

 

The reaction force theory is a simple theoretical model which offers important 
chemical insights when investigating elementary reaction processes.  

The lowest energy path connecting reactants and products in an elementary 
reaction when projected into the intrinsic reaction coordinate typically presents a 
maximum corresponding to the transition state (TS) relying reactants and products.  
The differentiation of this energy curve leads to the reaction force, 

 

                              

! 

F(")= # dE(")
d"

     2.218 

 

Figure 2.4.4-1 :  Energy (a) and force (b) profiles for an elementary reaction 
connecting reactants (R) and products (P).  
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which presents two extrema, !1 (minimum) and !2 (maximum) (see Figure 2.4.4-1) 
which in turn permit the identification of different regions with a well defined 

chemical meaning, namely i) the reactant region (!R " ! " !1) where the reactants begin 

to start activated by a negative retarding force, ii) the transition state region (!1 " ! " !2 
), where a driving force increasingly balances the aforementioned retarding one and iii) 

the products region (!2 " ! " !P ) where the system relaxes and the driving force tends 

to zero when approaching !P.  This partitioning of the reaction coordinate in different 
reaction regions allows dividing the activation energy into two main contributions,  

                                             #E# = W1 + W2         2.219 

where,  

                        

! 

W1 = " F(#)d#
# R

#1

$  and              

! 

W2 = " F(#)d#
#1

# 0

$                   2.220 

In our particular case the first term of eq. (2) represents the work to be done to bring 
the HB donor and the HB acceptor close enough as to propitiate the PT process, 
whereas the second term corresponds to the energy required to reach the TS, in order 
to begin the evolution towards the products. Analogously the second part of the 
reaction coordinate can be split into two components, W3 and W4, so that the reaction 

energy can be written as,                    

                                                      #E0 = W1 + W2 + W3 + W4                               2.221 

where W3 represents the energy gaining on the relaxation of the system from the TS to 

!2  and W4 the energy to finally reach the products, and are given by, 
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W3 = " F(#)d#
# 0

# 2

$
          and               

! 

W4 = " F(#)d#
# 2

#P

$
       2.222 

To carry out this analysis it is necessary to carry out a a full geometry optimization at 
each step along the intrinsic reaction coordinate (IRC) expressed in mass-weighted 

cartesian coordinates,  !.  

 

The energy of the transition state is often rationalized through the Marcus equation in 

which the energy barrier !!! ! ! !" ! !!!!  is given by   
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Where !!!! is the Marcu´s intrinsic activation energy that has been mainly associated 

to structural effects. Along with the activation energy, the Brönsted coefficient ! comes 
to the picture: 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! !!!!
!!!! ! ! ! !

! !
!!!
!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!",""#!

!

This a description of the Hammond postulate that interrelates the reaction energy with 
the position of the transition state on the potential energy surface[ref] For symmetric 

reaction, !!! ! ! and ! ! !
! , indicating that the transition state resembles more the 

reactant. In this context, the Marcus equation is consistent with the Hammond 
postulate and the Brönsted coefficient is the natural descriptor quantifying it. 

 

2.5.1 - Chemical Potential and Reaction Electronic Flux 

For a N electron system with total energy E and external potential ! ! , the chemical 

potential ! ! , is defined as 

                                                      !!!!!!!!!!!!! ! !"
!" ! !

! !!                                                 2.225 

 

The link between DFT and classical chemistry is achieved when chemical potential is 

defined as the negative of the electronegativity !  of the system, as indicated in 
equation (del artículo) (8). To determine numerically the chemical potential along the 
reaction coordinate, the finite difference approximation and the Koopman´s theorem 

are used to obtain the following approximate expression for !: 

                                                   !!!!!!!!! ! !! !
! ! ! ! ! !

! !! ! !! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!2.226 

 

Where I is the first ionization potential, A is the electron affinity, and !! and !! are the 
energies of the lowest unoccupied and highest occupied molecular orbitals, LUMO and 
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HOMO, respectively. Having the chemical potential profile ! !  at hand, the gradient 
of the chemical potential along the reaction coordinate will define the reaction 
electronic flux: 

 

                                                                     ! ! ! !!! !"!"                                                     2.227 

 

Where Q > 0 is the transport coefficient that represents an average of the charge 
transferred during the chemical process; it can be calculated from the values of 
activation and reaction energies and chemical potentials:  

                                                                  ! ! ! !!
!!!!!

!!!!!!!                                                        2.228 

 

Where !!! and !!! are the activation and reaction chemical potentials. The reaction 
electronic flux is useful in identifying the regions along the reaction coordinate that are 
characterized by electronic polarization and transfer. In analogy to macroscopic 
thermodynamics, spontaneous reordering of the electronic cloud should be observed  

when ! ! ! !, whereas the reordering of the electronic density should be non-

spontaneous when ! ! <0. 
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The work presented in this Thesis aims to get more insights into the structure 
and reaction mechanisms of the ion-molecule interactions. In particular, molecules of 
biochemical interest interacting with Sr2+ and Ca2+ have been studied. This chapter has 
been organized in two parts: The first one is devoted to the analysis of the uracil and its 
thio- and seleno-derivatives as well as the uracil-dimers upon Sr2+ and Ca2+ interaction. 
Special attention has been paid to the structural and energetic changes provoked in the 
base due to the metal interaction, as well as to the effect that the already mentioned 
interaction has in the proton transfer processes of these systems. In the second part the 
structure and reactivity of Urea-Sr2+, Formamide-Sr2+ and Formamide-Ca2+ systems will 
be presented.  

 

3.1 - Proton transfer processes under Sr2+ and Ca2+ 
attachment 

3.1.1 - Introduction 

As it has been already mentioned in the introduction, the thio- and seleno-
derivatives of the nucleobases have attracted much attention due to their important 
biological role. In particular the thio- and seleno-derivatives of uracil and the structure 
and stability of their tautomeric forms have been studied in gas phase. This studies 
have concluded that dioxo, dithio and diseleno are the most stable forms of uracil and 
its dithio- and diseleno-derivatives,1, 2 and the height of the barriers connecting them 
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with the corresponding enolic forms are high enough as to conclude that only the 
aforementioned forms will be present in the gas phase. 

The tautomerization processes of the uracil and its thio- and seleno-derivatives 
under Ca2+ attachment has also been studied. These studies have shown that the metal 
attachment completely alters the relative stabilities of the different tautomers, being the 
most stable enolic forms those in which the metal dication is coordinated to two basic 
centers simultaneously. 

 On the other hand, previous studies have shown that the uracil dimer can 
undergo an almost synchronous double proton transfer. Although this process is 
endothermic, the barrier height found for this process is lower than the one found for 
the proton transfer process of uracil-Ca2+ system. 

 The studies shown in this part of the memory aims to see how the Sr2+ 
attachment influences the relative stabilities of the different tautomeric forms of uracil-
Sr2+, 2,4-dithiouracil-Sr2+ and 2,4-diselenouracil-Sr2+ complexes, and the catalytic effect 
that the metal interaction may have in proton transfer processes connecting their 
different tautomeric forms. With this work we attempt to investigate whether the metal 
interaction may have any catalytic effect in the proton transfer process found for uracil 
dimers. 

 

 

3.1.2 - Computational details 

In this part of the memory the results of the systems containing Ca2+, (uracil)2-
Ca2+, have been obtained using the B3-LYP density functional as implemented in the 
Gaussian 03 suite of programs.  Geometry optimizations and harmonic vibrational 
frequencies have been evaluated using a DZ-polarized 6-31+G(d,p) basis set expansion, 
which includes diffuse functions on the heavy atoms, since they are required to an 
appropriate description of hydrogen bonding and the polarization effects on the base 
induced by the doubly charged ion. The harmonic vibrational frequencies so obtained 
were used to evaluate the vibrational thermal corrections and to classify the stationary 
points located on the potential energy surface as local minima or transition state. In 
order to get reliable final energies, these were obtained in single-point calculations 
using a much larger 6-311+G(3df,2p) basis set expansion.  

The results of the systems containing Sr2+, uracil-Sr2+, 2,4-dithiouracil-Sr2+, 2,4-
diselenouracil-Sr2+ and the (uracil)2+-Sr2+ dimers, have been obtained using the 
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theoretical model defined in our previous assessment, Article I. This theoretical model 
is based on the use of the G96-LYP3, 4 density functional as implemented in  Gaussian 
03 suite of programs.5 Geometry optimizations and harmonic vibrational frequencies 
were evaluated using a LAN2DZ relativistic effective core potential basis set 
supplemented with one d function and one set of sp diffuse functions for Sr, whereas 
the remaining atoms have been described using the 6-31+G(d,p) basis set expansion. In 
order to ensure the reliability of the final energies, these have been obtained in single-
point calculations using for the Sr atom the enlarged LAN2DZ basis set, in which the p 
valence have been uncontracted and 3d and 1f polarization functions and a sp diffuse 
component were added. The remaining atoms were described using the 6-
311+G(3df,2p) basis set expansion.  

The reason for which the B3-LYP functional have been used in the case of Ca2+ 
containing systems is due to the fact that this functional has shown to provide very 
reliable geometries and harmonic vibrational frequencies for a great variety of systems, 
and in previous theoretical assessment, it has been shown to be a very good 
compromise between accuracy ad computational effort when dealing with Ca2+ 
interactions.6 This approach, used together with a flexible enough basis set, also 
performs quite well in describing both inter- and intra-molecular hydrogen bonds.  It 
must be mentioned, however, that in a recent assessment using adenine-thymine and 
guanine-cytosine base pairs as model system it has been found that B3-LYP method 
slightly overestimated hydrogen bond distances with respect to MP2.7 

In the case of the systems containing Sr, the reason for with the G96-LYP has 
been used is because in the assessment shown in Article I, when used with the basis set 
mentioned above, it provides binding energies in a very good agreement with the ones 
obtained at CCSD(T) together with the basis set proposed by Kaupp et al.8 When the 
base presented more than one basic site, the relative stability of the different local 
minima has been also reproduced well. It is also worth to mention that the good 
performance of G96LYP to describe metal-ligand and metal-metal bond energies 
together with main group atomization energies, atomic ionization potentials and bond 
length has been also reported previously in the literature.9 This functional was also 
found to be quite well suited for the study of the binding of other alkaline-earth doubly 
charged cations (Mg2+ and Ca2+).10 

The bonding characteristics have been analyzed primarily by using the electron 
localization function (ELF) topological approach.11, 12 These calculations have been 
carried out using the TopMod suite of programs.13 A second approach, the atoms in 
molecules (AIM) theory,14 has been also used. For this purpose the AIMPAC series of 
programs has been employed15. These analyses have been complemented with natural 
bond orbital (NBO) and natural resonance theory (NRT) calculations.16 In both cases 
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the Sadlej basis set has been used, due to the reliability of all electron basis sets when 
dealing with electron density topological analysis. The Wiberg bond orders (BO) have 
been also evaluated in the framework of the former approach. These calculations have 
been carried out with NBO-5G series of programs.17  

 

 

3.1.3 - Proton Transfer processes in Uracil monomer and its 
dithio- and diseleno-derivatives 

 

3.1.3.1 - Energetic and structural effects upon metal attachment 

In this section we will discuss the effect of Sr2+ on the tautomeric processes 
connecting the different tautomers of uracil and its different thio- and seleno-
derivatives.  These results are presented in detail in Articles II Scheme 1 and table 1 of 
Article II shows the relative energies of the different tautomeric forms of [uracil-Sr]2+, 
[2,4-dithiouracil-Sr]2+ and [2,4-diselenouracil-Sr]2+ systems. From the table it is evident 
that the Sr2+ attachment completely alters the stability order of the different isomers, 
being the most stable structures the tautomeric forms in which the simultaneous 
interaction of the metal with two basic sites is facilitated, as it is the case for 2a, 2b, 3a, 
3b and 5b complexes. Consistently, the enolic forms in which there is no possibility for 
the metal to interact with two basic sites simultaneously, 6a and 6b, are the least stable 
structures. Besides the simultaneous interaction of the metal dication with two basic 
sites, the 1,3H shift from the NH group towards the X and Y heteroatom have been 
found to contribute to the stability of the systems since it triggers a greater 
aromatization of the six-membered ring. This aromatization is reflected in the 
equalization of the bond distances and in the BCP densities, on going from adduct 1 to 
complex 2b. The same trend have been previously found for thymine-M2+ (M2+= Ni, Cu 
and Zn) systems18 and in the case of uracil and its thio- and seleno-derivatives in the 
presence of Ca2+.19, 20 On the other hand, starting from the diketo-form of the neutral 
uracil, (the dominant form in the gas-phase), two [uracil-Sr]2+ complexes can be formed 
by the direct attachment of Sr2+, complexes 1 and 4. In the uracil-Sr2+, dithiouracil-Sr2+ 
and diselenouracil-Sr2+ systems, structure 1 is systematically more stable than structure 
4, showing the preference of Sr to attach to the X heteroatom. The enhanced basicity of 
the X heteroatom with respect to Y can be attributed to the larger electron 
delocalization induced in the six-membered ring when the metal is attached to the 
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former.  This effect is reflected in the equalization of the densities at the corresponding 
BCPs on going from complex 1 to complex 4, cf. figure 1 of Article II, and the Wiberg 
bond orders shown in table 3.  The same trend have been previously found for Ca2+ 
cation.19, 20  

 

3.1.3.2 - Proton tranfer process: The catalytic effect of the metal 

In figure 3 and table 5 of Article II the energy profiles of the isomerization 
processes of the uracil-Sr2+, 2,4-dithiouracil-Sr2+ and 2,4-diselenouracil-Sr2+ systems, 
and the catalytic effect of the Ca2+ and Sr2+ cations in this process, are shown. As it can 
be observed from this table, Ca2+ and Sr2+ follow the same trend, in the sense that the 
catalytic effect of both metals increases as uracil < 2,4-dithiouracil < 2,4-diselenouracil. 

Sr2+ binding energies with uracil and its thio- and seleno-derivatives are greater 
than the activation barriers that connect diketo-like with enolic-like complexes. This 
implies that upon Sr2+ interaction all tautomers should be energetically accessible, and 
consequently, all of them should be observable in the gas phase.  

 

3.1.4 - Proton tranfer processes in uracil dimers  

Very often the DNA bases appear associated in pairs, and therefore the proton 
transfer within these pairs of bases are of particular interest since they may be related 
with the formation of the rare tautomers, which may in turn be responsible of 
mutagenic processes. In our survey we have considered that uracil dimers constitute a 
food model in which studying the effect that doubly charged metal ions may have in 
the process, among other things because the proton transfer processes within these 
dimers in the absence of the metal dications have been previously investigated in our 
group. As it has been previously shown in the literature uracil leads to six different 

dimers,21 in which the two monomers are connected though NH!O hydrogen bonds, 
cf. figure 3.1.4-1. 

From figure 3.1.4.1-1 we can see that the stability order of the neutral dimers 
decreases on going from UU1 to UU6, which is in good agreement with a previous s 
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Figure 3.1.4Error! No text of specified style in document.-1: The optimized structure of the 
uracil dimers. 

 

tability order reported in the literature by Kantorovich and co-workers.21 Previous 
studies have shown that the electrostatic interactions play a relevant role when 
explaining the stabilization orders of the different base pairs.22  

This appears to be consistent with the stability order found in this work. If we 
label the carbonyl groups directly involved in H-bonds as CO-I and the carbonyl 
group that is not directly involved in the H-bonds as CO-II, cf. figure 3.1.4-1, we can 
see that the dimers containing CO-II in para position with respect to CO-I show an 
enhanced stability with respect to the dimers containing CO-II in orto position with 
respect to CO-I. In the former case the CO-I and CO-II of the different monomers are 
further away from each other, and therefore the repulsion between them should be 
lower, whereas in the latter the CO-I and CO-II groups of the different monomers are 
closer to each other, and therefore the electrostatic repulsion between them is greater. 
From figure 3.1.4-1 it can be seen that the UU1 dimer has the CO-II groups of both 
uracil dimers in para with respect to the CO-I group. The next two dimers closer in 
energy are UU2 and UU3. These two uracil dimers have one uracil monomer 
containing the CO-II group in para with respect to the CO-I group. The three less 
stable dimers in energy are UU4, UU5 and UU6. In these cases both uracil monomers 
have CO-II in orto position with respect to the H-bond. 

Taking into account that the strong hydrogen bonds prefer to be shorter and 
linear, from table 3.1.4-1 it can be seen that, in general, the hydrogen bond strength 
decreases on going from UU1 to UU6. This is reflected in the H-bond lengthening and 

in the increased deviation of the NH!O angle from linearity on going from UU1 to 
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UU6  (See table 3.1.4-1). This trend is in good agreement with the previous study 
reported by Kantorovich and co-workers in the literature.21 

 

Table 3.1.4-1 :  The NH!O hydrogen bond distances and N-H-O angles of the two H-bonds, 
labeled as a and b in figure 3.1.3-1, of each uracil dimer are shown. The bond distances are in ! 
and the bond angles are in degrees. The values shown for the uracil dimers without parenthesis 
correspond to the values obtained with B3LYP functional and the ones with parenthesis are 
obtained with G96LYP functional.  

 
NH!O 

H-Bond distances 

 
N-H-O angle 

 
a b a b 

UU1 
1.785 

(1.789) 
1.7785 
(1.789) 

175.82 
(176.66) 

175.76 
(176.66) 

UU2 1.779 
(1.779) 

1.846 
(1.865) 

175.01 
(176.39) 

171.97 
(172.83) 

UU3 1.866 
(1.889) 

1.805 
(1.818) 

170.29 
(170.69) 

174.19 
(175.05) 

UU4 1.842 
(1.857) 

1.842 
(1.857) 

170.91 
(172.10) 

170.91 
(172.10) 

UU5 
1.866 

(1.866) 
1.866 

(1.866) 
169.01 

(169.78) 
170.13 

(171.04) 

UU6 
1.886 

(1.916) 
1.886 

(1.916) 
168.32 

(168.97) 
168.32 

(168.97) 
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3.1.4.1 - Structural and energetic effects in the presence of Ca2+ and Sr2+ 

The number of (uracil)2Ca2+ and (uracil)2Sr2+ complexes increases with respect 
to the number of the isolated uracil dimers, since the metal can be attached to the 
different basic sites of (uracil)2.  

As it can be seen from figures 3.1.4.1-1 and 3.1.4.1-2, the metal attachment 
completely alters the stability order of the uracil dimers. The most stable complex 
being the one resulting from the direct metal attachment to the one of the less stable 
uracil dimers, UU5. Conversely, the metal association to the global minimum of the 
uracil dimers UU1 leads to the less stable (uracil)2Ca2+ and (uracil)2Sr2+ complexes, 
UU1-a. 

In the case of the (uracil)2Ca2+ complexes, the direct attachment of the metal 
gives rise to nine different complexes, cf. figure 3.1.4.1-1. In these complexes, the two 
uracil monomers are connected through H-bonds and Ca2+ is coordinated to one or two 
carbonyl groups of the dimer. In the most stable structure, UU5-a, the metal is 
coordinated to the most basic site of each uracil monomer, X heteroatom (cf. scheme 1 
of Article II). The next three more stable structures are UU4-a, UU3-a and UU6-a. In 
these three complexes Ca2+ is coordinated to the X heteroatom of one uracil monomer 
and to the least basic site of the other monomer, Y heteroatom (Scheme 1 of Article II). 
These three structures are followed in energy by UU2-a and UU5-b complexes, where 
the metal interacts with the least basic site of both monomers. The least stable 
structures are UU2-b, UU1-a and UU3-b in which Ca2+ is coordinated only to one basic 
site of the dimer. 
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Figure 3.1.4.1-2 : Structure and relative stability of the six uracil dimers and their more stable 
Sr2+ complexes. All values, in kJ/mol, are referred to the most stable (uracil)2Sr2+ complex, UU5-
a. 

 

 

In the case of the (uracil)2Sr2+ complexes, the direct attachment of the metal also 
gives rise to nine different complexes, but in this case only eight of them are planar. 
The planar (uracil)2Sr2+ complexes follow the same trend observed for (uracil)2Ca2+ 
dimers, where  the most stable complexes are the ones in which the metal is 
coordinated to a bigger number of X atoms. There is however a significant difference 
with respect to the Ca2+ complexes as far as the structure and the relative stability of 
complex UU6-a is concerned. A comparison of the figures  3.1.4.1-1  and 3.1.4.1-2 
clearly shows that whereas Ca2+  this complex is planar for Sr2+  it is not. Also 
importantly, this non-planar complex for Sr2+ is predicted to be only 3 kJ mol-1 less 
stable than the global minimum UU5-a, whereas the Ca2+ contianing analogue lies 37 kJ 
mol-1 above the global minimum. Any attempt to obtain a planar complex failed and 
the intial planar structures systematically collapsed to the non planar minimum  
shown in figure 3.1.4.1-2.  Taking into account that the uracil monomers of non-planar 
UU6-a complex are not hydrogen-bonded and therefore they are far appart, the 
enhanced stability of this non-planar UU6-a complex with respect to the planar one can 
be attributed to the lower repulsion interaction existing between the CO-II type of 
carbonyl groups in the former.  
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In both systems, (uracil)2Ca2+ and (uracil)2Sr2+, the simultaneous coordination of 
the metal to two carbonyl groups, as it is the case for the UU2-a, UU3-a, UU4-a, UU5-a, 
UU5-b and UU6-a complexes,  destabilizes both H-bonds of the uracil dimer. In 
general, on going from UU2-a to UU6-a, the H-bond destabilization increases, as can be 

seen from the elongation of the bond (#bd) and the changes in the bond angle (#angle) 
(See table 3.1.4.1-1). In particular the H-bonds involving the carbonyl groups 
coordinated to the metal and the NH group positioned in orto with respect to the metal 
show a smaller linearity of the N-H-O angle with respect to the second H-bond, as can 

be seen from the !angle values shown in table 3.1.4.1-1.  

 

Table 3.1.4.1-1.  The NH!O hydrogen bond distances and N-H-O angles of the two H-bonds, 
labeled as a and b in figure 3.1.3-1, of each (uracil)2-Ca2+ and (uracil)2-Sr2+ complex are shown. 
The bond distances are in ! and the bond angles are in degrees. The values for the (uracil)2-Ca2+ 
complexes are shown without parenthesis and are obtained with B3LYP functional and the ones 
corresponding to (uracil)2-Sr2+ complexes are shown in parenthesis and are obtained with 
G96LYP functional. The !abd and !angle values correspond to the H-bond distance and angle 
differences triggered in the dimer after metal attachment. 

 
NH!O 

H-Bond distances/!bd 

 
N-H-O angle/!angle 

 
a b a b 

UU1-a 2.117/0.332 
(2.154)/(0.365) 

1.476/-0.302 
(1.402)/(-0.387) 

163.43/-12.39 
(163.36)/(-13.30) 

177.57/1.81 
(174.74)/(-1.92) 

UU2-a 
1.934/0.155 

(1.931)/(0.152) 
2.009/0.163 

(2.004)/(0.139) 
174.50/-0.51 

(174.53)/(-1.86) 
166.78/-5.19 

(167.44)/(-5.39) 

UU2-b 
1.424/-0.355 

(1.356)/(-0.423) 
2.117/0.271 

(2.112)/(0.247) 
175.45/0.44 

(173.53)/(-2.86) 
162.92/-9.05 

(163.79)/(-9.04) 

UU3-a 
2.034/0.168 

(2.029)/(0.140) 
2.021/0.216 

(2.044)/(0.226) 
166.30/-3.99 

(166.85)/(-3.85) 
174.78/0.59 

(175.26)/(0.21) 

UU3-b 
2.135/0.269 

(2.200)/0.311 
1.511/-0.294 

(1.453)/-0.365 
161.84/-8.45 

(161.16)/(-9.53) 
177.93/3.74 

(175.15)/(0.1) 

UU4-a 1.989/0.147 
(2.000)/(0.143) 

2.010/0.168 
(2.024)/(0.167) 

166.31/-4.6 
(177.82)/(5.72) 

178.04/7.13 
(166.69)/(-5.41) 

UU5-a 2.022/0.156 
(2.064)/(0.198) 

2.110/0.244 
(2.202)/(0.336) 

165.68/-3.33 
(165.33)/(-4.45) 

178.28/8.15 
(178.53)/(7.49) 

UU5-b 2.065/0.199 
(2.096)/(0.23) 

2.147/0.281 
(2.164)/0.298 

175.72/6.71 
(175.92)/(6.14) 

165.08/-5.05 
(165.32)/(-5.72) 

UU6-a 
2.239/0.353 

 2.246/0.36 163.29/-5.03 175.36/7.04 
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It is worth mentioning that in the complexes in which the metal is coordinated 
to a single carbonyl group of uracil dimer, UU1-a, UU2-b and UU3-b, the H-bond 
involving the NH group positioned in para with respect to the metal is reinforced 
systematically in both (uracil)2-Ca2+ and (uracil)2-Sr2+ systems, as it can be seen from the 
decreasing values of the H-bond distances and the N-H-O bond angle, cf. table 3.1.4.1-1 
. However, in these cases, the second H-bond involving the carbonyl group located in 
meta with respect to the metal, is systematically weakened. This is reflected in their H-
bond length increase and N-H-O angle opening, figure 3.1.4.1-2. 

 

3.1.4.2. - PT processes: The different reaction patterns triggered by the 
metal attachment  

As it has been already mentioned, previous studies have shown that the uracil 
dimers can undergo synchronous double proton transfer reactions giving rise to a 
product in which the enolic form of two uracil dimers are connected through H-
bonds.23 This process is endothermic. Interestingly, the very first important finding of 
our study of similar processes in the presence of a doubly charged metal ion, such as 
Ca2+ or Sr2+ is that   at least three of these PT processes become exothermic. It is also 
worth noting that whereas in the isolated uracil dimers the process corresponds to a 
practically synchronous double proton transfer, the interaction with a doubly charged 
metal opens up new different mechanisms, which also differ among them depending 
on the structural peculiarities of each complex.  

 

!

Figure 3.1.4.2-1 : Activation barriers associated with the proton transfer processes within the 
(uracil)2Ca2+ global minimum UU2-b. All values are in kJ mol-1. 

 

For instance, in the case of UU1-a, UU2-b and UU3-b complexes, in which the 
metal ion interacts with only one carboxyl group, a practically barrier-less single 
proton transfer process takes place between the atoms involved in the H-bond which is 
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in para position with respect to the metal (See Figure 3.1.4.2-1). This process gives rise 
to a product in which the uracil attached to the metal is deprotonated whereas the 
second uracil is protonated. Figure 3.1.4.2-1 shows this mechanism for UU2-b complex, 
which is the most stable one of the three complexes mentioned above. From this figure 
it can be appreciated that the enol-diketo dimer (the product) is -8.7 kJ/mol more  

stable than the diketo-diketo dimer (the reactant).  

In the case of the UU2-a, UU3-a, UU4-a, UU5-a, UU5-b and UU6-a complexes, 
looking at the energy profile of the reaction, it seems that the product arises formally 
from an intramolecular proton transfer in which the proton is transferred from the NH 
group of one monomer towards the carbonyl group of the same monomer. See for 
instance the energy profile for this process involving the UU3-a complex (Figure 
3.1.4.2-2). In these cases, the proton transfer process gives rise to a product in which the 
complex corresponds to a dimer between the diketo form of one uracil monomer, 
which remained apparently unaffected, and the enolic form of the other monomer.  We 
will see in the forthcoming discussion that the process is much more complicated, and 
that the apparent intramolecular proton transfer is not such.  

 

!

Figure 3.1.4.2-2 : Activation barriers associated with the PT processes within the (uracil)2Ca2+ 
global minimum UU3-a. All values are in kJ mol-1. 

 

Indeed, when the quantitative energy profile is calculated along the reaction 
coordinate (See Figure 3.1.4.2-3) its shape clearly shows that the aforementioned 
process is not an elementary one, but the result of at least two (or more) successive 
reaction steps.  This has a serious inconvenient in the sense that it is not trivial to 
determine the works associated with each elementary step, i.e., the reaction force 
approach described in section 2.5 cannot be directly applied.  
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This means that if we wish to analyze in detail the mechanisms involved in 
these not elementary processes we need to decompose the whole energy profile in the 
contributions coming from the different elementary processes involved.  For this 
purpose we have developed a decomposition model inspired in the stepwise function 
proposed by Labet et al, equation (3.2), for the description of the energy profile of an 
asynchronous stepwise  

mechanism.24  

 

 

!

4igure 3.1.4.2-3 : Energy profile of the PT processes within the (uracil)2Ca2+ global minimum 
UU3-a. The energy is shown in kJ mol-1. 

 

The model proposed by this group assumes that the energy profile of one reaction 
involving one elementary step can be modeled using a single gaussian function, ec. 
(3.1). 
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For ! ! !!": 

 ! ! ! !! ! !!!!"# ! ! ! !!" !

!   

 

 

For ! ! !!"! 

 ! ! ! !! ! !!! ! !!! ! !!! !"# ! ! ! !!" !

! ! ! !!!
!!!

 3.1 

 

Where ! is the intrinsic reaction coordinate, !!" is the intrinsic reaction coordinate of 

the transition state, !! represents the reactant energy, !!! is the activation energy, !!! 

represents the overall reaction energy and ! is a positive parameter which sets the 
energy barrier wideness.   

 

Considering a chemical reaction involving two primitive processes, and 
assuming that the previous model can be applied to each of them, the energy profile of 
a concerted mechanism involving two primitive steps could be described by the 

analytic expression shown in equation (3.2). In this equation, !!"! and !!"! are the 
coordinates of the transition states of the first and second processes, respectively. If 

!!"! ! !!"!, the processes are said to be synchronous. On the contrary, if !!"! ! !!"!, 
they are said to be asynchronous.  Arbitrarily, it is considered that the process 1 begins 

before the process 2, and thus, !!"! ! !!"!.  Before !!"! both processes are at the 

activation stage whereas after !!"! both are at the relaxation one. Between !!"! and 

!!"!, the second process is still at the activation stage whereas the first one is at 
relaxation one. 

For ! ! !!"!: 

 

 ! ! ! !!! ! !!! ! !!!!!"# ! ! ! !!"! !

!!
! !!!!!"# ! ! ! !!"! !

!!
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For !!"! ! ! ! !!"!: 

 

 

! ! ! !!! ! !!! ! !!!! ! !!!! ! !!!! !!"# ! ! ! !!"! !

!! ! ! !!!!
!!!!

 

 

!!!!!!"# ! ! ! !!"! !

!!
 

 

 

For !!"! ! !: 

 

! ! ! !!! ! !!! ! !!!! ! !!!! ! !!!! ! !!!! !"# ! ! ! !!"! !

!! ! ! !!!!
!!!!

 

 

! !!!! ! !!!! !"# ! ! ! !!"! !

!! ! ! !!!!
!!!!

 

 

3.2 

 

Where !!! and !!! represents the reactant energy of first and second step, respectively. 

!!!! and !!!! are the activation energies of both steps, !!!! and !!! are the reaction 

energies of first and second steps, respectively. !! and !! are positive parameter which 
sets the energy barrier wideness.   

Under these assumptions the following energy profiles can be encountered for the 
superposition of two asynchronous primitive processes, figure 3.1.4.2-4. 
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Figure 3.1.4.2-4 : The energy profiles encountered for the superposition of two elementary 
processes (reproduced by Labet et al.24). 

 

In the cases represented in figure a1, a3 and a4, the superposition of two 
primitive processes results in only one maximum of the total potential energy. On the 
contrary, in the case represented in figure a2, the resulting potential energy profile 
passes through two maxima along the reaction coordinates which is characteristic of 
two successive elementary steps. Both processes are asynchronous enough so that their 
superposition leads to a stepwise reaction. The potential energy represented in figure 
a1 is similar to the one of an elementary step. However, the potential energy profiles 
shown in figure a3 and a4, shows a shoulder before and after the apparent transition 
state, respectively. 

 It can be observed that the energy profile shown in figure 3.1.4.2-3 for UU3-a is 
very similar to the one obtained for Labet et al. from the superposition of two gaussian, 
figure 3.1.4.2-4-a3. This seems to indicate that the   PT mechanism in UU3-a can be 
divided at least in two elementary steps. In order to have an approximate analytic 
description of the different steps participating in such a mechanism, we have separated 
them using the analytic  
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Figure 3.1.4.2-5 : The energy profile for the processes connecting UU3-a with UU3-a-e is shown 
with black plots. The red line represents the fitting of the (3.3) function. In blue and green dots 
are represented the gaussian functions corresponding to the first and second step, respectively.  

 

expression proposed by V. Labet and co-workers, equation (3.2),24 for the description of 
the energy profile of an asynchronous concerted mechanism.  

 In order to extract the parameters of the two Gaussian functions involved in 
this mechanism, we have modified the expression proposed by Labet et al. in order to 

eliminate the dependences existing between !!! and !!!, and !!! and !!! parameters. 
Thus, we have rewritten the (3.2) equation in the following form: 
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For ! ! !!"!: 

 ! ! ! !!! ! !!! ! !!!!!"# ! ! ! !!"! !

!!!
! !!!!!"# ! ! ! !!"! !

!!!
  

 

For !!"! ! ! ! !!"!: 

 

! ! ! !!! ! !!! ! !!!! ! !!!! ! !!!! !!"# ! ! ! !!"! !

!!!
 

 

!!!!!!"# ! ! ! !!"! !

!!!
 

 

 

 

For !!"! ! !: 

 

! ! ! !!! ! !!! ! !!!! ! !!!! ! !!!! ! !!!! !"# ! ! ! !!"! !

!!!
 

 

! !!!! ! !!!! !"# ! ! ! !!"! !

!!!
 

 

3.3 

 

Where !!! and !!! corresponds to the energy barrier wideness at activation stage for 

the first and second steps, whereas !!! and !!! coefficients denote their corresponding 

energy barrier wideness at relaxation stage. 

 During the entire procedure the value of the !!"! paremeter has been kept fixed 
to zero. On the other hand, previous studies have shown that the energy profile of the 

proton transfer processes occurring within the A-H!B type of systems, can be divided 
in three stability domains according to the structural changes observed in the structure 
of the reactants as the reaction proceeds. The first stability domain corresponds to the 

A-H!B chemical structure in which the disynaptic basin V(A,H) has a boundary with 
the base lone-pair monosynaptic basin V(B). The second stability domain appears after 

the A-H bond breaking and corresponds to the !!!!!!!!! chemical structure. This 
chemical structure involves the V(A), V(H) and V(B) monosynaptic basins. The third 
structural domain appears after the H-B bond formation and corresponds to the 

chemical formula A!H-B and implies the monosynaptic basin V(A) and the disynaptic 
basin V(B,H). 25 Taking into account that different studies have found the A-H bound 

breaking at the vicinities of the transition state structure, we have chosen as !!"! the 
reaction coordinate in which the proton was midway between the lone pairs of the N1 
and O3 atoms and it could give a proper description of our system according to the 
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structural changes observed along the IRC. The value found for !!"! parameter under 
this criterion was  -1.25.  

Taking into account that the last step is the one which contributes to the 
stabilization of the products, the reaction energy of the first process has been fixed to 

zero, !!!! ! !, and the reaction energy of the second process to 20.5 kJ/mol. 

Arbitrarily, the reactant energies were fixed to zero for both processes, !!! ! !, !!! !
!. 

Under these conditions the parameters obtained for equation (3.3) are shown in table 
3.1.4.2-1. With these parameters, the analytic expression for the first and second steps 
are shown in equation (3.4) and (3.5). 

 

For ! ! !!!!": 

 ! ! ! ! !!"!!"#!!"# ! ! ! !!!" !

!!!""   

 

For ! ! !!!!"! 

 ! ! ! ! !"!!"# !"# ! !! ! !!!"!
!

!!!"#   

 

 

For ! ! !!!!: 

 ! ! ! ! !!!"!!!!!!"# ! !!
!!!"#   

 

For ! ! !!!! 

 ! ! ! ! !"!! ! !!"!!!! ! !"!! !"# ! !!
!!!"#  3.5 
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Table 3.1.4.2-1. Parameters extracted from the fitting for equation (3.3). The values of !! are in 
kJ/mol. 

 !! !! !! 

First gaussian 53.805 ! 1.205 0.488 ! 0.007 0.412 ! 0.014 

Second gaussian 116.444 ! 0.263 0.934 ! 0.029 1.320 ! 0.008 
 

 

Looking at these results it can be observed that the activation barrier of the first 
step, that involves the first proton transfer, is considerably smaller than that of the 
second step. This can be understood taking into account that the second proton transfer 
is accompanied by a simultaneous twist of the uracils, which moves them out of the 
plane. 

Hence, in the case of the UU3-a (and UU2-a) complexes a concerted 
asynchronous double proton transfer process takes place. The atom labels of the key 
atoms are shown in figure 3.1.4.2-2.  Looking at the evolution of the reaction through 
the IRC we can clearly distinguish two steps in this mechanism. In the first step the N1 
atoms donates the proton to O3. In the second step, the transference of the second 
proton from the N2 atom towards the N1 atom takes place. This second proton transfer 
process is accompanied by the uracil twist. Contrarily to what has been observed in the 
case of the uracil neutral dimers, the final product, composed by the keto form of one 
uracil monomer and the enolic form of the second one, is more stable than the 
reactants, cf. figure 3.1.4.2-2. 

The structural changes within the UU3-a complex with the evolution of the 
mechanism can be appreciated in the electron density plots shown in figures 3.1.4.2-6 
and 3.1.4.2-7. 
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Figure 3.1.4.2-6 : Molecular graph along the reaction coordinate connecting UU3-a with UU3-a 
(!= 1.6). Electron densities are in a.u. 

 

 

From figure  3.1.4.2-6 it can be seen that the main interaction between the Ca2+ metal 
and the uracil dimer, during all mechanism, is essentially electrostatic. This is reflected 
in the low electron density value found in the O-Ca BCP.  

Consistently, the ELF graph doesn't show any disinaptic basins between the O and Ca 

atoms. On going from structure UU3-a to UU3-a (!!"# ! !!!!"!, the transference of 

the proton involved in the N1H!O3 H-bond takes place. From figure 3.1.4.2-7, it can 

be seen that at !!"! the proton is positioned almost midway between the lone pairs of 
N1 and O3 atoms. Consistently, on going from the reactant to structure UU3-a 

(!!"# ! !!!!"! the electron density at N1-H bond critical point considerably decreases, 

and that at O3-H BCP increases. At != -1.25 the lone pair of the N1 atom and the N2-H 
group start to approach by means of the twist of both uracils. This have been observed 
looking at the N1-C1-N2-C2 dihedral angle, cf. figure 3.1.4.2-2, for  UU3-a, UU3-a 

(! ! !!!!!, UU3-a (! ! !!!!!"!, UU3-a (!= -1.00) and UU3-a (! ! !!!!!! structures 
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where it was found to be 9.26º, 11.07º, 11.56º, 14.46º and 17.68º, respectively. The 

beginning of the twist of the uracils around != -1.25 is in good agreement with the 
picture we got from the fitting, where the second process starts around this reaction 

coordinate value. From UU3-a(! ! !!!!") to UU3-a (!!"# ! !!!) the second proton 
transference from N2 to N1 takes place. This is reflected in the electron density 

decrease found at N2-H BCP on going from  (!!"# ! !!!!"! to UU3-a (!!"# ! !!!! and 
the decrease of the population of the V(N,H) basin. 

 

 

 

!

Figure 3.1.4.2-7 : ELF along the reaction coordinate connecting UU3-a with UU3-a (!= 1.6). 
Electron densities are in a.u. 
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On the other hand, at these values of the reaction coordinate, the formation of 
the O3-H bond occurs. This can be seen from the formation of the corresponding 

V(N,H) basin on going from (!!"! ! !!!!"! to UU3-a (!!"# ! !!!! structure, as well as 
in the electron density increase observed in the O3-H BCP. This is also in good 

agreement with the finalization of the first process around ! = 0.0 obtained from the 

fitting. From structure UU3-a (!!"# ! !!!! to UU3-a (! = 1.6) the formation of the N1-H 
bond takes place as can be seen from the formation of the V(N,H) basin and in the 
electron density increase at the N1-H BCP.  

However, in the case of the UU5-a ( and UU4-a, UU6-a and UU5-b) complexes 
what we have called an assisted single proton transfer takes place.  

As shown in figure 3.1.4.2.8 the whole energy profile cannot be simply 
reproduced by two gaussians, and therefore we have concluded that the whole process 
is the result of the combination of three elementary ones.  

 

 

!

Figure 3.1.4.2-8 : The energy profile for the processes connecting UU5-a with UU5-a-e is shown 
with black plots. The red line represents the fitting of the (3.6) function. In blue, green and cyan 
dots are represented the gaussian functions corresponding to the first, second and third step, 
respectively. 
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In order to have an approximate analytic description of the three steps involved in the 
assisted proton transfer process in this particular case, we have modified the equation 
(3.3) for the case of three gaussian functions, as follows: 

 

For ! ! !!"!: 

 
! ! ! !!! ! !!! ! !!! ! !!!!!"# ! ! ! !!"! !

!!!
! !!!!!"# ! ! ! !!"! !

!!!
 

 

 

For !!"! ! ! ! !!"!: 
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For !!"! ! ! ! !!"!: 
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For !!"! ! !: 

 

! ! ! !!! ! !!! ! !!!! ! !!!! ! !!!! ! !!!

! !!!! ! !!!! !"# ! ! ! !!"! !

!!!
 

 

!! !!!! ! !!!! !"# ! ! ! !!"! !

!!!
 

3.6 

 

Where !!"!, !!"! and !!"! are the intrinsic reaction coordinates of the three transition 

states and !!!, !!! and !!!!represents the reactant energy of first, second and third 

steps, respectively. !!!!, !!!! and !!!! are the activation energies of the three steps, 

!!!!, !!! and !!! are the reaction energies of first, second and third steps, respectively. 



! ))&!

!!!, !!! and !!! are positive parameters associated with the energy barrier wideness of 

the first, second and third step at activation stage, whereas !!!, !!! and !!! are the 

parameters associated with the energy barrier wideness at relaxation stage. 

 

In this equation it is considered that within the ! ! !!"! region, the contribution 
of the third Gaussian function to the total function is negligible whereas within the 

!!"! ! ! region, the contribution of the first gaussian is negligible. 

 

In this case, we have also fixed the reactant energy of each process to zero. 
Taking into account that the first two processes don't contribute to the stabilization of 

the products, the !!!! and !!!! values were fixed to zero whereas !!!! was fixed to -

33.0 kJ/mol. We have fixed the !!"! parameter to zero, and we have obtained the 

values of the !!"! and !!"! parameters using the same criterion mentioned previously. 
In this case the reaction coordinates of the maximum of the first and third gaussian 

function were found to be !!"! ! !!!! and !!"! ! !!!!!, respectively.  

 

Under these conditions, the parameters we have got for equation (3.6) are shown in 
table 3.1.4.2-1. With these parameters, the analytic expression for the first, second and 
third steps are shown in equation (3.7), (3.8) and (3.9), respectively. 

 

For ! ! !!!!!: 

 ! ! ! ! !!"!!"#!!"# ! ! ! !!! !

!!!"#   

 

For ! ! !!!! ! 

 ! ! ! ! !"!!"# !"# ! !! ! !!!!
!

!!!"#   
3.7 
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Table 3.1.4.2-2. The parameters extracted from the fitting for equation (3.6). The values of !! 
are in kJ/mol. 

 !! !! !! 

First gaussian 52.590 ! 8.420 0.281 ! 0.060 0.273 ! 0.181 

Second gaussian 62.179 ! 29.180 0.287 ! 0.175 1.637 ! 0.919 

Third gaussian 42.621 ! 15.300 1.678 ! 2.602 0.805 ! 0.178 
 

 

For ! ! !!!!: 

 ! ! ! ! !!"!!"#!!"# ! !!
!!!"#   

 

For ! ! !!! ! 

 ! ! ! ! !"!!"# !"# ! !!
!!!"#  3.8 

 

For ! ! !!!!!: 

 
! ! ! ! !!"!!"#!!"# ! !! ! !!!!!

!

!!!"#  
 

 

For ! ! !!!! ! 
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As it could be expected, the errors related to each parameter are greater than in the 
case of the two steps process. This can be understood taking into account that in this 

case the number of parameters defining the ! !  function is greater.  

Hence, in summary, in the case of the UU5-a (and UU4-a, UU6-a and UU5-b) 
complexes an assisted single proton transfer takes place. The labels of the key atoms 
involved in this process are shown in Figure 3.1.4.2-9 In the first step a proton is 
transferred from the N1 atom to O4. In the second step the relative displacement of the 
monomer that has accepted the proton (right monomer), with respect to the monomer 
that has donate it (left monomer), occurs. This relative displacement favors the 
approaching of the O3 atom and the OH group formed in the first step and the 



! ))(!

deprotonated N1 atom of the left monomer and the NH group of the right monomer. 
In the third step a  

 

!

Figure 3.1.4.2-9 : Activation barriers associated with the PT processes within the (uracil)2Ca2+ 
global minimum UU5-a. All values are in kJ mol-1. 

 

 

proton transfer process from the OH group of the right monomer towards the O3 atom 
of the left monomer takes place. 

The structural changes involved in this mechanism are reflected in the molecular 
graphs shown in figure 3.1.4.2-10. 

Going from structure UU5-a to structure UU5-a (!!"#= -0.8), the first proton transfer 

process takes place. Actually, in structure UU5-a (!!"#= -0.8) it can be seen that the 
proton is midway between the lone pairs of the N1 and O4 atoms.  When the reaction 

proceeds (! = 0.0) there is a displacement of one of the monomers with respect to the 
other, so that NH group of the right monomer is able to interact simultaneously with 
the carboxylic group and the imino nitrogen of the other monomer, as evidenced by 

the appearance of two BCPs.  The advance of the reaction (! = 1.66) leads to an 
interaction between the OH group of the right monomer with the free carboxylic group 
of the left monomer, which culminates with a complete proton transfer when the 
products are reached.  
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Figure 3.1.4.2-10 : Molecular graph along the reaction coordinate connecting UU5-a with UU5-
a-e. Electron densities are in a.u. 
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A consistent description is provided by the ELF shown in figure 3.1.4.2-11, that shows 
the formation of the V(O,H) disinaptic basin and the electron density increase at O4-H 

BCP, since the first proton transfer is practically finished at != 0.0. The C1-N1-N2 

angle, cf. figure 3.1.4.2-9, was measured for structures UU5-a (!= -1.2), UU5-a (!= -1.0), 

UU5-a (!= -0.8), UU5-a (!= -0.6), UU5-a (!= -0.4), UU5-a (!= -0.2), UU5-a (!= 0.0), UU5-

a (!= 0.2), UU5-a (!= 0.4), UU5-a (!= 0.6), UU5-a (!= 0.8), UU5-a (!= 1.0), UU5-a (!= 

1.2), UU5-a (!= 1.4), UU5-a (!= 1.6) and UU5-a (!= 1.8) structures, and they were found 
to be 87.26º, 87.66º, 88.21º, 89.32º, 91.02º, 93.49º, 96.47º, 96.92º, 97.20º, 97.71º, 98.06º, 
98.48º, 98.84º, 99.20º, 99.48º and 99.67º. As it can be observed, the relative displacement 

from != -0.8 to != 0.0 is greater, it diminishes from != 0.0 to != 2.0, and around != 2.0 
is practically finished, which is in good agreement with the shape of the gaussian 
function we get for this process. When the first proton transfer is finished, and the N4-

H is bond formed (around ! ! !!!), the second proton transfer process begins. This 

process takes place from structure UU5-a(!!"# ! 0.0) to UU5-a(!!"#= 1.66). In the latter 
structure, the proton is located between the lone pairs of the O3 and O4 atoms. From 

structure UU5-a(!!"#= 1.66) to UU5-a-e the second proton transfer finishes as it can be 
seen from the formation of the new disinaptic basin V(O,H) and in the electron density 

increase at O3-H BCP on going from UU5-a(!!"#= 1.66) to UU5-a-e. 

The barrier height found for the first proton transfer is greater that the one found for 
the second proton transfer. This can be understood considering that first proton 
transfer occurs from the N1H group of one uracil towards the O4 atom of the second 
uracil, whereas the second proton transfer occurs from the O3H group of the 
protonated uracil towards the O4 atom of the deprotonated one, being in the second 
case the acidity and the basicity of the atoms involved in the proton transference 
greater. 

Interestingly, when comparing the barrier height of the first proton transfer involved in 
both concerted mechanism, can be appreciated that both are identical. This can be 
understood taking into account that in both cases the hydrogen acceptor is the Y 
heteroatom. 
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Figure 3.1.4.2-11 : ELF along the reaction coordinate connecting UU5-a with UU5-a-e. Electron 
densities are in a.u. 
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3.1.5 - Conclusions 

The basicity of heteroatom X is systematically larger than that of heteroatom Y 
upon Sr2+ interaction. This effect is due to the greater electron delocalization induced 
within the ring when the metal is attached to the heteroatom X. The same trend was 
found previously for Ca2+ cation.19, 20 

The Sr2+ attachment completely alters the relative stabilities of the different 
tautomeric forms of uracil and its dithio- and diseleno-derivatives, the enolic forms 
being more stable, since the simultaneous interaction of the metal with two basic sites 
is facilitated. Besides the greater interaction with the basic sites, these structures have 
shown to induce a greater electron delocalization within the six-membered ring, these 
two effects being responsible for the enhanced stability shown by these structures. The 
same trend was found for Ca2+ dication.19, 20 

Sr2+ binding energies with uracil and its derivatives are greater that the 
activation barriers that connect the diketo-like with enolic-like complexes. 
Consequently, under Sr2+ interaction, all tautomers should be energetically accessible, 
and therefore, all of them should be detectable in the gas phase. The same trend was 
observed for Ca2+ dication.19, 20 

Sr2+ and Ca2+ show almost identical catalytic effects on the tautomerization 
processes involving uracil-Sr2+, 2,4-dithiouracil-Sr2+ and 2,4-diselenouracil-Sr2+ 
complexes. In both cases the catalytic effect increases on going from uracil to 2,4-
diselenouracil. 

The Ca2+ and Sr2+ attachment completely alters the relative stabilities of the 
uracil dimers, being more stable the complexes in which the metal dication is 
simultaneously coordinated to the most basic sites, X heteroatom, of both uracils. The 
least stable complexes being the ones in which the metal is coordinated to just one 
carbonyl group. 

In the complexes in which the metal is simultaneously coordinated to two 
carbonyl groups, the metal interaction weakens the both H-bonds of the complex. In 
these complexes, the debilitation of the H-bond upon metal attachment generally 
increases on going from UU2 to UU6 dimers.  

In the complexes in which the metal is coordinated only to one carbonyl group, 
the metal attachment strengthens the H-bond involving the NH group located in para 
with respect to the metal position. Contrarily, the metal interaction weakens the H-
bond involving the carbonyl group located in meta position with respect to the metal. 
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The Ca2+ interaction triggers three different exothermic proton transfer 
processes in the uracil dimers.  In the UU1-a, UU2-b and UU3-b complexes an almost 
barrier-less single proton transfer process takes place. In the case of the UU3-a and 
UU2-a complexes a concerted asynchronous double proton transfer process takes 
place. However, in the case of the UU5-a, UU4-a, UU6-a and UU5-b complexes an 
assisted single proton transfer occurs. 

The analytic description of the elementary steps involving the concerted proton 
transfer processes shows that although the height of the activation barrier of both 
mechanisms are rather different, the barrier height found for the first proton transfer in 
both cases is identical. This similarity in the barrier height have been attributed to the 
fact that in both mechanism the proton acceptor involved in this proton transfer 
process is the same, heteroatom Y. 

 

 

 

3.2 - Study of the reactivity of Sr2+ and Ca2+ cations  

 

3.2.1 - Introduction 

Recent studies in ion-molecule gas phase reactivity have shown that, in the case 
of doubly charged molecular ions, two kind of fragmentations can occur: processes in 
which the system loses a neutral fragment, producing a new and lighter doubly 
charged molecular ion, or fragmentations in which the system undergoes a coulomb 
explosion yielding two singly charged products. In the case of Ca2+ cation it has been 
observed that depending on the base, the gas phase reactivity of the doubly charged 
molecular ion can be dominated by the former or by the latter kind of mechanism. 
Indeed, in the case of urea-Ca2+ system26 it has been seen that the two kind of 
mechanisms compete. However, in the case of glycine-Ca2+,27 its the gas phase 
reactivity is completely dominated by coulomb explosions.  

In order to see what is the role of these processes when dealing with the 
simplest prototype peptide function, during this thesis the gas phase reactivity of the 
formamide-Ca2+ system has been studied. Moreover, in order to see whether the 
behavior of this model system may change considerably when using heavier metals 
ions, the reactivity of formamide-Sr2+ system has also been explored. For the same 
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reason the urea-Sr2+ system has also been considered, in order to see whether the 
presence of a heavier metal may change the results shown in a previous study for urea-
Ca2+ system.  

In order to get a complete overview of the aforementioned complexes, we have 
combined theory and experiments. For this purpose, our theoretical work have been 
carried out in close collaboration with the experimental group of Dr. Jean-Yves Salpin 
and Prof. Jeanine Tortajada of Université d'Evry Val d’Essonne, in France, who are an 
experts in electrospay mass spectrometry tecniques. 

 

3.2.2 - Computational details 

 The results of the formamide-Sr2+ and urea-Sr2+ system have been obtained 
using the theoretical model defined in our previous assessment, article ?. As it has 
been already mentioned, in this theoretical assessment we found that among the 
different functionals nowadays available, G96LYP, as implemented in Gaussian 03 
suite of programs,5 was the one which exhibited a better performance when compared 
with high-level CCSD(T) ab initio calculations, for the treatment of Sr2+ complexes. 
Thus, for geometry optimizations this DFT approach was used together with a mixed 
basis set, which corresponds to a 6-31+G(d,p) expansion for C, O, N and H atoms, and 
an improved LAN2DZ basis set for the Sr2+ cation, which includes diffuse and d 
polarization functions on this center. The final energies were obtained by performing 
single-point calculations on the previously optimized structures, but using a much 
larger basis set expansion, which includes a 6-311+G (3df,2p) basis set for C, N, O and 
H atoms, together with an extended LAN2DZ, for Sr2+ cation, which adds to the 
standard LAN2DZ a set of diffuse functions, three sets of d and one set of f polarization 
functions. In order to classify stationary points of the potential energy surface either as 
local minima or transition states (TS) and to estimate the zero-point vibrational energy 
(ZPVE) corrections for all the species investigated, the harmonic vibrational 
frequencies were computed at the same level used for geometry optimization.  

 A previous assessment of the appropriate DFT theoretical model that need to be 
used for the appropriate description of Ca2+ containing systems was carried out by 
Corral et al.6 In this assessment the complexes [CaNH3]2+ and [CaCOH2]2+ were used as 
suitable model compounds since they contain as basic sites those present in peptides 
and different functionals and different basis sets expansions were analyzed. The 
assessment was carried out taking as a reference the results obtained with the W2C 
theory developed by Martin and co-workers.28 This study concluded that a correct 
description of the basicity order with respect to Ca2+ was achieved when TZ basis set 
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supplemented with d and f polarization functions and diffuse functions centered in 
heavy atoms and p polarization function centered in the H atoms was used together 
with B3LYP functional. Thus, B3LYP/cc-pWCVTZ and B3LYP/6-311+G(3df,2p) levels 
of theory suppose a good compromise between accuracy and computational cost.  In 
order to be consistent with the aforementioned assessment and the previous studies 
carried out in our group for uracil-Ca2+ and glycine-Ca2+ systems,26, 27 the results for the  
formamide-Ca2+ system, have been obtained using the hybrid functional B3LYP, as 
implemented in the Gaussian 09 suite of programs,5 in conjunction with the 
correlation-consistent polarized core-valence triple-zeta cc-pWCVTZ basis set. This 
basis set, which includes core-correlation functions, have been used since it has been 
shown that the inclusion of core-correlation effects are important for the accurate 
treatment of alkaline earth metal oxides and hydroxides.29, 30 The same level of theory 
was employed to calculated the corresponding harmonic vibrational frequencies, 
which permitted to classify the different stationary points on the PES either as local 
minima (no imaginary frequencies) or transition states (TS) (one imaginary frequency). 
These harmonic frequencies were also used to estimate the zero point vibrational 
energy (ZPVE) corrections. 

  

The bonding of the structures of these complexes, fomamide-Ca2+, formamide-
Sr2+ and urea-Sr2+, have been analyzed by means of the atoms-in-molecules theory.14 
For this purpose, we have located the corresponding bond critical points and 
calculated the charge density values associated with them, since the values of these 
electron densities provide a quantitative measure of the bond strengths, and provide 
together with other indexes, such as the energy density, useful information about the 
electrostatic or covalent character of the interactions.  All these calculations have been 
carried out with the AIMPAC series of programs.15  

In order to get a complementary view, we have also analyze the bonding of the 
structures of the aforementioned complexes by means of the electron localization 
function (ELF), initially proposed by Becke and Edgecombe.11 This approach leads to 
the definition of basins, as regions of the space associated with electron pairs. 
Accordingly these basins are usually classified as monosynaptic, when they are 
associated to core- pairs or to lone-pairs of electrons, and disynaptic (or polisynaptic) 
when they have contributions from the valence shell of two (or more) atoms, and 
therefore are associated with bonding pairs of electrons.12 ELF calculations were 
carried out with the TopMod suite of programs.13  
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3.2.3 - Structure and stability of Urea-Sr2+ 

Then direct attachment of Sr2+ with urea molecule can give rise to two different 
complexes, structure 1 and 2, figure 3.2.2-1-a. 

Structure 1 corresponds to the adduct in which the metal dication is attached to the 
carbonyl oxygen. It constitutes the global minima of the urea-Sr2+ potential energy 
surface (PES). Similarly to Ca2+,26 thus,  Sr2+ also shows preference to bind to oxygen 
atoms. Structure 2, lies 47 kJ mol-1 higher in energy than structure 1 and corresponds to 
the adduct in which one of the amino groups of the base has rotated to favor the 
interaction of the metal with it and the carbonyl group simultaneously. The lower 
stability of structure 2, in spite of the fact that Sr2+ is coordinated to both basic sites of 
urea, simply reflects the large amount of energy required for the internal rotation and 
pyrimadalization of thr amino group which interacts with the metal.  
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Figure 3.2.3-1  :  a) Optimized geometries of urea and 1 and 2 urea-Sr2+ complexes are shown. b) 
Molecular graph of neutral urea and 1 and 2 ures-Sr2+ complexes are shown. Electron densities 
in BCP are in a.u. c) Three dimensional representation of an ELF isosurface with ELF = 0.8 for 
neutral urea and for 1 and 2 urea-Sr2+ complexes. Yellow lobes correspond to V(N,H) basins, red 
lobes correspond to V(O) and V(N) basins associated with the N and O lone pairs, respectively. 
Green lobes correspond to V(C,N) and V(C,O) basins. Blue lobes correspond to the Sr metal 
core. The populations are also indicated. 
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From figure 3.2.3-1 can be seen that, the main contributor to the interaction between 
the base and the metal dication, is electrostatic. This is actually reflected in the rather 
small electron density at the O-Sr BCP, in the positive sign of the energy density and in 
the absence of disynaptic basins between the metal and the base. Although the main 
interaction is electrostatic, the metal attachment triggers strong polarization effects in 
the base. Indeed a greater conjugation of the amino groups with the carbonyl group is 
observed on going from urea to complex 1, which is reflected in the planarity of the 
complex and in the electron density redistribution revealed by the topological analysis 
shown in figure 3.2.3-1. From this figure, it is evident that the population of the 
monosynaptic lone-pair basin of the N atoms decreases, whereas the population of the 
V(C,N) basin and the electron density at the C-N BCP increase, on going from urea to 
complex 1. Also coherently, the C-N bond distance decreases. Concomitantly, the 
population of the V(C,O) basins as well as the electron density at the C-O BCP 
decreases, and the C-O bond distance increases. As a consequence of the strong 
polarization caused by the metal on the base, the population of the carbonyl oxygen 
lone pairs increases on going from urea to complex 1. 

 

Similar polarization effects are also observed in structure 2. In this case, both 
the populations of the lone-pairs of the amino group and lone pair of the carbonyl 
oxygen interacting with the metal, increase, due to the strong attraction exerted by the 
doubly charged ion.  This results in a concomitantly decrease of the populations of the 
corresponding C-N and C-O disynaptic basins. Consequently, the C-N bond distance 
involving the amino group interacting with the metal and that of the C-O bond, 
increase, figure 3.2.2-1. Coherently with the previous description, the electron density 
at the C-N BCP and at C-O BCP decrease, cf. figure 3.2.3-1. 

 

On the top of that, this polarization triggers a better conjugation of the amino 
group not interacting with the metal with the carbonyl double bond, which results in a 
planarization of the group and in a reinforcement of the C-N bond. This effect is 
reflected in the increase of both, the electron density at the corresponding BCP and the 
population of  the V(C,N) disinaptic basin. 

 

It is worth mentioning that similar stabilization and structural patterns have 
been found for the urea-Ca2+ complexes, in which the direct metal attachment also 
leads to two analogues of complexes 1 and 2 with only quantitative differences as far as 
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the relative energies of the complexes and the relative polarization effects are 
concerned.26 

 

 

3.2.4 - Formamide-Sr2+ and Formamide-Ca2+ 

 In the case of the formamide base, the direct attachment of the metal (either Ca2+ 
or Sr2+) gives rise to a single structure, min1 (figure 3.2.4-1). 

This structure constitutes the global minima in both potential energy surfaces, 
formamide-Sr2+ and formamide-Ca2+. In both systems this minimum corresponds to the 
adduct in which the metal dication is attached to the carbonyl oxygen, showing the 
preference of these metals to coordinate to oxygen atom. The interactions between the 
metals and the base are essentially electrostatic, as can be seen from the lack of the 
disynaptic basins between them, and in the rather small electron density at the 
corresponding metal-oxygen BCPs and in the positive energy density at this point. As 
it has been found for urea base, in the case of formamide the metal interaction also 
triggers strong polarization effects in the base. These effects are reflected in the changes 
undergone by the electron density topology on going from formamide to min1, figure 
3.2.4-1. As in urea molecule, the polarization of the electron density of the base 

enhances the conjugation of the amino lone-pairs with the C!O bond. This enhanced 
conjugation results in the electron density increase at the C-N BCP and in the increase 
of the population observed in the V(C,N) disinaptic basin, on going from formamide to 
min1.  Both effects are similar for both metals, although not quantitatively identical. 
Coherently, the electron density at C-O BCP as well as the population of the V(C,O) 
disinaptic basin decreases, which results in the elongation of the C-O bond and in an 
increased population of the monosynaptic basin, V(O), corresponding to the carbonyl 
oxygen lone pairs.  

However, in contrast to what has been found for urea, the structure in which the metal 
interacts simultaneously with the carbonyl oxygen and the N atom of the amino group, 
is not a local minima of the PES, for either of the two metals. This structure is a 
transition state, TS11, which connect min1 with itself in a kind of circular orbit, figure 
4 of Article IV. This structure lies at 124 kJ mol-1 in the case of the formamide-Sr2+ 
complex, and at 121 kJ mol-1 in the case  of formamide-Ca2+. 
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Figure 3.2.4-1 :  a) Optimized geometries of formamide and min1 and TS11 formamide-Sr2+ 
complexes are shown. b) Molecular graph of neutral formamide and min1 and TS11 
formamide-Sr2+ complexes are shown. Electron densities in BCP are in a.u. c) Three dimensional 
representation of an ELF isosurface with ELF = 0.8 for neutral formamide and for min1 and 
TS11 formamide-Sr2+ complexes. Yellow lobes correspond to V(N,H) basins, red lobes 
correspond to V(O) and V(N) basins associated with the N and O lone pairs, respectively. Green 
lobes correspond to V(C,N) and V(C,O) basins. Blue lobes correspond to the Sr metal cores. The 
populations are also indicated. 
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Figure 3.2.4-2 : a) Optimized geometries of formamide and min1 and TS11 formamide-Ca2+ 
complexes are shown. b) Molecular graph of neutral formamide and min1 and TS11 
formamide-Ca2+ complexes are shown. Electron densities in BCP are in a.u. c) Three 
dimensional representation of an ELF isosurface with ELF = 0.8 for neutral formamide and for 
min1 and TS11 formamide-Ca2+ complexes. Yellow lobes correspond to V(N,H) basins, red 
lobes correspond to V(O) and V(N) basins associated with the N and O lone pairs, respectively. 
Green lobes correspond to V(C,N) and V(C,O) basins. Blue lobes correspond to the Ca metal 
cores. The populations are also indicated. 
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The polarization triggered by the metal dication in this structure results in the C-N 
bond weakening and in the C-O bond reinforcing, as it can be seen from the electron 
density decrease in the BCP of the former and in the electron density increase at the 
BCP of the latter. Coherently the electron population of the V(C-N) disinaptic basin 
decreases and that one of the V(C-O) increases.  

 

3.2.5 - Reaction mechanisms of the Urea-Sr2+, Formamide-
Sr2+ and Formamide-Ca2+ systems 

In figures 3.2.5-1, 3.2.5-2 and 3.2.5-3, the MS/MS spectrum of the Urea-Sr2+, 
formamide-Ca2+ and formamide-Sr2+  are shown. From these figures, is obvious that in 
the three systems, neutral losses as well as coulomb explosions are observed.  

In the case of Formamide-Ca2+ and Formamide-Sr2+, both systems shows the 
peaks corresponding to [M-CO]2+, [M-N,H3]2+, [M-OH2]2+ and [M]2+ (where M = Sr, Ca) 
doubly charged fragments, which correspond to the NH3, CO, HCN and [C,O,N,H3] 
neutral losses, respectively. In both systems the partner peaks corresponding to [M-
OH]+ and [C,N,H2]+ fragments, resulting from a coulomb explosion process, are 
observed. Interestingly, Formamide-Ca2+ system shows an additional partner peaks 
corresponding to [Ca-NH2]+ and [C,O,H]+.  
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Figure 3.2.5-1 : MS/MS spectrum of the [urea-Sr]2+ system. 

 

!

Figure 3.2.5-2 : MS/MS spectrum of the [Formamide-Sr]2+ system. 
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Similarly to what have been observed for Formamide-Sr2+ and Formamide-Ca2+ 
systems, in the case of [Urea-Sr]2+, the neutral loss of NH3 is  

observed. In this case this loss corresponds to the peak observed for [Sr,C,O,N,H]2+ 
double charged fragment. Interestingly, Urea-Sr2+ system also shows the peaks 
corresponding to [Sr,N,H3]2+ and [Sr]2+ doubly charged ions, in this case denoting the 
neutral losses of [H,N,C,O] and [C,O,N2,H4] fragments, respectively. In the case of 
[Urea-Sr]2+ system, the peaks corresponding to [C,O,N2,H4]+ + [Sr]+, [Sr,N,H2]+ + 
[O,C,N,H2]+ and [NH4]+ + [Sr,O,C,N]+ partner peaks resulting from three different 
coulomb explosion processes are observed.  

In order to rationalize these experimental findings, we have studied the 
potential energy surface corresponding to each of these systems. Hereinafter the 
mechanisms associated with the loss of a neutral fragment are shown in black solid 
lines whereas the mechanisms corresponding to the formation of two monocations 
through Coulomb explosion processes are indicated in red dashed lines. 

 

 

!

Figure 3.2.5-3 : MS/MS spectrum of the [formamide-Ca]2+ system. 
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3.2.5.1 - Unimolecular reactivity of Urea-Sr2+ 

In figure 3.2.5.1-1, the PES of urea-Sr2+ system is shown. Taking as starting point 
the global minimum of the PES, structure 1 (this should be the dominant species 
formed by the interaction of urea and Sr2+ under in the gas phase), three different 
mechanisms may occur: i) the pyramidalization of one of the amino groups leading to 
the local minimum 2, ii) a coulomb explosion producing urea+· radical cation, which 
needs to go over an activation barrier of 351 kJ mol-1, iii) a 1,3-H shift between the two 
amino groups, which connect the global minimum 1 with the local minimum 4, 
through the TS14 transition state.  
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Figure 3.2.4.1-1 : Potential energy surface of the urea-Sr2+ molecular dication with its origin in 
global minimum 1. The energies are shown in kJ mol-1. 

 

 

 

Among all of them, the most favorable process from the energetic viewpoint 
corresponds to the one connecting 1 and 2, followed by the isomerization connecting 
structures 1 and 4. After yielding structure 2 in the former process, three processes 
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could take place, a direct coulomb explosion via TS2C or two 1,3-H shifts, one 
connecting minimum 2 with minimum 3 and another connecting minima 2 and 6. 
Among these processes the most favorable one corresponds to the coulomb explosion 
yielding the H2NSr+ and H2NCO+ fragments, associated to the peaks at m/z 103.91 and 
43.94 of the MS/MS spectrum. Minimum 6 may also undergo a coulomb explosion 
yielding the H2NSr+ and HNCOH+ fragments trough TS6D. This transition state is 
significantly higher than TS2C, and the dissociation limit corresponding to this 
coulomb explosion is 65 kJ mol-1 above from that corresponding to D fragments, figure 
3.2.5.1-1. Thus, we can expect that the only coulomb explosion producing H2NSr+ is the 
one with origin in structure 2, the accompanying ion being H2NCO+. 

 

From minimum 3, two isomerization processes one connecting structures 3 and 
4 and another connecting structure 3 and structure 7 may take place. Structure 4 is 
reached by means of the Sr-N bond cleavage and by the concomitant NH inversion. 
Minimum 4 constitutes a suitable precursor for both the loss of ammonia and the 
coulomb explosion yielding NH4

+. From our survey we can observe that both process 
are rather similar, since they imply as a first step the cleavage of the C-NH3 bond, 
either through TS45 or TS4B. In the former case, NH3 migrates towards the Sr2+ atom 
leading to structure 5, whereas in the latter case a proton transfer process from the 
terminal NH group of the SrOCNH moiety towards NH3 takes place via TS4B. This 
latter process results in the formation of NH4

+ which corresponds to an exit channel 43 
kJ mol-1 below the global minimum. From structure 5 two neutral losses may occur, 
one involving the Sr-O bond cleavage and the other involving the Sr-N bond breaking. 
Within the precision of our theoretical model, both processes are practically 
isoenergetic. This would imply that one should observe with practically equal 
probability the loss of NH3 or the loss of HNCO, corresponding to the peaks at m/z 
65.45 and 52.45 in the MS/MS experimental spectra, associated with a HNCO-Sr2+ and 
H3N-Sr2+ doubly-charged  molecular ions, respectively.  

 

Alternatively, from structure 3 an internal rotation of SrNH group would lead 
to structure 7. By means of the NH3 migration towards Sr atom, structure 7 would 
finally evolve to structure 8. This structure may give rise to the neutral losses of NH3 
and NHCO, the latter being more favorable by 56 kJ mol-1. 

Finally, structure 3 may also undergo a coulomb explosion, through the TS3A 
barrier, to yield NH4

+ + OCNSr+, which lies 100 kJ mol-1 lower in energy than the NH4
+ 

+ NCOSr+ exit channel. However, it should be noted that the TS23 isomerization 
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barrier is significantly higher than the TS14, so most of the flux should be expected to 
follow this reactive route, in which structures 4 and 5 are the precursors for the loss of 
NH3 and HNCO and the formation of NH4

+. Therefore the probability of producing 3 
should be rather small, although still exothermic. Thus, the doubly charged ion 
HNCOSr2+ associated with the loss of NH3 should be the one to be expected, rather 
than OCNHSr2+, whereas the accompanying ion of NH4

+ should be the one in which 
the metal is attached to the O atom of NCO, even if this is not the most exothermic 
channel.   

 

It is worth noting that one of the most intense peaks in the experimental 
spectrum corresponds to the Sr2+, which apparently should come from the dissociation 
into Sr2+ + urea. However, we cannot offer a clear plausible explanation for this 
experimental findings, because all the mechanisms associated with the formation of the 
other observed products involve activation barriers which are below the entrance 
channel. 

 

It is worth to mention that similar reactivity patterns were found for urea-Ca2+ 
system, with only quantitative differences as far as the height of the activation barriers 
involved and the relative stabilities of the exit channels.  

 

3.2.5.2 - Unimolecular reactivity of Formamide-Sr2+ 

The energy profile corresponding to the different isomerization processes and 
fragmentations associated with the unimolecular reactivity of formamide-Sr2+ system is 
plotted in figure 3.2.5.2-1.  Starting from minimum 1, three possible proton transfer 
reactions can be envisaged. It should be noted that the height of the barrier of these 
processes lies above of TS11, and therefore in the three processes the approaching of 
the Sr2+ cation to the nitrogen atom is feasible.  

Among the aforementioned processes, the most favorable one from the 
energetic view point corresponds to the proton transfer from the NH2 group to the 
carbonyl oxygen atom via TS12, leading to the secondary local minima, 2. This 
transition state lies at 247 kJ mol-1 above the minimum 1. Minimum 2 may give rise to a 
coulomb explosion process via TS2A leading to the products [Sr-OH]+ + [HNCH]+. 
These fragments correspond to the partner peaks observed at m/z 104.90 and 28.02, 
respectively, in the MS/MS spectra. Alternatively, minimum 2 may yield structure 6 
through a multistep mechanism, cf. figure 3.2.5.2-1-b. This pathway involves the 
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rotation of the Sr-OH group followed by the rotation of the NH-Sr group via TS23 and 
TS34, respectively. Subsequently, the proton transfer from the NH to the OH group  

is accompanied by the migration of the water molecule via TS45. From minimum 5 
there are two obvious mechanisms, the loss of HCN or the loss of water, the latter 
being energetically favored. However much more favorable than these bond cleavages 
is the evolution to yield structure 6. The activation barrier of this process is much lower 
than the energy required to produce either the loss of hydrogen cyanide or water. 
Hence, very likely all flux will go to the production of minimum 6.  

 

!

Figure 3.2.5.2-1 : Energy profile of the different reaction mechanism with origin in the local 
minimum 1 of the formamide-Sr2+ PES. All values in kJ mol-1. For the sake of the clarity the PES 
have been divided in two: (a) mechanism involving the intermidiates 7 and 8 and the Coulomb 
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explosion of 2 and (b) mechanism through intermediate 5 and Coulomb explosion of 6. Relative 
energies are in kJ mol-1.   

 

 

Once structure 6 is formed, only two mechanisms are possible, the loss of HCN, giving 
rise to the m/z 52.96 peak which corresponds to the [Sr-OH2]2+ ion in the MS/MS 
spectrum or its coulomb explosion into SrOH+ + HCNH+, the partner peaks observed 
at m/z 104.90 and 28.02, via TS6A. 

 

On the other hand, from minimum 1, two alternative proton transfer processes 
can be envisaged. The first one evolves to minimum 7 through TS17, which lies at 309 
kJ mol-1 above the global minimum 1. This process involves the migration of the 
dication towards the amino group followed by the C-N bond cleavage and the proton 
transfer from OCH moiety towards Sr-NH2 fragment. Minimum 7, undergoes the loss 
of CO leading to the m/z 52.46 peak in the MS/MS spectrum, which corresponds to the 
[Sr-NH3]2+ ion. This process is very unlikely to occur due to high energy barrier 
connecting minimum 1 and minimum 7, which is also consistent with the low intensity 
of the peak corresponding to the [Sr-NH3]2+ ion. 

 

The second proton transfer process corresponds to the migration of the 
hydrogen atom from C to the amino group via TS18, leading to the minimum 8. 
Structure 8 may directly loss NH3 giving rise to E and F [C,O,Sr]2+ fragments, 
depending on whether the metal attaches to the carbon atom or to the oxygen atom of 
the carbon monoxide, respectively. The high barrier connecting minimum 1 with 
minimum 8, which lies at 31 kJ mol-1 above the entrance channel, makes this process 
energetically unfavorable, and therefore the loss of ammonia should be hardly 
observable. This is in good agreement with the very low intensity observed for the 
[C,O,Sr]2+ peak in the MS/MS spectrum, cf. figure 3.2.5-2. 

It is worth noticing that one of the most intense peaks in the experimental 
spectrum corresponds to the Sr2+, which apparently should come from the dissociation 
into Sr2+ + formamide. We cannot offer however a clear plausible explanation for this 
experimental findings, because, practically all the mechanisms associated with the 
formation of the other observed products involve activation barriers which are below 
the entrance channel. 
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3.2.5.3 - Formamide-Ca2+ 

 

Scheme 1 

 As we have mentioned above formamide is a very good model of a peptide function, 
but also importantly it has two isomers, which can be generated by the appropriate 
hydrogen shifts, namely formimidic acid and amino(hydroxy)carbene  (See Scheme 1) 
which have been actually generated and detected in the gas-phase through the use of 
neutralization-reionization experimental techniques.31 

Taking into account that the calculations involving Ca2+ are less demanding than those 
involving Sr2+ we have decided in this case to investigate also the effect of a doubly 
charged metal ion in the isomerization processes connecting formamide with the two 
aforementioned isomers.  

The effect of different singly charged metal ions, namely Li+, Na+, Mg+, Al+ or Cu+ on 
the tautomerization processes connecting formamide with its aforementioned isomers 
was also reported in the literature.32-34 Actually, the formimidic acid normally plays a 
significant role in gas-phase formamide reactivity with metal ions because the 
formation of the enol involves activation barriers typically bellow the energy of the 
entrance channel.35, 36 However, to the best of our knowledge, the effect of doubly 

charged metal ions on the formamide $ formimidic acid isomerization process has 
been only explored37 for the particular case of Sr2+ by us,  whereas no information 
whatsoever is available regarding the possible catalytic effects of doubly charged metal 

ions on the formamide $ amino(hydroxy)carbene or on the formimidic $ 
amino(hydroxy)carbene tautomerization processes. Hence, our objective is to explore 
both the intrinsic reactivity of formamide when the reference acid is Ca2+, and the effect 
that this doubly charged metal ion may have on the tautomerization processes 
connecting formamide, formimidic acid and amino(hydroxy)carbene among them. The 
investigation of the reactivity will be carried out by combining electrospray mass 
spectrometry techniques with high-level density functional theory (DFT) calculations. 
The survey of the possible catalytic effect of Ca2+ on the formamide tautomerization 
processes will be carried out exclusively on theoretical grounds.   
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3.2.5.4 - Structure and bonding of formamide-, formimidic acid- and 
amino(hydroxy)carbene-Ca2+ complexes 

 

 The B3LYP/cc-pWCVTZ optimized geometries and the relative energies of the 
complexes formed by attachment of Ca2+ to formimidic acid and 
amino(hydroxy)carbene are shown in  Figure3.2.5.4-1. This figure includes also the 
optimized structure of the isolated neutral systems for the sake of comparison. Also the 
structures of the formamide-Ca2+ are also repeated here to facilitate the comparison 
with the other two isomers.  

As it has been found before in the literature, formimidic acid and 
amino(hydroxy)carbene lie 46 and 153 kJ mol-1 higher in energy than formamide.  
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Figure 3.2.5.4-1 : Optimized geometries of the complexes formed by the association of Ca2+ to 
formamide, formimidic acid and amino(hydroxy)carbene. The structure of formamide is also 
included for the sake of comparison. 
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Figure 3.2.4.4-2. Molecular graphs and ELF plots for the complexes formed by the association of 
Ca2+ to formamide, formimidic acid and amino(hydroxy)carbene. The structure of formamide is 
also included for the sake of comparison. In the molecular graphs the red and yellow dots 
indicate the position of the BCPs and ring critical points, respectively. Electron densities are in 
a.u.. In the ELF plots the blue, red, and green basins correspond to core-pairs, lone-pairs and 
bonding-pairs of electrons, respectively. The yellow basins are associated with chemical bonds 
involving H atoms. The population of the basins are in e-.   
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The association of Ca2+ to formamide yields a complex, 1, in which the doubly charged 
metal ion attaches to the carbonyl oxygen. It is worth noting that although the 
interaction is essentially electrostatic, as reflected in the small values of the electron 
density at the BCP between the metal and the basic site and in the absence of a 
disynaptic  basin involving the valence shell of the metal ion and that of the carbonyl 
oxygen (See Figure 3.2.5.4-2), there is a sizably large polarization of the electron density 
of the base, which enhances the conjugation of the amino lone-pair with the C=O bond. 
This is nicely reflected by the changes in the ELF, as well as in the increase of the 
electron density at the C-N BCP, which results in a significant shortening of the bond 
(See Figure 3.2.5.4-1). However, in contrast with what has been found when the 
reference acid is Cu+, the association of Ca2+ to the amino group is not a local minimum 
of the PES, as it evolves to a structure in which Ca2+ bridges between the carbonyl and 
the amino groups, but which is a transition state (TS11), in agreement with what was 
found for Sr2+.37 The association of Ca2+ to formimidic acid yields two different 
complexes, namely structures 2 and 3, the most stable one being that in which the 
metal dication bridges between the two basic sites of the neutral, reflecting the low 
intrinsic basicity of the OH group. Importantly however, in both cases the energy gap 
with respect to formamide increases upon Ca2+ attachment. Similar findings were 
reported for some singly-charged metal ions, namely Li+, Na+, Mg+, Al+, even though in 
these cases the destabilization observed is smaller  (67 kJ mol-1, in average) than that 
predicted for Ca2+ (86 kJ mol-1). The smaller relative stability of structure 3, is actually a 
direct consequence of the electrostatic nature of these interactions mentioned above. 
On going from formamide to formimidic acid and to amino(hydroxy)carbene there is a 
significant decrease of the dipole moment of the system, which also changes its 
direction, leading necessarily to smaller ion-dipole interactions. Not surprisingly then, 
the relative destabilization of structure 3 should be larger for Ca2+ than for the singly-
charged metals, since the effects is the larger the larger is the charge of the cation. 
Conversely, the equivalent to structure 3 was found to be significantly stabilized with 
respect to structure 1 when the reference acid was Cu+.  Actually, in this latter case Cu+ 
does not bridge between the two basic centers and appears only attached to the imino 
nitrogen which is very basic. This preference reflects the non-negligible covalent 
character of the interactions with Cu+ through a significant charge donation from the 
lone-pairs of the basic site towards the low-lying 4s empty orbital of the metal ion, 
which does not occur when the reference acid is Ca2+.  

The same applies when dealing with amino(hydroxy)carbene. Its association to Cu+, 
leads to a significant stabilization of the system through the formation of a strong 
dative bond from the carbene lone-pair to Cu+, and the energetic gap with respect to 
formimidic acid decreases by 66 kJ mol-1, whereas this gap increases by 40 kJ mol-1 
when the reference acid is Ca2+. Again this reflects the much lower polarity of the 
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carbene, which leads to a rather low electron density at the Ca-C BCP (See Figure 
3.2.5.4-2) and to a rather large C-Ca bond distance.  

 

3.2.5.5 - Isomerization barriers 

As far as the isomerization processes are concerned, and similarly to what has been 
found for Cu+, our calculations indicate that Ca2+ triggers an anticatalytic effect, since 
as shown in Table 3.2.4.4-1 all barriers increase upon Ca2+ attachment, this increase 
being larger than the one calculated when the metal cation is Cu+. 

 

Table 3.2.5.5-1 Calculated activation barriers for the isomerizations between formamide and its 
isomers formimidic acid and amino(hydroxy)carbene and the effect produced by Cu+ and Ca2+ 
association. All values in kJ mol-1. 

Formamide $ formimidic acid isomerization Activation Barries 

Neutral systems 172a 

Cu+ complexes 222a 

Ca2+ complexes 264 

Formamide $ amino(hydroxy)carbene isomerization 

Neutral systems 303a 

Cu+ complexes 336b 

Ca2+ complexes 388 

Formimidic acid $ amino(hydroxy)carbene isomerization 

Neutral systems 301a 

Cu+ complexes 348b 

Ca2+ complexes 371 

a Values calculated at the G2 level taken from ref.  

b Values calculated at the B3LYP/6-311+G(2df,2p) taken from ref.  
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This is however in clear contrast with the catalytic effect exhibited by Ca2+ on the 
tautomerization processes of uracil and its thio- and seleno-derivatives19, 20 even though 
this finding is actually not surprising. Whereas in formamide, the enhanced acidity of 
the amino group in complex 1 is counterbalanced by the significant reduction of the 
basicity of the carbonyl group, whose electron density is strongly polarized towards 
the doubly charged metal ion, disfavoring the proton transfer process, in the existence 
of two carbonyl groups susceptible of undergoing enolization change completely the 
scenario, because the process which is actually catalyzed corresponds to the proton 
transfer towards the carbonyl group which is not interacting with the metal dication,19, 

20 and whose intrinsic basicity is enhanced rather than reduced.  

 

3.2.5.6 - Collision induced dissociation mechanisms for formamide-Ca2+ 

complexes 

As it can be seen from figures 3.2.5.6-1 and 3.2.5.2-1, the topologies of both 
potential energy surfaces, formamide-Sr2+ and formamide-Ca2+, are rather similar. Also 
in the case of the formamide-Ca2+ potential energy surface, the most favorable process 
starting from minimum 1, from the energetic point of view, is the one connecting 
minimum 1 with minimum 2. Also in this case, from minimum 2 two processes could 
take place. On the one hand, minimum 2 may undergo a coulomb explosion, through 
TS2A, giving rise to the most stable product of the PES, [Ca-OH]+ + [HCNH]+. These 
two monocharged fragments correspond to the m/z 56.96 and 28.02 partner peaks in the 
MS/MS spectrum.  On the other hand, this minimum may yield structure 6 through an 
identical multistep mechanism to that already observed for formamide-Sr2+, figure 
3.2.4.5-1-b. Also in this case, from minimum 5 the loss of water of the loss of HCN may 
occur. However, as it was observed for formamide-Sr2+ system, the isomerization to 
yield minimum 6 is much more favorable. From minimum 6, two processes may occur. 
On the one hand, the loss of HCN, which is giving rise to m/z 29.01 peak, 
corresponding to [Ca-OH2]2+ fragment. On the other hand, the Coulomb explosion 
resulting in [Ca-OH]+ + [HCNH]+ fragments, corresponding to m/z 56.96 and 28.02 
partner peaks in the MS/MS spectrum. 

 

Alternatively, from minimum 1, three other processes may take place, two 
proton transfer processes and one Coulomb explosion. The first two have been already 
observed for formamide-Sr2+ dication.  On the one hand, from minimum 1 the 
evolution to minimum 7 through TS17 may occur. Minimum 7, in turn can undergo 
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the loss of CO leading to the m/z 28.49 peak in the MS/MS spectrum, which 
corresponds to the [Ca-NH3]2+ ion. The second proton transfer process from minimum 
1, involves its evolution through TS18 to yield minimum 8.  Once in structure 8, the 
loss of NH3 may occur leading to the m/z 33.99 peak in the MS/MS spectrum. This peak 
could correspond both [Ca-CO]2+ and [Ca-OC]2+ fragments. The high barrier connecting 
minimum 1 with minimum 8, which lies at 382 kJ mol-1 from minimum one, makes this 
process energetically unfavorable, which is in good agreement with the low intensity 
of the peak observed at m/z 33.99. 
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Figure 3.2.5.6-1 : Energy profile of the different reaction mechanism with origin in the local 
minimum 1 of the formamide-Ca2+ PES. All values in kJ mol-1. For the sake of the clarity the PES 
have been divided in two: (a) mechanism involving the intermidiates 7 and 8 and the Coulomb 
explosion of 2 and (b) mechanism through intermediate 5 and Coulomb explosion of 6. Relative 
energies are in kJ mol-1.   
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Finally from minimum 1,a Coulomb explosion process resulting in [Ca-NH2]+ 
and [COH]+ fragments may occur. The partner peaks corresponding to this Coulomb 
explosion are observed at m/z 56.08 and 29.00. This is in agreement with the fact that 
the transition state involved in this process lies 65 kJ mol-1 below the entrance channel. 
Despite of the similarities founded between the topologies of both surfaces, 
formamide-Ca2+ and formamide-Sr2+, the same process is not observed between 
formamide and Sr2+. This can be understood taking into account that Sr2+ is a much 
larger ion than Ca2+, and therefore, the corresponding binding energy is lower, the 
global minimum 1 being only 332 kJ mol-1 below the entrance channel. Accordingly, 
while in formamide-Ca2+ the TS1G is significantly lower in energy than the entrance 
channel in formamide-Sr2+ this is not longer true and its transition state is almost 
isoenergetic with the entrance channel.  

 

 

3.2.6 - Conclusions 
 

From our theoretical survey, we can conclude that Ca2+ and Sr2+ alkaline-earth 
metals show rather similar gas phase reactivity both in the presence of urea and 
formamide basis, with only quantitative differences as far as the height of the 
activation barriers involved and the relative stabilities of the exit channels. 

Both in the case of urea and formamide, the most basic site in the presence of 
these two metals is the carbonyl oxygen.  

The direct attach of these metals gives rise to two different complexes, structure 
1 and 2, in the case of urea, whereas in the case of formamide the direct attach of these 
metals gives rise to a single complex, minimum 1. 

In the three cases, the Coulomb explosions processes compete with the neutral 
losses.  

The MS/MS spectrum of the three molecular dications, formamide-Ca2+, 
formamide-Sr2+ and urea-Sr2+,  shows the [M-NH3]2+ and [M]2+ (where M = Ca or Sr) 
doubly charged peaks. The former in the case of formamide corresponds to the loss of 
CO, whereas in the case of urea denotes the loss of a [H,N,C,O] neutral fragment. We 
cannot offer a plausible explanation for the peak observed for the Ca2+ and Sr2+ metals 
because all the mechanisms associated with the formation of the other observed 
products involve activation barriers which are below the entrance channel. 
Interestingly, the three systems show the loss of NH3.  
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On the other hand, in the formamide-Ca2+ and urea-Sr2+ systems the Coulomb 
explosion giving rise to [M-NH2]+ monocharged fragment is observed. In the former, 
the partner peak corresponds to the [C,O,H]+ monocharged fragment whereas in the 
latter it corresponds to the [O,C,N,H2]+ one. 

 In the formamide-Ca2+ and formamide-Sr2+ systems, the most stable product of 
the PES arises from the Coulomb explosion leading to the [M-OH]+ + [C,N,H2]+ 
fragments. This is in good agreement with the intense peaks observed for 
monocharged fragments in the MS/MS spectra.  In the case of urea-Sr2+ system, the 
most stable product of the PES arises from the Coulomb explosion which gives rise to 
the [NH4]+ + [Sr,O,C,N]+ which in turn show a intense peak in the MS/MS spectra.  
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 A lo largo de esta memoria hemos ido viendo las interacciones que se producen 
entre los metales Sr2+ y Ca2+ y diferentes bases neutras de relevancia bioquímica, y los 
efectos que estas interacciones pueden tener tanto en la estructura como en el patrón de 
reactividad.  

 Del calibrado llevado a cabo para los diferentes funcionales investigados para la 
correcta descripción de sistemas que implican interacciones con Se, hemos concluido 
que el produce en promedio una descripción más próxima a cálculos ab initio CCSD(T) 
de referencia es el G96LYP.  

 De la interacción del Sr2+ con las base neutras uracilo, 2,4-ditiouracilo y 2,4-
diselenouracilo, pudimos concluir que el enlace entre el dicatión y las bases es 
esencialmente electrostática. Sin embargo la conclusión más relevante es que la 
presencia del dication metálico altera completamente las estabilidades relativas de las 
formas tautoméricas de la base. Mientras en las bases aisladas el tautomero dominante 
es el de tipo dicetónico, en los complejos con Ca2+ y Sr2+ el mínimo global  es una forma 
enólica. Además pudimos concluir que estos complejos con Sr2+ deberían ser 
observables en fase gas, dado que su proceso de formación implica barreras de 
activación que se encuentran por debajo en energía del correspondiente canal de 
entrada .  Ello es consecuencia del efecto catalítico que presenta este metal en las 
reacciones tautoméricas de estas especies, que es, por otro lado,  muy similar al que 
presenta el Ca2+.  En ambos casos, el efecto catalítico aumenta al aumentar la masa del 
heteroátomo de modo que al cambiar el heteroátomo de oxígeno por azufre y selenio el 
efecto catalítico sigue el siguiente orden, uracilo < 2,4-ditiouracilo < 2,4-
diselenouracilo. 
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 De la interacción de Ca2+ y Sr2+ con los dímeros de uracilo, concluimos que la 
interacción del dicatión y las dos bases es de nuevo esencialmente electrostática. Al 
igual que ocurría con los monómeros, la interacción del metal altera completamente las 
estabilidades relativas que presentan estos dímeros. Estos cambios en las estabilidades 
relativas están directamente relacionados con las significativas alteraciones en la 
fortaleza de los enlaces de hidrógeno que estabilizan el dímero. Cuando el metal está 
unido simultáneamente a dos oxígenos carbonílicos se debilitan los dos enlaces de 
hidrógeno de los complejos en los dichos oxígenos participan. Sin embargo, en los 
complejos en los que el metal se encuentra unido a un solo oxígeno carbonílico,  
fortalece el enlace de hidrógeno posicionado en para con respecto al metal, y debilita el 
enlace de hidrógeno posicionado en meta.  

Del estudio de la influencia de la interacción Ca2+ en los procesos de 
transferencia de protón en los dímeros de uracilo, podemos concluir que la interacción 
del metal altera completamente el mecanismo de transferencia de protón, dando lugar 
a tres mecanismos diferentes a los encontrados para el uracilo neutro. Estos tres 
mecanismos difieren entre si en función de las características estructurales de cada 
complejo. En el mínimo global, el resultado del proceso correspondería aparentemente 
a una transferencia protónica intramolecular a través de un complicado mecanismo 
que hemos denominado transferencia protónica intramolecular asistida.   

 

Del estudio de estructura y reactividad de los dicationes [urea-Sr]2+, 
[formamida-Ca]2+ y [formamida-Sr]2+, y de su posterior comparación con el estudio 
previo del dicatión [urea-Ca]2+, se pueden extraer las siguientes conclusiones: i) tanto 
en el caso de la urea como en el de la formamida, el centro más básico en presencia de 
estos dos metales es el oxígeno carbonílico, ii)  la reactividad que presentan estos dos 
dicationes, Ca2+ y Sr2+, con cada una de estas dos bases, es similar, con solo diferencias 
cuantitativas en cuanto a la altura de las barreras de activación implicadas y a las 
estabilidades relativas de los canales de salida, iii) en todos los casos los procesos de 
explosión coulombiana compiten con los procesos de pérdida de neutros, iv) los 
espectros de masa de los tres sistemas muestran los picos asociados a los fragmentos 
dicargados [metal-NH3]2+ y [metal]2+. El primero en el caso de la formamida 
corresponde a la pérdida de CO, mientras que en el caso de la urea denota la pérdida 
del fragmento [H,N,C,O]. No podemos ofrecer una explicación plausible para los picos 
asociados a Sr2+ y Ca2+, ya que todos los mecanismo asociados a la formación de los 
productos observados implican barreras de activación que están por debajo del canal 
de entrada, v) curiosamente los tres sistemas presentan pérdida de NH3, vi) tanto en el 
caso de [formamida-Ca]2+ como en el de [urea-Sr]2+ se observa el pico asociado al 
fragmento monocargado [Metal-NH2]2+. En el primer caso, este pico viene acompañado 
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por el fragmento [C,O,H]+, mientras que en el segundo caso, este pico viene 
acompañado por el fragmento monocargado [C,O,H2,N]+, vii) En los sistemas 
[formamida-Ca]2+ y [formamida-Sr]2+, el producto más estable  de la superficie de 
energía potencial corresponde a los fragmentos [meta-OH]+ + [C,N,H2]+. Estor 
fragmentos surgen de explosiones Coulombianas a partir de los mínimos 2 y 6, viii) en 
el sistema [urea-Sr]2+, el producto más estable de la superficie de energía potencial 
corresponde a los fragmentos [NH4]+ + [Sr,O,C,N]+. Estos fragmentos se pueden 
generar a partir de los mínimos 3 y 4. Sin embargo, teniendo en cuenta que la barrera 
de isomerización que conecta el mínimo 2 con el mínimo 3 es significativamente mayor 
que la que conecta el mínimo 1 con el 4, cabe esperar que la explosión Coulombiana 
que da lugar a los fragmentos   [NH4]+ + [Sr,O,C,N]+ tenga lugar a partir del mínimo 4. 
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a b s t r a c t

An assessment of different density functionals and basis sets in describing the binding of Sr2+ to bases
which contain first and second row atoms as active sites has been performed. CCSD(T) calculations using
a very large polarized QZ basis set were used as a reference. A total of 12 different functionals have been
considered in our assessment. The G96LYP or O3LYP functionals when associated with an enlarged LAN-
LDZ basis set for Sr, including d and f polarization functions and sp diffuse functions, and a 6-
311+G(3df,2p) basis set for the remaining atoms, yield Sr2+ binding energies in fairly good agreement
with the CCSD(T)/PQZ reference calculations.

! 2008 Elsevier B.V. All rights reserved.

1. Introduction

The interest in the interactions between doubly charged metal
ions and neutral bases in the gas phase has increased significantly
in the last decade, among other things because the advent of elec-
trospray ionization/mass spectrometry techniques provide a mild
procedure to generate them [1]. On the other hand, the role of
these interactions in many chemical and biochemical processes
has been recognized for a long time [2]. It is well established, for
instance, that the formation of polypeptides from amino acids is
enhanced by the presence of metal dications [3], and that they play
an important role in DNA bases pairing [4]. As a consequence many
efforts have been devoted to the study of the structure and stability
of complexes of metal dications with different biomolecules [4,5].
Metal dications are also assumed to be important in extreme envi-
ronments, such as the upper planets atmospheres [6,7], and they
can intervene in the generation of different astrochemical species
[8]. Also importantly, the association of a doubly charged species
to a neutral system is followed by significant electron density
rearrangements which often lead to unusual bonding properties
[9–13]. We have paid particular attention in the last years to
gas-phase reactions involving Ca2+ because, differently to what is
usual when dealing with divalent transition metal ions, the Ca2+

complexes are thermochemically stable [14–17] and therefore
the study of their unimolecular reactivity in the gas phase is feasi-
ble. In order to investigate the reactivity trends when moving
down the group of alkaline-earth metals, we have initiated an
investigation of gas-phase reactions involving Sr2+. These studies
require a reliable description of the potential energy surfaces,

which is usually attained through the use of ab initio or density
functional theory (DFT) calculations. A crucial point, however, is
whether the standard approaches normally used in the study of
neutral systems and monocations perform equally well when deal-
ing with dications, and therefore, an assessment of the theoretical
models available is needed. Some assessments have been reported
for Ca2+ [18–20], but not for Sr2+. The main difficulty in these
assessment studies is the complete lack of experimental informa-
tion on the structures or binding energies of these species. There-
fore, in our work we have used as a reliable reference, as far as
binding energies are concerned, the results obtained using a
CCSD(T) approach together with a very large basis set which will
be described in detail in the next section. Since we are interested
in the study of gas-phase reactions involving molecules of bio-
chemical relevance, we have included in our assessment different
DFT approaches, because they usually provide a good compromise
between accuracy and computational cost.

2. Computational details

Several effective core potentials accounting for relativistic ef-
fects have been proposed in the literature for Sr, which essentially
differ in the number of basis set used to expand the valence shell of
the atom [21]. The most extended one is that associated with the
10-valence-electron pseudopotential proposed by Kaupp et al.
[22]. This is a 7s5p4d basis on Sr, and an all-electron 7s4p3d2f1g
basis set on first row atoms, such as C, O and N, and 9s6p4d2f1g
on second row atoms, such as S and P [23]. Such a basis set
becomes unpractical when dealing with very large molecular com-
pounds, which is the final goal of our research, but is very adequate
to get high accurate Sr2+ binding energies when used together with
a CCSD(T) approach for small systems. Hence, this level, which will
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be named hereafter as CCSD(T)/QZ, will be used as a reference in
our assessment of the different functionals investigated.

Twelve different functionals were analyzed, of which, nine are
hybrid functionals. Three of them combine the Becke’s three-
parameters nonlocal hybrid exchange potential B3 [24], with the
LYP [25], P86 [26], and PW91 [27] correlation functionals. The
other six are B972 [28], MPW1PW91 [29], PBE0, O3LYP [30],
BHandH and BMK [31]. To these, three non-hybrid functionals:
G96 [32], TPSS [33] and PBE [34] have been added. The former
was used together with the LYP correlation functional and the
other two with the TPSS [33] and PBE [34] correlation functionals,
respectively.

Since we are interested in positively charged species, the first
step of our assessment was focused in selecting the ECP that yields
the best results for gas-phase basicities, acidities and ionization
energies for systems for which this information is experimentally
available. For this purpose we have considered the ionization en-
ergy and electron affinity of Sr, the ionization energies of Sr2O
and SrF, the gas-phase acidity of SrH, and the proton affinity and
gas-phase basicity of SrO and SrOH. Four ECP were considered in
our survey, namely, CRENBL [35], SKBJC [36], Stuttgart [22] and
LAND2DZ [23]. From the results obtained, which are summarized
in Tables S1–S6 of the Supplementary material, and although there
is not a clear-cut preference between the different sets analyzed,
we have chosen the LAND2DZ as onewhich provides, in average, re-
sults in reasonably good agreement with the experimental values.

3. Optimization of the basis set for Sr

One of the limitations of the standard LANL2DZ basis is the ab-
sence of polarization functions which are important to describe
correctly most molecular properties. Hence our first step to im-
prove this basis set was to optimize a set of d functions. For this
purpose we used the SrH system, and the optimized value found
was ad = 0.3. Since our final goal is to get as accurate Sr2+ binding
energies as possible, our next step was to extend the aforemen-
tioned basis set to get an expansion of similar quality to the 6-
311+G(3df,2p), which will be used for the remaining atoms of
the system. Hence our strategy is similar to the one adopted previ-
ously for the optimization of extended basis sets for Br, I [37] or Sb
[38] and Pb [39]. The only difference with the aforementioned pro-
cedures is that we have used DFT methods, in particular the B3LYP
approach, instead of ab initio formalisms.

To obtain the supplementary diffuse s, p components and the d,
f polarization functions we have uncontracted the p valence of the

LANL2DZ basis so it becomes formally a quadruple zeta expansion.
To create multiple sets of d functions from a single optimized func-
tion we have adopted the usual procedure, in which the new expo-
nents are obtained as multiples, nad, or fractions, ad/n, of the single
optimized exponent ad. Using SrH as model systems, the afore-
mentioned uncontracted scheme for Sr and a 311G(p) basis set
for hydrogen, the best results were obtained for n = 3. With the
new basis so defined, the set of diffuse sp functions (with the con-
straint as = ap = 0.0093), were optimized for the SrH! species, on its
LANL2DZ optimized geometry. The set of f polarization functions
was optimized for SrH, using the uncontracted basis for Sr, supple-
mented with the 3d polarization functions and using a 311G(p) ba-
sis for H. The value obtained was af = 0.08. Hence, in what follows,
geometry optimizations will be carried out using the LANL2DZ
supplemented with one d function and one set of sp diffuse func-
tions, whereas the remaining atoms are described using a 6-
31+G(d,p) basis set. From now on, and for the sake of simplicity,
we will refer to this basis set expansion as 6-31+G(d,p).

Final energies will be obtained using for Sr the uncontracted
LANL2DZ basis, supplemented with 3d and 1f polarization func-
tions and a sp diffuse component, and a 6-311+G(3df,2p) basis
set expansion for the remaining atoms of the system. For the sake
of simplicity this basis set will be named hereafter as 6-
311+G(3df,2p). In order to estimate the possible effect of the basis
set superposition error (BSSE) in our assessment we have chosen as
suitable model compounds water, as representative of the smaller
systems and CH2S and formamide as representative of the larger
ones included in our study. The BSSE was calculated using the
counterpoise method [40] at the CCSD(T)/QZ level and using the
G96LYP functional, which is one of those that exhibit a better per-
formance, as we shall discuss later. For the water complex, the
BSSE at the CCSD(T)/QZ and G96LYP levels is 1.3 and 0.5 kJ mol!1,
respectively. For CH2S and formamide these values become 0.4 and
0.8 kJ mol!1, and 0.8 and 0.4 kJ mol!1, respectively. Hence, in all
cases the BSSE can be considered rather small, and not significantly
different when CCSD(T) ab initio or DFT approaches are used.

4. Assessment of the functionals

Bearing in mind that we are finally interested in the study of
interactions involving different biochemical bases, we have de-
fined a set of small molecules, namely water, formaldehyde,
ammonia, methanimine, hydrogen cyanide, hydrogen sulfide, thio-
formaldehyde (methanethial), and phosphine, which contain as ba-
sic sites O(sp3), O(sp2), N(sp3), N(sp2), N(sp), S(sp3), S(sp2) and
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Fig. 1. Sr2+ binding enthalpies (in kJ mol!1) for water, ammonia and formaldehyde.
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P(sp3). Since very often biomolecular bases contain several basic
sites, favoring the formation of bridged structures in which the
dication interacts with two or more basic sites simultaneously,
we have added to the previous set formamide and hydroxylamine,
as typical bidentate bases.

Sr2+ binding energies, D0, were evaluated by subtracting from
the energy of the complex the energy of the neutral and that of
Sr2+, after including the corresponding ZPE corrections. As indi-
cated above, for all functionals, geometry optimizations and zero
point vibrational energies were obtained using the 6-31+G(d,p)
expansion defined above. Vibrational frequencies were evaluated
using the harmonic approximation. Final energies were obtained
in single point calculations using these optimized geometries and
what we called a 6-311+G(3df,2p) basis set.

A first level of assessment was carried out by comparing these
results with those obtained at the CCSD(T)/6-311+G(3df,2p)//
CCSD/6-31+G(d,p) level of theory.

To most accurate Sr2+ binding energies, which define our more
reliable reference, were obtained at the CCSD(T)/QZ//CCSD/6-
31+G(d,p) level of theory.

All approaches provide rather similar geometries for the com-
plexes investigated, which are not going to be discussed here.

We report, however, in Fig. S1 of the Supplementary material,
the values of the thermal corrections to the enthalpies, which, in
principle are sensitive both to geometrical details and to the
molecular force field. As can be seen, the values obtained do not
differ significantly, either for first-row or second-row bases. Since,
very often it is necessary to obtain free energies, we showed in
Fig. S2 of the Supplementary material the entropy values obtained
for first- and second-row bases. In general, the dispersion of the
values obtained is very small, with the only exception of function-
als TPSS, MPW1PW91 and BMK, which give too high entropy val-
ues for the complexes with phosphine.

As far as Sr2+ binding energies are concerned, we present in
Fig. 1 the results obtained in this assessment for ammonia, water
and formaldehyde.

It can be seen that in generalmost of the functionals under inves-
tigation yield binding energies in reasonably good agreement with
our CCSD(T)/QZ reference values, with perhaps the only exception
of the BHandH functional which significantly overestimates the
CCSD(T)/QZ values. The performance of B3LYP, one of themost pop-
ular hybrid functionals is reasonably good, but the best agreement is
observedwhen the G96LYP and the O3LYP functionals are used. It is
important to emphasized that the deviations of these two function-
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Fig. 2. Sr2+ binding enthalpies (in kJ mol!1) for phosphines, hydrogen sulfide and thioformaldehyde.

-400

-350

-300

-250

-200

-150

-100

-50

0

HCN

H2C
NH

Form
am

ide
(N

)

Form
am

ide
(O

)

CCSD(T)/QZ

CCSD(T)/A

B3LYP

B3PW91

B3P86

G96LYP

PBEPBE

PBE1PBE

O3LYP

BHandH

B972

TPSS

MPW1PW91

BMK

Sr
2+

 b
in

di
ng

 e
nt

ha
lp

ie
s

Fig. 3. Sr2+ binding enthalpies (in kJ mol!1) for hydrogen cyanide, methanimine and formamide. Formamide(O) denotes the minimum in which Sr2+ is attached to the
carbonyl oxygen. Formamide(N) denotes the TS in which Sr2+ bridges between N and O.

242 A. Eizaguirre et al. / Chemical Physics Letters 464 (2008) 240–244



als are rather similar to those calculated at the CCSD(T)/6-
311+G(3df,2p) level (CCSD(T)/A in the figure caption).

When dealing with bases that contain a second-row atom as ac-
tive site (see Fig. 2), again the BHandH functional gives the largest
deviations with respect to the CCSD(T)/QZ values, while the best
performance is obtained for the G96LYP and the O3LYP functionals.
However, although these two functionals yield quite small devia-
tions for phosphine binding energies, they significantly
overestimate the SH2 binding energy, and even more the thioform-
aldehyde binding energy. This overestimation is similarly big when
using as a reference the CCSD(T)/6-311+G(3df,2p) (CCSD(T)/A in the
figure) values instead of the more accurate CCSD(T)/QZ ones. It is
worth noting that in these cases the other functionals also yield
quite large deviations, with the only exception of the BMK func-
tional, whose results are rather similar, for S and P bases to those ob-
tained with the G96LYP and the O3LYP approaches.

The situation does not change significantly when considering
the intrinsic basicities of N unsaturated bases, hydrogen cyanide
and methanimine, with respect to Sr2+. As illustrated in Fig. 3, once
more the best performance is found for the G96LYP and the O3LYP
functionals, and the worst agreement is attained when the BHandH
functional is used. The case of formamide is rather interesting,
because although the system presents two basic sites, only the
structure in which the Sr2+ atom is attached to the oxygen atom
is found to be a minimum of the potential energy surface. The Cs

structure, in which Sr2+ bridges between the carbonyl oxygen atom
and the amino nitrogen (see Fig. 4) is predicted to be a transition
state no matter which functional is used for the geometry optimi-
zation. This structure is predicted to be a TS also at the CCSD/6-
31+G(d,p) level.

It must be mentioned that the stability of this transition state is
slightly underestimated when the G96LYP and the O3LYP function-

als are used, whereas the best agreement in this case is found when
the B3LYP functional is used.

For hydroxylamine, differently to what was found for formam-
ide, all methods agree in predicting that the structure in which the
metal dication is interacting with both basic sites (see Fig. 4) is the
global minimum of the potential energy surface, the oxygen bound
complex being the second local minimum. No matter the method
used, all attempts to obtain a complex in which Sr2+ is bound only
to the amino group failed, because this arrangement collapses to
the global minimum.

Again, in this case the performance of both G96LYP and O3LYP
functionals is superior to the others, as illustrated in Fig. 5. It is
important to emphasize that all functionals investigated yield en-
ergy gaps between the two local minimum which are very similar
and rather close to the CCSD(T)/QZ estimates.

The good performance of the O3LYP functional with respect to
the popular B3LYP functional is in agreement with previous assess-
ments reported in the literature, which concluded that the OPTX
exchange functional is superior to the B88 one [30,41]. As a matter
of fact, the O3LYP functional was found to outperform the B3LYP
and other hybrid functionals for the evaluation of heats of reaction,
and barrier heights for organic reactions [41], or in the calculations
of the atomic exchange energies, total atomic energies, as well as in
the predictions of ionization potentials, electron affinities, and pro-
ton affinities [42]. It was also found to be superior to B3LYP for pre-
dicting geometrical parameters of selected transition-metal
compounds [43,44], or for describing metal–CO interactions [45].
The better performance of OPTX exchange functional included in
the O3LYP approach is likely reflected in a better description of
the electronic charge density, as it has been proved before in the
literature [46] by comparing the electron density obtained with
different functionals and that evaluated in full configuration inter-
action calculations. This comparison showed that the popular
B3LYP functional was consistently outmatched by O3LYP [46].

Also a good performance of the G96LYP to describe metal–li-
gand and metal–metal bond energies simultaneously with main
group atomization energies, atomic ionization potentials, and bond
lengths was also reported previously in the literature [47]. This
functional was also found to be quite well suited for the study of
the binding of other alkaline-earth doubly charged cations (Mg2+

and Ca2+) [19] as well as complexes involving Pb2+ [39].
Relative Sr2+ binding energies deserve also some attention. Our

CCSD(T) calculations show that Sr2+ binding energies roughly fol-
low the intrinsic basicity trends of the compounds under investiga-

Fig. 4. Sr2+ complexes of formamide (a, b) and hydroxylamine (c, d). Structure (a) is
a transition state.
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tion, although some significant exceptions are also observed. Form-
aldehyde and HCN have almost identical proton affinities (712.0
and 712.9 kJ mol!1, respectively) [48], but similarly to what was
found for their Ca2+ binding energies [49], at the CCSD(T) level
the former is predicted to bind Sr2+ stronger (229.4 kJ mol!1) than
the latter (218.4 kJ mol!1). Both G96LYP and O3LYP lead to the
same qualitative conclusion, although the binding energy pre-
dicted for formaldehyde is slightly overestimated (235 and
233 kJ mol!1, respectively). A similar situation is observed when
ammonia and methanimine are compared. Their experimental pro-
ton affinities are almost identical (853.6 and 852.9 kJ mol!1,
respectively) [48], while our CCSD(T) calculations predict for meth-
animine a Sr2+ binding energy (240.1 kJ mol!1) slightly larger than
that of ammonia (236.5 kJ mol!1), as it was also found before for
the corresponding Be2+, Mg2+ and Ca2+ binding energies [49]. Once
more the same qualitative trend is predicted when the G96LYP and
the O3LYP functionals are used, even though the agreement with
the CCSD(T) values is better for the latter. Also interesting is the
case of ammonia and formaldehyde. In this case ammonia has a
proton affinity significantly larger than that of formaldehyde (see
above); but quite unexpectedly their Ca2+ binding energies are re-
versed with respect to their proton affinities [49]. This is not the
case however for the Sr2+ binding energies. Although the gap be-
tween Sr2+ binding energies for ammonia and formaldehyde
(7 kJ mol!1) is much smaller than the gap between their proton
affinities (142 kJ mol!1), still ammonia is predicted to be a slightly
stronger base than formaldehyde when the reference acid is Sr2+.
The same trend is predicted when the O3LYP functional is used,
although the gap is smaller (3 kJ mol!1), whereas the G96LYP pre-
dicts the Sr2+ binding energy for ammonia to be slightly smaller (by
2 kJ mol!1) than that of formaldehyde.

Some interesting results are also observed when comparing the
Sr2+ binding energies of water and formaldehyde with those of
their sulphur containing analogues. H2O and CH2O are weaker
bases than SH2 and CH2S in protonation processes [48]. However,
their CCSD(T) Sr2+ binding energies (201.4 and 229.4 kJ mol!1,
respectively) are significantly larger than those of SH2 and CH2S
(142.2 and 171.8 kJ mol!1, respectively). This clearly indicates a
preference of Sr2+ to bind oxygen rather than sulphur as has been
already found for other alkaline-earth dications such as Ca2+ [50].

5. Conclusions

From our survey we can conclude that the G96LYP non-hybrid
functional and the O3LYP hybrid functional, when used with a 6-
311+G(3df,2p)-like basis set developed in this work, provide Sr2+

binding energies in very good agreement with those obtained at
the CCSD(T)/QZ level. As a matter of fact, the average deviation for
both functionals is 4 kJ mol!1, with a maximum deviation of 11.3
and 12.9 kJ mol!1, respectively which is found in both cases for the
thioformaldehyde-Sr2+ complex.When the base presentsmore than
one active site, such as formamide or hydroxylamine, the relative
stability of the different local minima is also well reproduced.
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The structures and relative stabilities of the complexes formed by uracil and its thio- and
seleno-derivatives with the Sr2+ cation, in the gas phase, have been analyzed by means of G96LYP
density functional theory (DFT) calculations. The attachment of the Sr2+ cation to the heteroatom at
position 4 is preferred systematically. Although the enolic forms of uracil and its derivatives should not
be observed in the gas phase, the corresponding Sr2+ complexes are the most stable. The enhanced
stability of these tautomers is two-fold, on the one hand Sr2+ interacts with two basic sites
simultaneously, and on the other hand an aromatization of the six-membered ring takes place upon Sr2+

association. Sr2+ attachment also has a clear catalytic effect in the tautomerization processes involving
uracil and its derivatives. This catalytic effect increases when oxygen is replaced by sulfur or selenium.
The Sr2+ binding energy with uracil and its derivatives is bigger than the tautomerization barriers
connecting the dioxo forms with the corresponding enolic tautomers. Consequently, when associated
with Sr2+, all tautomers are energetically accessible and should all be observed in the gas phase.

Introduction

Tautomerization processes of the nucleobases appear to be
crucial in order to explain the mutation occurring during DNA
duplication.1,2 These tautomerization processes favor a non Wat-
son and Crick base-pairing, giving rise to mutagenic processes.

The properties and reactivity of the nucleobases have been
studied extensively during the last decade due to their important
biological functions in living systems, including genetic informa-
tion storage, gene expression, and catalysis.3–6 Also, nucleobase
thio-derivatives have attracted much interest.7–11 In particular, 2-
thiouracil and 4-thiouracil, identified as a minor component of
t-RNA, can be used as anticancer and antithyroid drugs.12 On the
other hand, the replacement of the oxygen on the nucleobases
by sulfur13,14 has provided insight into DNA duplex stability,
recognition, and replication at the atomic level.15,16 Recent studies
on these sulfur modifications have revealed enhanced base-pairing
selectivity17 and replication efficiency and fidelity, especially with
the 2-thiothymidine.18 Since selenium is much larger than oxygen,
the replacement of O by Se will provide an insight into base pairing
selectivity. Recently, Se derivatives of DNA nucleobases have been
synthesized, and their crystal structures, thermostabilities, and
the impact of their incorporation into oligonucleotides have been

aDepartamento de Quı́mica, Módulo 13. Universidad Autónoma de Madrid.
Cantoblanco, Campus de Excelencia UAM-CSIC, 28049-Madrid, Spain
bDepartment of Chemistry, Dalhousie University, Halifax, Nova Scotia, B3H
4J3, Canada
† Electronic supplementary information (ESI) available: Tables S1 and S2
and Fig. S1 and S2. See DOI: 10.1039/c0ob00292e

studied.19 In addition, specific pyrimidines in natural tRNAs have
been derivatized by the incorporation of Se onto the nucleobases.20

In view of the increasing interest in the thio- and seleno-
derivatives of the nucleobases, much effort has been devoted to
exploring the reactivity changes caused by replacing oxygen by
sulfur and selenium in small biological systems. In the particular
case of uracil and its thio- and seleno-derivatives, in order to
rationalize the intrinsic reactivity, a great deal of attention has
been devoted to the study of the tautomerization processes
that these molecules can undergo.11,21 These studies have found
that dioxo, dithio and diseleno tautomers are the most stable
forms, and the height of the barriers connecting them with the
corresponding enolic forms are high enough to conclude that only
the aforementioned forms may be observed experimentally in the
gas phase under normal conditions.

The aim of this paper is to investigate the interaction of uracil
and its derivatives with the Sr2+ cation and the effects that these
interactions may have on the tautomerization of these systems, or
on the relative stability of the different tautomers. It is well known
that Sr2+ often mimics the behavior of Ca2+ in the human body,
both having similar bone-seeking properties. Although in this
media Sr is a trace metal, there is an increasing awareness of the
biological role of Sr after the development of the drug strontium
ranelate, which has been shown to reduce the incidence of fractures
in osteoporotic patients.22–24 With this work, we also aim to gain
some insight into the reactivity of this cation with small biological
systems. Although the interactions of strontium, calcium and
copper ions with the DNA and RNA bases have been largely
reported in the literature,25–31 to the best of our knowledge there
is no information available about the catalytic effect that these

This journal is © The Royal Society of Chemistry 2011 Org. Biomol. Chem., 2011, 9, 423–431 | 423
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metals may have on the tautomerization processes studied in this
work

Computational details

The geometries were optimized using density functional theory
(DFT). For this purpose we have chosen the hybrid func-
tional G96LYP,32,33 as implemented in the Gaussian 03 suite of
programs,34 because in a previous assessment,35 it has been shown
to provide reliable results when dealing with Sr2+ interactions. We
have used the basis sets proposed in ref. 26, namely 6-31+G(d,p)
basis set expansion for C, O, N and H atoms, and an improved
LAN2DZ35 basis set for the Sr2+ cation (basis set A). Nevertheless,
in order to ensure the reliability of the estimated stability of
the different adducts, the final energy of each of the systems
investigated was obtained in single-point calculations using a
much larger and flexible 6-311+G (3df,2p) basis sets expansion
for C, N, O, S, Se and H atoms, and an extended LAN2DZ
(described in more detail in ref. 26) for Sr2+ cation (basis set B).
Harmonic vibrational frequencies were computed at the same
level used for geometry optimization in order to estimate the
corresponding zero-point vibrational energy (ZPVE) corrections
and to classify stationary points of the potential energy surface
either as local minima or transition states (TS). Sr2+ binding
energies were evaluated by subtracting from the energy of the
most stable adduct, the energy of the neutral adduct and that of
Sr2+, after including the corresponding ZPVE corrections.

The bonding characteristics were analyzed primarily by using
the Becke and Edgecombe electron localization function (ELF)36

topological approach,37 which provides useful information about
the nature of the bonding, even in challenging cases in which other
approaches fail to give an unambiguous bonding picture.38 ELF
has been originally conceived as a local measure of the Fermi hole
curvature around a reference point. A Lorentz transform allows
ELF to be confined in the [0,1] interval, where 1 corresponds
to regions dominated by an opposite spin pair or by a single
electron. In this way, the molecular space can be partitioned in
basins so that the valence shell of a molecule can be described
in terms of two types of basins: polysynaptic basins (generally
disynaptic), with the partition of two (or more) atomic valence
shells and monosynaptic ones, which correspond to electron lone-
pairs or core electrons. ELF calculations were carried out with the
TopMod suite of programs.39

A second approach, the atoms in molecules (AIM) theory,40,41

was also used in our bonding study. This theory is based on a
topological analysis of the electron density, which permits the
definition of a molecular graph as the ensemble of bond critical
points (BCPs), stationary points in which the electron density
is minimum only in the direction of the bond, and bond paths.
In general, the electron density, as well as the energy density
calculated at the BCPs, gives useful information on the strength
and nature of the bond. For this purpose the AIMPAC series
of programs was employed.42 These analyses were complemented
with natural bond orbital (NBO) and natural resonance theory
(NRT) calculations.43 The former permits the bonding to be
described in terms of localized hybrids and lone-pairs, and the
second provides the weight of the different resonant structures
that contribute to the stability of a given system. In both cases the
Sadlej basis set was used due to the reliability of all electron basis

sets when dealing with electron density topological analysis. The
Wiberg bond orders (BO) were also evaluated in the framework
of the former approach. These calculations have been carried out
with the NBO-5G series of programs.44

As we shall discuss in forthcoming sections, aromaticity plays a
non-negligible role on the stability of some uracil-Sr2+ complexes.
In order to analyze this property we will use two different indexes,
a magnetic one, the nucleus independent chemical shift (NICS),45

and a structural one, the harmonic oscillator model of aromaticity
(HOMA)46 index. The NICS is defined as the negative absolute
magnetic shielding computed in the centre of the ring (NICS(0)),
or 1 Å above the ring centre (NICS(1)).47 Rings with highly
negative NICS values are aromatic whereas those with positive
values are usually anti-aromatic. Since the average isotropic
values of NICS can be unreliable for some systems,45,48 we will
analyze instead the values of NICSzz, which corresponds to the
zz-component of the shielding tensor, which has been shown to be
a better aromaticity index than isotropic NICS.

The HOMA index is defined as

HOMA opt i= ! !"
#$

%
&'(1
2a

n
R R (2)

where Ropt is an empirically estimated optimal bond length
assumed to be obtained when full delocalization of p-electrons
occurs and used as a suitable reference value. Ri stands for the
bond lengths in the system under investigation, n is the number
of bonds considered and a is an empirical constant chosen so
that HOMA is zero for the hypothetical Kekulé structures of an
aromatic system, and 1 when all bonds are equal to the optimal
value Ropt. For CC bonds a = 257.7 and Ropt = 1.388.

Results and discussion
Uracil and its thio- and seleno-derivatives, and the most stable
structures of corresponding tautomeric forms in the presence of
the Sr2+ cation, are represented in Scheme 1. The atom numbering
shown in structure a will be used throughout. Heteroatoms bonded
to C4 and C2 are designated as X and Y, respectively. The
conformers of each tautomer are named by adding a or b to the
number identifying the tautomer. The relative energies of these
compounds are shown in Table 1, whereas their total energies and
ZPVE corrections are given in Table S1, ESI.† The optimized
geometry of the most stable tautomer for each compound is
presented in Table S2, ESI.†

Geometries, relative stabilities and bonding

As observed previously for Ca2+ and Li+,49,50 the C O–Sr2+ angles
of uracil complexes are always equal to or very close to 180!.
Conversely, for dithio-and diseleno-uracil complexes, the S–Sr2+

and the Se–Sr2+ bonds do not lie in the plane of the molecule, but in
a plane perpendicular to it, similar to what was previously reported
for Ca2+ complexes.50,51 A suitable explanation of these features was
provided assuming that the primary interaction of these bonds is
electrostatic.49 When the basic site is a carbonyl oxygen, the metal
dication polarizes both oxygen lone-pairs simultaneously, and
consequently it nests between them. When the basic site is a sulfur
or selenium atom, whose lone pairs are much more voluminous,
the metal dication is unable to polarize both lone pairs at the same
time, and therefore it interacts preferentially with one of them.

424 | Org. Biomol. Chem., 2011, 9, 423–431 This journal is © The Royal Society of Chemistry 2011
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Scheme 1 Schematic representation of: a) uracil and its thio- and seleno-derivatives; b) different tautomeric forms of uracil-Sr2+, 2,4-dithiouracil-Sr2+

and 2,4-diselenouracil-Sr2+ complexes.

Whereas for uracil-Ca2+, a p-type complex exists as a local
minimum,52 and in the case of uracil-Sr2+ and 2,4-dithiouracil-
Sr2+, this p-type complex exists as a transition state structure. This
transition state connects adduct 1 with adduct 4. However, no p-
type stationary point for the 2,4-diselenouracil-Sr2+complex has
been found, as it collapses to form either 1 or 4. The energy, ZPVE
and optimized structure of the aforementioned p-type transition

state complexes are available in Table S1 and Table S2, respectively,
ESI.† It is also worth noting that any attempt to attach the metal
dication to the olefinic bond failed because these structures were
not stationary points on the potential energy surface.

Only in the case of 2,4 dithio- and 2,4-diseleno-uracil, adduct 7
(See Fig. 1) is a local minimum on the potential energy surface.50,51

The enhanced stability of structure 7 when dealing with thio- or

This journal is © The Royal Society of Chemistry 2011 Org. Biomol. Chem., 2011, 9, 423–431 | 425
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Table 1 Relative energies (kJ mol-1) of the different tautomeric forms of
uracil and its thio- and seleno-derivatives in the presence of the Sr2+ cation

Tautomer Uracil 2,4-dithiouracil 2,4-diselenouracil

1 74 120 129
2a 21 17 16
2b 0 0 5
3a 30 3 0a

3b 14 1 0a

4 34 94 95
5a 27 —b —b

5b 26 19 21
6a 105 110 105
6b 64 100 103
7 —b 114 97

a The energy difference between tautomers 3a and 3b decreases as O >
S > Se and for the Se derivatives both forms are practically degenerate
at the G96LYP/B//G96LYP/A. This is likely to be due to a repulsive
interaction between the H attached to the heteroatom X and the near
NH group, which decreases as the electronegativity of X decreases. b These
structures are not stationary points on the potential energy surface.

seleno-derivatives has been well documented in ref. 43. On the one
hand, sulfur and selenium are less electronegative than oxygen and
consequently, when oxygen is replaced by its heavier homologues,
an accumulation of electron density on the N3 lone pairs occurs.
On the other hand, sulfur and selenium are much more polarizable
than oxygen and consequently, adduct 7 is stabilized through the
enhanced polarization of these two heteroatoms. This is clearly
mirrored in the existence of the disynaptic basins V(Sr,S) of the
corresponding ELF (See Fig. 2) and by the presence of the Sr–
S BCPs of the AIM molecular graph (See Fig. 1). The greater
polarizability of the selenium atom relative to the sulfur atom
explains why the 2,4-diselenouracil-Sr2+ structure 7 is more stable
than the corresponding 2,4-dithiouracil-Sr2+ complex.

As was found previously for the Ca2+ dication,50,51 Sr2+ shows
a clear preference to bind to the heteroatom at position 4 (X)
with respect to the heteroatom at position 2 (Y). The enhanced
basicity of the heteroatom X with respect to heteroatom Y has
been attributed to the contribution of zwitterionic mesomeric
forms which accumulate negative charge in this position.7,53–55

However, as has been already pointed out in a previous work,50

similar mesomeric forms accumulating negative charge at Y also
contribute to the stability of the neutral compound, so this single
factor cannot explain the preference of uracil and its thio- and
seleno-derivatives to undergo electrophilic attack at X. There is,
however, another effect which explains the enhanced basicity of
heteroatom X with respect to Y, this being the considerably larger
electron delocalization induced within the uracil ring when the
cation is attached to X.50 This explanation is consistent with the
ELF plots shown in Fig. 2 for uracil and uracil-Sr2+ complexes 1
and 4. The populations of the basins associated with the C5–
C6, C5–C4, C4–N3 and C6–N1 bonds changes very little on
going from uracil to complex 1, showing that the strong electron
localization observed in the neutral compound, is practically
unaltered by Sr2+ attachment to Y. Conversely, on going from
neutral uracil to complex 4, where the metal is attached to X, a
significant electron density delocalization is observed from C5–C6
towards the C5–C4, C4–N3 and C6–N1 basins (See Fig. 2). This
electron delocalization, which contributes to the stabilization of
the molecular cation, is actually mirrored in a certain equalization

Table 2 Sr2+ binding energies (kJ mol-1) of uracil and its thio- and seleno-
derivatives at basic sites X and Y

Compound X Y

Uracil 371.9 331.9
2,4-dithiouracil 324.3 298.6
2,4-diselenouracil 334.9 301.1

Table 3 Wiberg bond orders for uracil and 1 and 4 uracil-Sr2+ complexes

Bond Uracil 1 4

N1–C2 1.05 1.22 1.03
C2–N3 1.10 1.31 1.00
N3–C4 1.03 0.90 1.22
C4–C5 1.10 1.11 1.28
C5–C6 1.68 1.72 1.50
C6–N1 1.15 1.08 1.29

of the bond distances within the ring (See Figure S1, ESI†), the
electron densities at the corresponding BCPs (see Fig. 1), and
the Wiberg bond orders (see Table 3). In neutral uracil, C5–C6
has a significant double bond character, whereas the remaining
bonds within the ring are essentially single bonds. In the case of
complex 4, the charge polarization produced by Sr2+ attachment
diminishes the double bond character of C5–C6, while increasing
that of the C5–C4, C6–C1 and C3–C4 bonds. Conversely, in
complex 1, only C2–N3 and C2–N1 increase their double bond
character, ratifying the strong electron density localization in this
system. Similar trends are also observed for 2,4-dithio- and 2,4-
diselenouracil.

The greater Sr2+ binding energy for uracil with respect to 2,4-
dithiouracil and 2,4-diselenouracil, reveals a higher preference of
Sr2+ to attach to oxygen rather than to sulfur or selenium (see
Table 2). This is likely to be a direct consequence of the electrostatic
nature of the Sr–O, Sr–S and Sr–Se interactions, as reflected in the
small value of the electron density at the corresponding BCPs
(See Fig. 1), and in the positive value of its Laplacian. Since O is
much smaller than S and Se, the distance between the basic site
and the metal dication is much shorter, enhancing the electrostatic
interaction which is not compensated by the larger polarizability
of S and Se. An influence of the interaction of the ion with
the bond dipole associated with the C X (X O, S, Se) bond
cannot be discarded. The second highest Sr2+ binding energy is
for 2,4-diselenouracil, which confirms the greater polarizability of
selenium relative to the sulfur atom. The same trend was found in
the case of the Ca2+ cation.50,51

Also, NBO analysis consistently does not show the existence
of any covalent bond between Sr and the base. When the metal
dication is attached to the C X (X O, S, Se) bonds, the electron
density at the corresponding C = X BCPs decreases significantly,
as well as the population of the corresponding basins, as shown
in Fig. 1 and 2, respectively. This effect, which actually diminishes
on going from oxygen to selenium, reflects the heteroatom’s
polarizability increase on going from oxygen to selenium. Also,
the natural charge of the metal diminishes on going from uracil-
Sr2+ to 2,4-diselenouracil-Sr2+, reflecting the stronger polarization
undergone by the heteroatom in the presence of the Sr2+ cation
when oxygen is substituted by sulfur and selenium atoms.
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Fig. 1 Molecular graphs of neutral uracil, neutral 2,4-dithiouracil, 1, 4 and 2b uracil-Sr2+ complexes and 4 and 7 2,4-dithiouracil-Sr2+ complexes.
Electron densities at BCPs are in a.u.

Tatomerization processes. Catalytic effect of Sr2+association

Dioxo, dithio and diseleno are the only tautomeric forms of uracil
and its thio- and seleno-derivatives present in the gas phase under
normal conditions. Therefore, only adducts 1 and 4 can be formed
by direct association of the Sr2+ cation at the available basic sites.

However, considering all the tautomers represented in Scheme 1,
the aforementioned adducts are the least stable in the gas phase.
As pointed out in previous work,31,50,51 the presence of the metal
dication completely alters the stability order, the most stable
isomers being 2a, 2b, 3a, 3b and 5b enolic forms. The enhanced
stability of these tautomeric forms with respect to the structures 1

This journal is © The Royal Society of Chemistry 2011 Org. Biomol. Chem., 2011, 9, 423–431 | 427
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Fig. 2 Three dimensional representation of ELF isosurface with ELF = 0.80 for neutral uracil, neutral 2,4-dithiouracil, 1, 4 and 2b uracil-Sr2+ complexes
and 4 and 7 2,4-dithiouracil-Sr2+ complexes. Yellow lobes correspond to V(N,H) and V(C,H) basins, red lobes correspond to V(N), V(O) and V(S) basins
associated with N, O and S lone-pairs, respectively. Green lobes correspond to V(C,C), V(C,N), V(C,O) and V(C,S). Blue lobes correspond to the Sr
metal core. The populations of the different basins are also indicated.
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Table 4 NICSzz(1) (in ppm) and HOMA for neutral uracil and 2,4-dithiouracil and their more stable complexes with Sr2+

Uracil Uracil-Sr2+ (2b) 2,4-dithiouracil 2,4-dithiouracil-Sr2+ (2b)

NICSzz (1) -1.8 -9.3 3.705 -4.457
HOMA 0.399 0.838 0.600 0.836

and 4 can be attributed to two factors.50 The formation of the enolic
form by 1,3H shifts from one of the NH groups towards X or Y
heteroatom triggers the aromatization of the six-membered ring.

This aromatization is actually reflected in the equalization of
the bond distances and in the BCP densities of the bonds within
the ring on going from adduct 1 to complex 2b (See Fig. 1), as well
as in the values of the NICSzz and the HOMA (See Table 4). It is
apparent that the NICSzz becomes significantly more negative on
going from neutral uracil and 2,4-ditihiouracil to the most stable
Sr2+ complexes, 2b. Also the HOMA value is much closer to unity
in the Sr2+ complexes than in the neutral compounds.

As found previously for thymine-M2+ (M = Ni, Cu, Zn)
complexes,56 the aromatization of the six-membered ring con-
tributes a lot to the stabilization of the enolic form. On the other
hand, and more importantly, the enolic structure facilitates the
interaction of the metal dication with two basic sites simultane-
ously, an N-pyridine-like nitrogen and the X or Y heteroatom. This
effect increases the stability of 2a, 2b, 3a, 3b and 5b complexes.
Consistently, the enolic forms, 6a and 6b, in which there is no
possibility for the metal to polarize two basic sites simultaneously,
are the least stable structures. In the case of uracil, the most
stable complex corresponds to 2b, in which Sr2+ simultaneously
interacts with Y and N3 basic sites, whereas in the case of 2,4-
dithiouracil complexes 2b and 3b, in which the metal interacts
with Y and N1 atoms simultaneously, are practically degenerate.
For 2,4-diselenouracil, the latter form is found to be 5 kJ mol-1

lower in energy than 2b.
In view of the enhanced stability of the enolic forms with respect

to structures 1 and 4, we also studied the tautomerization processes
required to connect adducts 1 and 4 with complexes 2 and 5.
Hence, in Fig. 3a–c the energy profiles associated with the 1 ! 2,
1 ! 4 and 4 ! 5 isomerization processes are shown. Note that,
as mentioned before, for 2,4-diselenouracil, the global minimum
is the 3b enolic form, which is not included in Fig. 3 for the
sake of consistency. Nevertheless, the corresponding isomerization
process connecting 1 and 3b is shown in Fig. S2, ESI.† The
most significant finding is that all activation barriers lie below
the entrance channel. This means that the direct association of
Sr2+ with the neutral forms, should give them enough internal
energy to overpass the barriers connecting the keto with the
corresponding enolic forms. Consequently, all of the tautomeric
forms should be energetically accessible upon Sr2+ attachment
and therefore in the presence of this cation, all tautomeric forms
might be observed in the gas phase. Another important feature
is that the activation barriers involved in these tautomerization
processes are much lower than those calculated for the isolated
neutral compounds.21,53 Similar findings have been reported for
other metal ions such as Ca2+ and Cu+.50,51,57 In Table 5, the
catalytic effect of the aforementioned metals, given by the decrease
(%) in the barrier height upon metal cation association, has been
summarized. It should be mentioned that, as shown in Fig. 3, when
these barriers are measured in terms of free energies, the changes

Table 5 Catalytic effects of the Sr2+, Ca2+ and Cu+ cations in the
tautomerization processes involving uracil, 2,4-dithiouracil and 2,4-
diselenouracil

Uracil 2,4-dithiouracil 2,4-diselenouracil

Sr2+

1!2 17% 40% 50%
4!5 22% 34% 35%
Ca2+

1!2 25% 37% 41%
4!5 20% 35% 35%
Cu+

1!2 20% 39% 31%
4!5 19% 32% 29%

are very small and the observed catalytic effect is practically equal
to that estimated using energies instead of free energies.

In the case of the Ca2+ and Sr2+ cations, the catalytic effect of the
metal increases as uracil < 2,4-dithiouracil < 2,4-diselenouracil.
However in the case of the Cu+ cation, the largest catalytic effect
is with 2,4-dithiouracil, and the second with 2,4-diselenouracil.

Conclusions

From our theoretical survey of the interaction between uracil and
its thio- and seleno-derivatives with the Sr2+ cation in the gas phase,
we can conclude that:

! The basicity of heteroatom X is systematically larger than
that of heteroatom Y. This effect is due to the greater electron
delocalization induced within the ring when the metal is attached
to heteroatom X.

! Sr2+ presents a greater affinity for oxygen than for sulfur and
selenium, likely due to the electrostatic nature of the interaction
and to the much shorter Sr–O distances.

! In the case of uracil, the most stable complex corresponds
to structure 2b, whereas in the case of 2,4-dithiouracil and 2,4-
diselenouracil, structures 2b and 3b are practically degenerate.
Two factors are responsible for the enhanced stability of these
enolic forms. On the one hand, in these structures the simultaneous
interaction of the Sr2+ cation with two basic sites (N1 or N3 and X
or Y heteroatom) is facilitated. On the other hand, a greater arom-
atization of the six-membered ring takes place in these structures.

! Sr2+ binding energies with uracil and its derivatives are greater
than the activation barriers which connect diketo-like with enolic-
like complexes. Consequently, upon Sr2+ interaction all tautomers
should be energetically accessible, and all of them should be
observed in the gas phase.

! Sr2+ and Ca2+ show almost identical catalytic effects on the
tautomerization processes involving uracil-Sr2+, 2,4-dithiouracil-
Sr2+ and 2,4-diselenouracil-Sr2+ complexes. In both cases, the
catalytic effect increases on going from uracil to 2,4-diselenouracil.
However, for Cu+ the largest catalytic effect is observed for the 2,4-
dithiouracil complexes.

This journal is © The Royal Society of Chemistry 2011 Org. Biomol. Chem., 2011, 9, 423–431 | 429
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Fig. 3 Energy profiles for the isomerization process of: a) uracil-Sr2+ adducts; b) 2,4-dithiouracil-Sr2+ adducts; c) 2,4-diselenouracil-Sr2+ adducts. Relative
energies are in kJ mol-1. For the barriers, the values within parentheses were obtained using free energies.
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Abstract The structure and relative stability of the
complexes between uracil dimers and Ca2?, as well as the

proton transfer (PT) processes within these dimers, have

been investigated by the density functional theory methods.
Although in uracil dimers PT occurs as an almost syn-

chronous double PT processes that connect the diketo

dimer with a keto-enol dimer, the process within the most
stable (uracil)2Ca

2? complexes is much more complicated,

and the product of the reaction looks like the result of an

intramolecular PT from one of the NH groups of one
monomer to one of the carbonyl groups of the same

monomer. An analysis of the force profile along the reac-

tion coordinate shows that the intimate mechanism implies
three elementary steps, two intermolecular PTs, and an in-

plane displacement of one monomer with respect to the

other. The result of this so-called assisted intramolecular
proton transfer is the formation of a dimer in which only

one monomer is a keto-enol derivative, the other monomer

being apparently unchanged, although it suffers significant
structural rearrangements along the reaction coordinate.

Quite importantly, this dimer is significantly stabilized
upon Ca2? association; therefore, while the most stable

uracil dimers correspond systematically to associations

involving only the diketo forms, in (uracil)2Ca
2?

complexes the most stable structures correspond to those in
which one of the monomers is a keto-enol uracil isomer.

Keywords Uracil dimers ! Proton transfer ! Ca2?
complexes ! DFT calculations ! Reaction force analysis

1 Introduction

Watson–Crick base pairs [1, 2] have received a great deal of

attention along many decades because they are the building

blocks of DNA and RNA [3, 4]. These pairs are held together
by a network of intermolecular hydrogen bonds which are

crucial in the transmission of the genetic information [5]. It

is believed that some of these mutagenic and mispairing
processes may have their origin in proton transfer (PT)

mechanisms [6] taking place from one monomer of the base

pair to the other, which produce new tautomeric forms and
therefore permanent alterations of the base pair and an

incorrect transmission of the genetic information. Therefore,

these PT processes have been the subject of both experi-
mental and theoretical analysis [7–22].

Among the aforementioned bases, uracil and its thio and
seleno derivatives have received particular attention

because they exhibit a large number of keto-enol tauto-

meric forms, [23–33] and because they are involved in
many biochemical process playing an important role in the

t-RNA helices stability. The tautomeric forms of uracil

could be generated through intramolecular PT within the
molecule, but these processes require very large activation

barriers are not likely to occur. On the other hand, it is well

established that the most stable conformation of uracil
corresponds to its diketo form. Much more favorable pro-

cesses leading from the diketo form of uracil to some keto-

enol tautomer are intermolecular PTs within the dimer,

Published as part of the special issue celebrating theoretical and
computational chemistry in Spain.

Electronic supplementary material The online version of this
article (doi:10.1007/s00214-010-0801-z) contains supplementary
material, which is available to authorized users.

A. Eizaguirre ! A. M. Lamsabhi ! O. Mó (&) ! M. Yáñez
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which required much lower barriers than the intramolecular

PTs within the monomers, because the mechanisms actu-
ally involves a double PT from one monomer to the other

[34]. It has also been shown that for the particular case of

uracil these double PT are practically synchronous pro-
cesses, whereas for the thiouracil derivatives they exhibit

some degree of asynchronicity [34]. The question we want

to analyze in this paper is, ‘‘are there any possible effects
that the interaction of the base pair with metal ions may

have in these double PT processes?’’ For this purpose, we
have chosen Ca2? because (1) the perturbation of the base

will be more significant when interacting with a doubly

charged species than with singly charged cations (2) Ca2?

is ubiquitous in physiological media, and (3) differently to

other doubly charged metal ions, such as Cu2? [35] or Pb2?

[36], Ca2? [37] does not lead to a spontaneous deproto-
nation of the base.

Several studies on the interaction of base pairs with

doubly charged metal ions and in particular with alkaline-
earth cations have been reported in the literature, [21, 38–

40] but much less attention was paid to the effects of this

association on the tautomerization processes which may
take place within the base pair [21, 32, 36].

2 Computational details

The geometries of the different uracil dimers and their
complexes with Ca2? were optimized by using the hybrid

B3LYP functional. This approach, which combines the

nonlocal correlation function of Lee et al. [41] with the
Becke’s three-parameter nonlocal hybrid exchange func-

tional [42], has been shown to provide very reliable

geometries and harmonic vibrational frequencies for a
great variety of systems. Furthermore, in previous theo-

retical assessments, it has been shown to be a very good

compromise between accuracy and computational effort
when dealing with Ca2? interactions [43]. This approach,

when used with flexible enough basis sets, also performs

quite well in describing both inter- and intramolecular
hydrogen bonds, which in our case are important actors in

the mechanisms to be investigated. It must be mentioned,

however, that in a recent assessment using adenine-thy-
mine and guanine-cytosine base pairs as model system it

was found that B3LYP method slightly overestimated

hydrogen bond distances when compared with MP2 ones
[44]. Geometry optimizations and harmonic vibrational

frequencies were evaluated using a DZ-polarized 6-

31 ? G(d,p) basis set expansion, which includes diffuse
functions on the heavy atoms, required to an appropriate

description of hydrogen bonding and the polarization

effects induced by the doubly charged metal ion on the
base. The harmonic vibrational frequencies so obtained

were used to evaluate the vibrational thermal corrections

and classify the stationary points located on the potential
energy surface as local minima or transition states. To have

reliable final energies, these were obtained in single-point

calculations using a much larger 6-311 ? G(3df,2p) basis
set expansion.

The reaction force analysis [45–47] has been shown to

offer interesting insights into the double PT mechanisms
within uracil dimers and therefore we have decided to

apply the same approach for the analysis of similar pro-
cesses within (uracil)2Ca

2? complexes.

The lowest energy path connecting reactants and prod-

ucts in an elementary reaction when projected into the
intrinsic reaction coordinate typically presents a maximum

corresponding to the transition state (TS) relying reactants

and products. The differentiation of this energy curve leads
to the reaction force,

F!n" # $dE!n"
dn

!1"

which presents two extrema, n1 (minimum) and n2
(maximum) (See Fig. 1), which in turn permit the
identification of different regions with a well-defined

chemical meaning [48, 49], namely (1) the reactant

region (nR B n B n1) where the reactants begin to start
activated by a negative retarding force, (2) the transition

state region (n1 B n B n2) where a driving force

increasingly balances the aforementioned retarding one,
and (3) the products region (n2 B n B nP) where the

system relaxes and the driving force tends to zero when

approaching nP. This partitioning of the reaction coordinate
in different reaction regions allows dividing the activation

energy into two main contributions, [49, 50]

DE# # W1 %W2 !2"

where,

W1 # $
Zn1

nR

F!n"dn and W2 # $
Zn0

n1

F!n"dn !3"

In our particular case, the first term of Eq. 2 represents the

work to be done to bring the HB donor and the HB acceptor
close enough as to propitiate the PT process, whereas the

second term corresponds to the energy required to reach the

TS, in order to begin the evolution toward the products.
Analogously, the second part of the reaction coordinate can

be split into two components, W3 and W4, so that the

reaction energy can be written as

DE0 # W1 %W2 %W3 %W4 !4"

where W3 represents the energy gaining on the relaxation
of the system from the TS to n2 andW4 the energy to finally

reach the products, and are given by
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W3 ! "
Zn2

n0

F#n$dn and W4 ! "
ZnP

n2

F#n$dn #5$

To carry out this analysis, the necessary calculations along

the intrinsic reaction coordinate (IRC) expressed in mass-

weighted cartesian coordinates, which involve a full
geometry optimization at each step along n, were carried

out as implemented in the Gaussian03 suite of programs.

The bonding perturbations triggered by the metal dica-
tion in the base pair were analyzed by means of the atoms

in molecules (AIM) [51] and the electron localization

function (ELF) [52, 53] theories. Within the framework of
the former, we have evaluated the electron density at the

different bond critical points (BCPs) and we have exam-

ined its evolution along the reaction coordinate by using
the AIMALL series of programs [54]. The bonding chan-

ges in a system triggered by its interaction with a charged

species can be also followed by analyzing the changes in

the energy density

h#r~$ ! v#r~$ % g#r~$ #6$

where v#r~$ and g#r~$ are the local densities of the kinetic

energies, respectively. The regions in which this magnitude
is negative or positive correspond to areas in which the

electron density is built up or depleted, respectively, so that

the former can be associated with covalent interactions,
whereas the latter are typically associated with closed-shell

interactions, as in ionic bonds or hydrogen bonds.

The ELF allows the partition of the molecular space into
basins, [53, 55] usually disynaptic and monosynaptic,

which correspond to regions of maximum probability of

finding electron pairs. This description in terms of disy-
naptic basins, associated with bonding pairs, and mono-

synaptic basins, associated with lone-pairs or core-pair

electrons, provides useful information about the nature of
the bonding, even in challenge cases in which other

approaches fail to give an unambiguous bonding picture

[56]. The electron population within these basins can be
obtained by integration of the electron density within the

basins limits. ELF grids and basin integrations have been

evaluated with the TopMod package [57]. For the three-
dimensional plots, an ELF value of 0.8 has been used.

A complementary viewpoint some times crucial to

understand the bonding can be obtained through the use of
the NBO (Natural Bond Orbital) approach [58], which

describes the bonding in terms of localized hybrids

obtained as local block eigenvectors of the one particular
density matrix. A second-order perturbation treatment

permits also to quantify the interaction energies between

occupied and virtual orbitals reflected in a charge transfer
from the former to the latter. These kind of interactions are

typically found in XH&&&Y hydrogen bonds, which are

characterized by a charge transfer from the lone-pairs of
the HB acceptor Y, to the antibonding rXH* orbital of the

HB donor, XH [58].

3 Results and discussion

As it has been previously shown in the literature, uracil

leads to six different dimers [59] (see Fig. 2), depending on

the relative positions of the two monomers and the kind of
hydrogen bonds connecting them. For instance, if we

identify within the uracil molecule, a urea-like subunit

(HN–CO–NH), and a formamide-like subunit (HN–CO–
CH), it can be observed that for the global minimum, UU1,

and the less stable dimers, UU3 and UU6, the HBs con-

necting both monomers, looking at the carbonyl groups
which act as HB acceptors, correspond to a urea–urea

interaction, the only difference between the three

Fig. 1 Energy (a) and force (b) profiles for an elementary reaction
connecting reactants (R) and products (P)

Theor Chem Acc (2011) 128:457–464 459
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complexes being the relative orientation of both monomers.

UU2 and UU5 are connected through urea–formamide
interactions and again only differ in the relative orientation

of both monomers. Finally, UU4 dimer involves a form-

amide–formamide interaction.
The number of (uracil)2Ca

2? complexes is much larger

since the metal dication can be attached to different basic

sites of the dimer, but more importantly, the relative sta-
bility of the (uracil)2Ca

2? complexes does not reflect the

relative stability of the uracil dimers. Actually, as shown in
Fig. 2, the most stable (uracil)2Ca

2? complex, namely

UU5-a, is formed by the association of Ca2? to the one of

the less stable uracil dimer (UU5). Conversely, the global
minimum of the neutral dimers, UU1, leads upon Ca2?

association to one of the less stable (uracil)2Ca
2? com-

plexes (UU1-a), 172 kJ mol-1 above UU5-a. It is also
worth noting that in UU5-a, Ca2? bridges between the two

formamide-like carbonyl groups. Interestingly, when the

metal dication interacts with the two urea-like carbonyl
groups, the complex formed, UU5-b, is found to be

57 kJ mol-1 less stable. This can be easily explained if one

takes into account that, as has been shown previously in the
literature, the most basic site of the uracil molecule is the

carbonyl group at position 4, so in complex UU5-a, Ca2?

interacts with the most basic site of both monomers,

whereas in UU5-b complex it interacts with the least basic
site centers. Although many other (uracil)2Ca

2? complexes

have been calculated in our work, in Fig. 2 only the more

stable ones are shown. Their total energies together with
the zero point energy (ZPE) corrections are reported in

Table S1 of the supporting information. The next important

question to be addressed in this study, once we have
located the global minimum of the (uracil)2Ca

2? PES, is

the mechanism of the PT process in this complex, UU5-a.

4 Proton transfer processes

As mentioned in the introduction, in uracil dimers, the most

favorable PT process corresponds to a practically syn-
chronous double PT mechanism, [34] so that the product is

a dimer in which both interacting monomers are enolic

forms of uracil. As illustrated in Fig. 3, the situation seems
to be significantly different upon the interaction with Ca2?,

where the product arises formally from an intramolecular

PT process in which the proton is transferred from a NH
group of one monomer toward the carbonyl group of the

same monomer. The result is that, after the PT, the

Fig. 2 Structure and relative stability of the six uracil dimers and its more stable Ca2? complexes. All values, in kJ mol-1; are referred to the
most stable (uracil)2Ca

2? complex, UU5-a
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complex corresponds to a dimer between the diketo form of
one of uracil moieties and the enolic form of the other. The

activation barrier for this process is 77 kJ mol-1, which is
significantly lower than the corresponding activation bar-

riers for a similar process in both isolated uracil

(197 kJ mol-1) and uracil-Ca2? complex (154 kJ mol-1)
[37]. This decrease in the activation barrier points appar-

ently to a catalytic effect triggered by Ca2? association.

However, the structure of the transition state found (see
Fig. 3) and the anomalous profile of both the potential

energy curve and the curve of the forces along the reaction

coordinate (See Fig. 4a, b, respectively, for the UU5a
(R) ? UU5a(e) (P) process), clearly show that a more

complicated mechanism than just a single intramolecular

PT must be taking place. The shoulder observed in the
force in the region previous to the TS as well as the almost

linear increase observed after the TS clearly indicate that

the process connecting reactants and products is not an
elementary one.

This is actually seen when looking at the plots of the

energy density and the ELF along the potential energy curve
and the forces profile, respectively. The populations of the

ELF basins are summarized in Table S2 of the supporting

information. In the reactants (n & -2), one clearly
observes an ionic interaction between Ca2? and the two

(fomamide-like) carbonyl oxygens and two NH!!!O inter-

molecular hydrogen bonds. At a more advanced point along
the reaction coordinate (n = -0.53), a PT within the HB

not interacting with the metal dication is taking place, and

the proton appears almost midway between the N and the O
atoms. At this point, the ELF shows the presence of an OH

disynaptic basin which did not exist in the reactants, and the

disappearance of the NH disynaptic basin. At the same time,

the monosynaptic N lone-pair, which in the reactants has a
clear p-character, becomes now a monosynaptic basin with

a noticeable r character. This PT process would involve a

(hidden) transition state (TS1) which can be qualitatively
represented by the red potential energy curve. A further

evolution of the system to reach (n = 0) leads to the

aforementioned PT to almost completion. Actually, the
transition vector at n = 0 corresponds to the relative dis-

placement of the right monomer with respect to the left one,

to favor the interaction of the (urea-like) carbonyl group of
the left monomer with the OH group formed in the first PT.

Note that this displacement will also favor the interaction of

the NH group of the right monomer with the (deprotonated)
N atom of the left one. The OH!!!O interaction triggers a PT

Fig. 3 Activation barriers associated with PT processes within the
(uracil)2Ca

2? global minimum UU5-a. All values are in kJ mol-1

Fig. 4 Energy profile (a) and force profile (b) for the processes
connecting UU5-a with UU5-a(e). In figure (a), the energy density for
the reactant and the products, as well as for the transition states TS1,
TS, and TS2 are shown. In these plots, positive and negative values of
the energy density are denoted by dashed red lines and solid blue
lines, respectively

Theor Chem Acc (2011) 128:457–464 461
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from the right monomer toward the left one (n = 1.20). At

this point, which will correspond to the hidden transition
state (TS2) associated with the OH!!!O PT (black curve), the

proton appears almost midway between the two oxygen

atoms. Note that the ELF shows that at this point the PT is
not completed since the OH disynaptic basin, although

polarized toward the left monomer, is still located at the

right monomer. From here, the system evolves toward the
products, by completing the aforementioned PT. The con-

sequence is that the right monomer recovers the diketo
arrangement and only the left monomer presents an enol

group. Hence, although apparently an intramolecular PT

took place from the NH group of the left monomer toward
one of the (urea-like) carbonyl groups of the same mono-

mer, the real process involves three steps: a) a PT from the

NH group of the left monomer toward the (formamide-like)
carbonyl group of the right monomer, b) the relative dis-

placement of the right monomer with respect to the left one

and c) a PT from the OH group of the right monomer,
formed in the first step, toward the (urea-like) carbonyl

group of the left monomer.

This is also nicely reflected by looking at the charac-
teristics of the molecular graphs (See Fig. 5) evaluated at

the critical points in the evolution of the force (see Fig. 3)

and to the work employed in each step.
For the reactant (n & -2), two BCPs are located

between Ca2? and the two (formamide-like) carbonyl

oxygens of UU5 with small electron densities as in typical
ionic interactions. Two NH!!!O intramolecular HBs are

also observed. The work needed to reach n = -1.29

(23.7 kJ mol-1) is associated with the structural prepara-
tion of the system, so that at n = -1.29 the PT from the

NH group of the left monomer has already started, as
shown by a significant decrease in the electron density at

the N–H BCP and a concomitant increase in the electron

density at the O–H BCP. To reach TS1 (n = -0.53), the
work needed (42.7 kJ mol-1) corresponds to the electronic

reordering and represent 65% of the activation barrier.

When n = -0.53 is reached, the PT transfer process is
practically complete, so that the initial NH!!!O HB has been

replaced by a N!!!HO HB. On going from (n = -0.53)

toward (n = 0), the displacement of the right monomer
with respect to the left one starts. Obviously, this structural

rearrangement requires little work (8.3 kJ mol-1), the main

consequence being that the NH group of the right monomer
starts forming a HB also with the deprotonated N atom of

Fig. 5 Molecular graphs along the reaction coordinate connecting UU5-a with UU5-a(e). At the bottom of the figure, the molecular graphs for
the neutral UU5 and UU5(e) compounds are also given for the sake of comparison. Electron densities in a.u
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the left monomer. A little further, a second structural

reordering, which requires a work of 11.3 kJ mol-1 takes
place. As a consequence, the OH group of the right

monomer starts to interact with the (urea-like) carbonyl

group of the left monomer, so that when the TS2 is reached
(n = 1.20) the PT from the OH of the right isomer toward

the (urea-like) carbonyl of the left one starts, as evidenced

by the decrease in the electron density at the O–H covalent
bond and the concomitant increase in the electron density

at the OH!!!O HB. The completion of the PT requires an
electronic reorganization work of 47.7 kJ mol-1 to reach

n = 2.39, and from here the system relax toward the

product, the work involved in this process being
60.4 kJ mol-1.

One question that needs to be answered is what is the

possible role of Ca2? on the stabilization of these enol-
diketo dimers. As shown in Fig. 3, the enol-diketo dimes,

UU5-a(e) is more stable than the diketo-diketo one UU5-a.

The question is, whether the association with Ca2? is
responsible for the enhanced stability of the enol-diketo

form. To answer this question, we have calculated the

energy of the isolated dimer and the corresponding dimer-
Ca2? complex. The results obtained indicate that the iso-

lated enol-diketo form is 64.7 kJ mol-1 less stable than the

diketo-diketo isomer, whereas for the corresponding Ca2?

complexes is the other way around, and UU5-a(e) isomer is

61.3 kJ mol-1 more stable than UU5-a.

In other words, whereas the PT process from UU5-a to
UU5-a(e) is exothermic, the corresponding process for the

isolated dimers would be clearly endothermic. This can be

due to two different effects, the perturbation caused by
Ca2? on the HBs connecting both monomers and/or the

different basicity of the carbonyl groups interacting with

the metal dication. A comparison of the molecular graphs
of UU5 and UU5-a (see Fig. 5) clearly indicates that

association of Ca2? to the former results in a weakening of

both intermolecular hydrogen bonds. This is consistent
with the NBO second-order perturbation energies. As

shown in Table 1, in UU5 there is an interaction between

the two lone-pairs of the carbonyl oxygens with the rNH*
antibonding orbitals, associated with the two intermolecu-

lar HBs that are almost identical. Upon Ca2? attachment

the upper HB becomes weaker, because the donation from
the oxygen lone-pair, which is interacting with Ca2?,

toward the rNH* antibonding orbital drastically decreases.

The strength of the lower HB decreases more, because, on
the one hand, the donating capacity of the carbonyl oxygen

decreases upon Ca2? attachment and the intrinsic acidity of

the NH group also decreases. In UU5(e), the first N2H!!!O1
HB in UU5 is replaced by a N2H!!!N1 HB. Similarly, the

N1H!!!O4 HB is replaced by a stronger O3H!!!O4 HB,

because the OH group is a stronger HB donor than the NH
one. The important finding however is that the former

becomes reinforced upon Ca2? association due likely to the

enhanced acidity of the NH groups and the latter weakens

only slightly, due likely to a slightly decrease in the basi-
city of the carbonyl group. The second important factor

which may explain the enhanced stability of the enol-keto

dimers upon Ca2? association is that in these complexes
the metal cation interacts with two free carbonyl groups,

whereas in the diketo-diketo complexes, one of the inter-

actions involves the carbonyl group which is already acting
as HB acceptor in one of the NH!!!O intermolecular HBs.

5 Conclusions

Although in uracil dimers PT occurs as an almost syn-

chronous double PT processes that connect the diketo

dimer with a keto-enol dimer, the process within the most
stable (uracil)2Ca

2? complexes is much more complicated,

and the product of the reaction looks like the result of an

intramolecular PT from one of the NH groups of one
monomer to one of the carbonyl groups of the same

monomer. However, an analysis of the force profile shows

that the intimate mechanism implies three elementary
steps, two of which, the first and the third steps, are

intermolecular PT and the second an in-plane displacement

of one monomer with respect to the other. The result of this
so-called assisted intramolecular proton transfer is the

formation of a dimer in which only one monomer is a keto-

enol derivative, the other monomer being apparently
unchanged, although it suffers significant structural rear-

rangements along the reaction coordinate. Quite impor-

tantly, this dimer is significantly stabilized upon Ca2?

association, therefore, while the most stable uracil dimers

correspond systematically to associations involving only

the diketo forms, in (uracil)2Ca
2? complexes the most

stable structures correspond to those in which one of the

monomers is a keto-enol uracil isomer. The origin of this

enhanced stability is likely twofolded: (1) a reinforcement
of the HBs connecting the monomers upon Ca2? associa-

tion and (2) a stronger interaction of the doubly charged

metal ion with the dimer, because the interaction involves
carbonyl groups not engaged in the intermolecular hydro-

gen bonds.

Table 1 Second-order interaction energies (in kJ mol-1) between the
HB acceptor lone-pair and the rXH* (X = N, O) antibonding orbital
in UU5, UU5-a, UU5(e), and UU5-a(e) systems

UU5 UU5-a UU5(e) UU5-a(e)

LPO1 ? rN2H* 37/41a 36/12a LPN1 ? rN2H* 67 77

LPO4 ? rN1H* 37/40a 28/13a LPO4 ? rO3H* 57/118 56/100a

a The two values reported correspond to the interactions of the two
lone-pairs of each carbonyl oxygen
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The activation barriers, associated with this intradimer

enolization process in (uracil)2Ca
2? complexes, are lower

than those calculated for the double proton transfer process

in the neutral (uracil)2 dimers and much lower than those

calculated for the tautomerization within each monomer.
Hence, these assisted intramolecular PT may play a quite

significant role in the tautomerization of uracil and likely

also in the tautomerization of uracil derivatives.
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The interactions between formamide, which can be considered a prototype of a peptide function,

and Sr2+ have been investigated by combining nanoelectrospray ionization/mass spectrometry

techniques and G96LYP DFT calculations. For Sr an extended LANL2DZ basis set was

employed, together with a 6-311+G(3df,2p) basis set expansion for the remaining atoms of the

system. The observed reactivity seems to be dominated by the Coulomb explosion process

yielding [SrOH]+ + [HNCH]+, which are the most intense peaks in the MS/MS spectra.

Nevertheless, additional peaks corresponding to the loss of HNC and CO indicate that the

association of Sr2+ to water or to ammonia leads to long-lived doubly charged species detectable

in the timescale of these experimental techniques. The topology of the calculated potential energy

surface permits us to establish the mechanisms behind these processes. Although the interaction

between the neutral base and Sr2+ is essentially electrostatic, the polarization triggered by the

doubly charged metal ion results in the activation of several bonds, and favors di!erent proton

transfer mechanisms required for the formation of the [SrOH]+, [SrOH2]
2+ and [SrNH3]

2+

products.

Introduction

Until recent years, molecular dications, ML2+, formed by the
association of neutral chemical compounds and doubly
charged metal ions were oddities, due to the di"culty of
generating them in the gas phase. These di"culties are
particularly severe for transition metals having rather high
second ionization energies. Most often in those cases, the only
ions experimentally detectable are singly charged [M(L–H)]+

species,1–5 in which the neutral ligand has lost a proton. This is
not the case however for alkaline-earth metals, such as Ca, Sr
or Ba, which have much smaller second ionization energies
and yield easily detectable ML2+ dications6–14 and whose
unimolecular reactivity upon collision could be explored.6–8,10

In these cases, some of the observed fragmentations corres-
pond to the loss of a neutral fragment L0, which turns out to be
an e!ective way of producing lighter doubly charged mole-
cular ions, such as [CaNH3]

2+.6,8,10 The aim of this paper is to

present a combined theoretical and experimental study on the
unimolecular reactivity of the doubly charged ions formed by
the interaction of formamide (HCONH2), as the simplest
prototype of a peptide function,15–20 and Sr2+. Besides, the
formamide molecule seems to have played also a relevant role
in the early earth chemistry.21 Although the composition of
the early earth and its atmosphere is still a matter of debate, it
is believed that its elemental and molecular composition is
represented in the comets and asteroidal bodies still circulating
in the Solar System.21 Their composition reveals that
formamide, together with cyanhydric acid (HCN), isocyanate
(HNCO) and water (H2O), constitutes the most abundant
molecules containing the four biologically relevant elements,
O, N, H and C.22–24 Hence, formamide seems to play a
positive role as a synthon for purine and pyrimidine nucleo-
bases acting as a prebiotic precursor.25–28 The e"ciency of
formamide chemistry in the origin of the informational
polymers strictly depends on the metal oxides and minerals
used in its condensation.29

The reactivity of this molecule has also attracted much
attention because it constitutes a suitable model to study the
reactivity of larger biochemical compounds.15–20 In particular,
formamide–formamidic acid tautomerization has been used to
model the tautomerization of larger bases such as guanine and
uracil systems.30–33 This tautomerization process has been
also studied for protonated formamide and formamide–X+

(X = Li, Na, Mg and Al).34 Also interestingly, the formamide
moiety is the simplest amide containing a prototype HNCQO
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peptide linkage and can be used as a model to understand
proton exchange processes in peptides and proteins35 or the
hydrolysis of peptide bonds36 in living systems. In this respect,
previous theoretical and experimental studies on the e!ects of
metal ions, in particular of Cu+ and Ni+, on the fragmenta-
tion of the formamide have been reported in the literature.37,38

Strontium has shown to provide an electrostatic interaction
when attached to a uracil molecule.39 Considering the zwitter-
ionic resonant form of the formamide40 it could be expected
that a strong ion–dipole interaction could exist between them.
Also interestingly, the bivalent character of the Sr2+ dication
allows the investigation of the Coulomb explosions in
this system. For these purposes we have used electrospray
ionization/mass spectrometry techniques. These techniques
have opened up the possibility of producing clusters involving
metal dications in the gas phase from aqueous solution41 and
therefore of gaining direct information about the intrinsic
reactivity of organic molecules when interacting with metal
dications. In order to obtain a more detailed picture of the
reactivity patterns we have also postulated an appropriate
reaction mechanism based on the topology of the potential
energy surface of the Sr2+/formamide system.

Experimental and computational details

Experimental section

Electrospray MS/MS mass spectra were recorded on a
QSTAR PULSAR i (Applied Biosystems/MDS Sciex) hybrid
instrument (QqTOF) fitted with a nanospray source.
Typically, 10 mL of a 1 : 1 aqueous mixture of strontium
chloride and formamide (10!4 mol L!1) were nanosprayed
(20–50 nL min!1) using borosilicate emitters (Proxeon). The
sample was ionized using a 900 V nanospray needle voltage
and the lowest possible nebulizing gas pressure (tens of
millibars). The declustering potential DP (also referred to as
‘‘cone voltage’’ in other devices), defined as the di!erence in
potentials between the orifice plate and the skimmer
(grounded), ranged from 0 to 120 V. The operating pressure
of the curtain gas (N2), which prevents air or solvent from
entering the analyzer region, was adjusted to 0.7 bar by means
of pressure sensors, as a fraction of the N2 inlet pressure. To
improve ion transmission and subsequent sensitivity during
the experiments, the collision gas (CAD, N2) was present at all
times for collisional focusing in both the Q0 (ion guide
preceding quadrupole Q1 and located just after the skimmer)
and Q2 (collision cell) sectors.

For MS/MS spectra, complexes of interest were mass
selected using Q1, and allowed to collide with nitrogen as
collision gas in the second quadrupole (Q2), the resulting
product ions being analyzed by the time-of-flight (TOF) after
orthogonal injection. Furthermore, MS/MS spectra were
systematically recorded at various collision energies ranging
from 7 eV to 22 eV in the laboratory frame (the collision
energy is given by the di!erence between the potentials of Q0
and Q2). This corresponds to a center-of-mass collision
energies (ECM) ranging from 2.43 to 7.65 eV. The CAD
parameter, which roughly controls the amount of N2 intro-
duced into Q2, was set to its minimum value in order to limit

multiple ion–molecule collisions. Setting this parameter to
1 during MS/MS experiments resulted in pressure values of
1–2 10!5 Torr as measured by the ion gauge located at vicinity
but outside the collision cell. It has been reported42 that the
pressure inside the collision cell is fact in the order of
10 mTorr. At this pressure and given the dimension of the
LINAC collision cell (about 22 cm long), one can find that the
mean free path for a N2 molecule is about 5 mm. So, at this
pressure not only the N2 molecule but also complexes of
interest (which have higher collision cross-sections) may
undergo tens of collisions along their path through Q2. Note
that this estimate is a lower limit since N2 also enters Q0 and
Q1 for collisional focusing. Consequently, even with the
minimum amount of N2 inside the collision cell, we are
certainly still under a multiple collision regime.
All experiments were performed in 100% water purified

with a Milli-Q water purification system. Both formamide and
strontium chloride were purchased from Aldrich (St Quentin-
Fallavier, France) and were used without further purification.
Unless otherwise noted, mass to charge ratios mentioned
throughout this paper refer to as peaks including the most
abundant strontium isotope (88Sr).

Computational details

All the structures under study were optimized using Density
Functional Theory (DFT). In particular we have used the
functional G96LYP,43,44 which in a previous assessment was
found to be rather appropriate for the description of Sr2+

complexes.45 This functional was used together with a
6-31+G(d,p) basis set expansion for C, N, O and H atoms
and an improved LANL2DZ45 basis set for Sr2+ cations.
In order to ensure the reliability of the estimated stability
of the di!erent structures, the final energy of each system
was obtained in single-point calculations using the
6-311+G(3df,2p) basis set expansion for C, N, O and H atoms
and an extended LANL2DZ45 for the Sr2+ cation. Harmonic
vibrational frequencies were obtained at the same level of
theory used for geometry optimizations in order to estimate
the corresponding Zero-Point Vibrational Energy (ZPVE)
corrections and to classify stationary points of the Potential
Energy Surface (PES) either as local minima or Transition
States (TS). Sr2+ binding energies were evaluated by subtracting
from the energy of the most stable adduct, the energy of the
neutral formamide in its equilibrium conformation and that of
Sr2+, after including the corresponding ZPVE corrections. We
have verified that the basis set superposition error (BSSE),
evaluated by using the counterpoise method,46 was always
smaller than 3.5 kJ mol!1, in agreement with a similar funding
in the literature,47,48 and with the fact that the BSSE for DFT
calculations is usually much smaller than for post-HF ab initio
approaches.49,50 All these calculations have been carried out
with the Gaussian 03 suite of programs.51

The bonding of the most relevant structures was studied by
using the atoms in molecules (AIM) theory52,53 which is based
on a topological analysis of the electron density. This approach
permits the definition of the molecular graph as the ensemble of
bond critical points (BCPs) and bond paths. The BCPs are
stationary points in which the electron density is minimum only
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in one direction, whereas the bond paths correspond to the lines
that, containing the BCP, connect two neighbor maxima of the
density. In general, the electron density, as well as the energy
density calculated at BCPs, gives useful information on the
strength and nature of the bond. These molecular graphs were
obtained by means of the AIMPAC series of programs.54

The bonding AIM analysis was complemented with the one
obtained by using the Becke and Edgecombe electron localiza-
tion function (ELF).55 This theory provides useful information
about the nature of the bonding, even in challenging cases in
which other approaches fail to give an unambiguous bonding
picture.56 ELF has been originally conceived as a local measure
of the Fermi hole curvature around a reference point. A
Lorentz transform allows ELF to be confined in the [0,1]
interval, where 1 corresponds to regions dominated by an
opposite spin pair or by a single electron. In this way, the
valence shell of a molecule can be described in terms of two
types of basins: polysynaptic basins (generally disynaptic), with
the participation of several (generally two) atomic valence shells
and monosynaptic ones, which correspond to electron lone-
pairs or core-electron pairs. ELF calculations were carried out
with the TopMod suite of programs.57 These analyses were
completed with natural bond orbital (NBO) and natural reso-
nance theory (NRT) calculations.58 The former permits describing
the bonding in terms of localized hybrids and lone-pairs, and the
second provides the weight of the di!erent resonant structures
that contribute to the stability of a given system. For all bonding
analyses, the Sadlej basis set expansion59–62 was used due to the
reliability of all electron basis sets when dealing with electron
density topological analysis. These calculations have been carried
out with the NBO-5G series of programs.63

Results and discussion

Experimental results

The positive-ion nanospray spectrum obtained with a 1 : 1
aqueous mixture of strontium chloride and formamide

(10!4 mol L!1) is remarkably simple (not shown). Strontium-
containing ions can be easily identified because of the
specific isotopic distribution of this metal, resulting in
characteristic triplets. Several types of ions are observed. Like
for Ca2+ ions,6–8,64 adopting a low cone voltage (DP = 0 V)
results in the abundant production of doubly-charged species.
At DP = 0 V, the mass spectrum is characterized by promi-
nent hydrated strontium ions ([Sr(H2O)m]

2+; m = 1–3)
detected at m/z 52.92, 61.96 and 70.97, respectively, while
strontium hydroxide [SrOH]+ (m/z 104.90) is a minor species.
The situation is reversed when increasing the declustering
potential and at high DP the spectrum is dominated by
[SrOH]+ and [SrOH(H2O)]+ ions. Interaction between forma-
mide and strontium ions gives rise almost exclusively to doubly-
charged complexes of the type ([Sr(formamide)n]

2+"(n = 1, 2)
observed at m/z 66.47 and 88.97. Singly charged complexes
of general formula [Sr(formamide)n–H]+ are practically not
detected, regardless of the electrospray interface conditions.
We will now focus on the MS/MS spectra of the

[Sr(formamide)]2+ complex. These spectra have been recorded
at various DP values and were found not to depend on this
parameter. A typical CID spectrum recorded at DP = 30 V
for the [Sr(formamide)]2+ species is given in Fig. 1. Note that
on our instrument and for this particular system, the smallest
collision energy in the laboratory frame (Elab) for which
su"cient amount of fragment ions can reach the detector
was 7 eV, and at this value dissociation of the precursor ions
already occurs. Elab was scanned from 7 to 22 eV. This
corresponds to a center-of-mass collision energies (ECM)
ranging from 2.43 to 7.65 eV, with N2 being used as target
gas. The [Sr(formamide)]2+ complex dissociates according to
either neutral losses generating new dications or through a
charge separation process leading to singly charged species. At
a low collision energy (below 10 eV), the most intense doubly
charged fragment species (m/z 52.96) is the [Sr(H2O)]2+ ion.
A bare Sr2+ ion (m/z 43.95) is also detected but to a lesser
extent. However, the abundance ratio of these two particular

Fig. 1 Low-energy MS/MS spectrum of the [88Sr(formamide)]2+ recorded at a collision energy of 14 eV (laboratory frame), the declustering

potential being set at 30 V. See the text for details.
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ions quickly reverses as one increases the collision energy. This
might suggest that Sr2+ ions may arise from [Sr(H2O)]2+

through consecutive processes. Another doubly charged
complex is also detected in low abundance at m/z 57.95 and
certainly corresponds to the formation of the [Sr,C,O]2+ ions
through the elimination of a NH3 molecule. Note that one also
observes an ion at m/z 52.46 that could be attributed to a
[Sr(NH3)]

2+ complex. These two ions would then suggest the
formation of an intermediate in which the metallic centre
would interact with both ammonia and carbon monoxide.
However, examination of Fig. 1 shows the presence of the
87Sr2+ ion at m/z 43.45. Consequently, a small fraction of the
87Sr isotope has been also selected during these MS/MS
experiments and therefore the m/z 52.46 ion could also be
attributed to [87Sr(H2O)]2+.

The last fragmentation observed on the MS/MS spectra
corresponds to a charge separation process leading to two
singly charged fragment ions at m/z 28.02 and 104.90, corres-
ponding to [C,N,H2]

+ and [SrOH]+, respectively. Partner
peaks arising from such a process should have in principle
the same intensity. However, as it was already found for the
Ca2+-containing systems6–8,64,65 the lightest ion is less intense
than the heaviest one. This phenomenon has been interpreted
in terms of di!erent radial ion energies, with the lighter ions
generated by the Coulomb explosion gaining most of the
radial energy and therefore having a much higher velocity
than the relatively high mass ions. This can result in an
unstable ion trajectory within the instrument and explains
why lighter ions are detected in the MS/MS spectrum with
smaller abundance.

It is also worth noting that the fragmentation upon collision
of the [Sr(formamide)]2+ appears somewhat similar to the
dissociation of the [Ni(formamide)]+ complex studied either
under metastable or low-energy conditions. The MIKE
spectrum of the [Ni(formamide)]+ complex is indeed charac-
terized by elimination of intact formamide and both loss of
ammonia and water.38 Note that elimination of ammonia was
no longer observed under low-energy CID conditions. The
[Sr(formamide)]2+ complex also shares common fragmenta-
tion patterns with the singly charged ion [Cu(formamide)]+,37

such as elimination of ammonia, [H,C,N], or formation of a
bare metal ion. On the other hand, both dehydrogenation and
dehydration are exclusively observed with the transition
metals.

Characteristics of [formamide–Sr]2+ complexes. The most
relevant features of the formamide–Sr2+ PES provide a
rationale to the experimental findings outlined in the previous
section. The optimized geometries for the formamide–Sr2+

adduct (1) and the most relevant stationary points of the
corresponding PES are presented in Fig. 2. Their total energies
and the ZPVE corrections are given in Table S1 of the ESIw.

The most stable structure, 1, of the [C,N,O,H3,Sr]
2+ com-

plexes corresponds to the direct association of the Sr2+ cation
to the carbonyl oxygen of formamide. This is similar to what
has been found before for formamide–X (X = Li+, Na+,
Mg+, Al+) systems,34 but at variance with the behavior
observed with transition metal ions, such as Cu+ or Ni+,
where besides the adduct in which the metal attaches to the

carbonyl group, the adduct to the amino group is also a local
minimum of the PES.37,38 Furthermore, whereas in complex 1
the CQO–Sr2+ fragment is practically linear, the CQO–Cu+

one in the corresponding Cu+ adduct is bent,37 with the
CQO–Cu+ angle being 132.61. Consistently, whereas for the
formamide–Sr2+ adduct only one conformation is observed,
in the case of Cu+ adducts two conformers, cis and trans to
the amino group, are stable. These di!erences are a clear
consequence of the non-negligible covalent contributions to
the formamide–Cu+ interactions, whereas when dealing with
Sr2+ these interactions are essentially electrostatic (vide infra).
All attempts to locate a minimum in which the metal is
attached to the N atom collapsed to complex 1, or to the
transition state, TS11, in which the metal interacts simulta-
neously with both basic sites. The remaining local minima of
the PES are obtained from minimum 1 through appropriate
hydrogen shifts.
The interaction between formamide and Sr2+ can be easily

understood by taking into account the dipole character of
neutral formamide, which has already been highlighted in the
literature,40 which partially arises from the non-negligible
participation of the zwitterionic resonant structure b, shown
in Scheme 1.
As a matter of fact the weight of this zwitterionic form,

obtained through the use of the NRT, is quite significant
(see Table 1). Hence, a strong electrostatic interaction of the
molecule with the doubly charged metal ion should be
expected, in coherence with the topological analysis of the
charge density of complex 1, which shows that the electron
density at the O–Sr2+ BCP is rather small and the Laplacian
of the charge density positive. Also consistently, the ELF plot
for complex 1 does not contain any O–Sr2+ disynaptic basin
(see Fig. 3), corroborating the electrostatic character of the
interaction. However, the strong polarization of the base
caused by the metal dication increases the conjugation of the
amino group in complex 1. This e!ect is clearly mirrored in the
greater participation of the zwitterionic form (b) (see Table 1),
in the planarity of the system, and in the electron density
redistributions revealed by the topological analysis of the
charge density shown in Fig. 3. It is evident that, whereas in
formamide there is a monosynaptic basin on the N atom,
associated with the N lone-pair, in complex 1 it forms part of
the disynaptic C–N basin. This conjugation is obviously
reflected in a shortening of the C–N bond (see Fig. 2) and in
an increase of the electron density at the C–N BCP (see Fig. 3).
Concomitantly, the greater participation of the zwitterionic
form b leads to a lengthening of the CQO bond, which
partially loses its double bond character, and to a decrease
of the electron density at the C–O BCP.
Remarkably, the stationary point TS11 connects the global

minimum 1 with itself, in a kind of circular orbiting of the
metal cation, which is illustrated in Fig. 4. When the metal
dication is attached to the carbonyl oxygen the system is
stabilized by the aforementioned greater participation of the
zwitterionic form b, which favors a stronger electrostatic
interaction between the metal and carbonyl oxygen. The
migration of the metal towards the amino group has to
surmount a significant activation barrier due primarily to the
electrostatic repulsion between the positive charges on Sr and
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on the NH2 group, which favors the coming back of the metal
to its original position (see Fig. 4). We have estimated this
repulsion to account for 70 kJ mol!1 of the activation
barrier. The remaining energy required to reach TS11, another
70 kJ mol!1, is associated with the necessary pyramidalization

of the amino group, which is clearly reflected in a very large
participation of the resonant form a, which in TS11 becomes
dominant. Consistently, on going from 1 to TS11, the
C–O and the C–N bonds significantly shorten and lengthen,
respectively (see Fig. 2) and the electron densities at the
corresponding BCPs, as well as the populations of the
corresponding disynaptic basins, increase and decrease also
significantly (see Fig. 3).
It is worth mentioning that other orbiting rearrangements

have been reported previously in the literature.66,67 However,
in those cases the origin of the orbiting described by the metal
was essentially due to the high symmetry of the system and
involved very low activation barriers, whereas in the case
discussed here the origin is associated with the dipole character
of the formamide moiety, and involves rather high activation
barriers. Also interestingly, the same orbiting rearrange-
ment was not found for the [formamide–Cu]+ and
[formamide–Ni]+ systems.37,38 As mentioned above, in
these cases the non-negligible covalent character of the
Cu+–formamide and Ni+–formamide interactions gives rise
to two stable adducts, in which the metal interacts either with the
carbonyl or with the amino group, and therefore the structure
similar to TS11, in which the metal bridges between both basic
sites is a transition state connecting these two adducts.

Fig. 2 Optimized geometries for formamide and [Sr–formamide]2+ complexes. Bond lengths are in Å, and bond angles are in degrees.

Scheme 1

Table 1 Weight of the resonant forms shown in Scheme 1 for neutral
formamide and the formamide adduct, 1 and the transition state,
TS11, obtained by natural resonance theory calculations

a b

Formamide 60% 30%
1 30% 56%
TS11 88%
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Mechanisms associated with the fragmentation upon collision
induced dissociation observed for the [Sr (formamide)]2+ ions.
Schematic potential energy profiles corresponding to the
unimolecular reactions of the [Sr(formamide)]2+ complex are
shown in Fig. 5. We have distinguished those mechanisms
associated with the loss of a neutral fragment (black solid lines)
from those corresponding to the formation of two monocations
through Coulomb explosion processes (red dashed lines).
Starting from minimum 1, three possible proton transfer

reactions can be envisaged. It should be noted that the height
of the barrier of these processes lies above the already
discussed potential barrier TS11, and therefore in the three
processes the approaching of the Sr2+ cation to the nitrogen
atom is feasible. Among all of them, the most favorable
process from the energetic viewpoint corresponds to the pro-
ton transfer from the NH2 group to the oxygen atom via TS12,
leading to the secondary local minimum, 2. This transition
state lies at 247 kJ mol!1 above minimum 1. It is worth noting
that the metal attachment does not catalyze the keto-enolic
tautomerization, since the calculated barrier is 75 kJ mol!1

higher than that obtained at the same level of theory for the
tautomerization of isolated formamide. This is in contrast with
the catalytic e!ects predicted by Ca2+ and by Sr2+ for the
enolic tautomerization of uracil and its thio- and seleno-
derivatives.39,68,69 This can be understood if one takes into
account that in uracil there are two carbonyl groups suscep-
tible of undergoing enolization, and the catalyzed process is
the one involving the carbonyl group which is not interacting
with the metal dication.39,68,69 For formamide, the enhanced
acidity of the amino group in complex 1 is counterbalanced by

Fig. 3 (a) Molecular graph of neutral formamide and 1 and TS11 [Sr(formamide)]2+ complexes. Electron densities at BCP are in a.u. (b) Three

dimensional representation of an ELF isosurface with ELF = 0.8 for neutral formamide and, 1 and TS11 [Sr(formamide)]2+ complexes. Yellow

lobes corresponds to V(C,H) and V(N,H) basins, red lobes corresponds to V(N) and V(O) basins associated with N and O lone-pairs respectively.

Green lobes correspond to V(C,C), V(C,N) and V(C,O) basins. Blue lobes correspond to Sr metal core. The population of the di!erent basins are

also indicated.

Fig. 4 (a) The circular orbit composed of minimum 1 and TS11.

(b) The top view of the circular orbit described by Sr2+ in complex 1

on going through TS11.
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the significant reduction of the basicity of the carbonyl group,
whose electron density is strongly polarized towards the
doubly charged metal ion. Minimum 2 may give rise to a
Coulomb explosion process via TS2A leading to the products
[Sr-OH]+ + [HNCH]+ (A in the PES of Fig. 5a). These
fragments correspond to the partner peaks observed at m/z
104.90 and 28.02, respectively, in the MS/MS spectra. Alter-
natively, minimum 2 may yield structure 6 through a multi-
step mechanism (see Fig. 5b). This pathway involves the
rotation of the Sr–OH group followed by the rotation of the
NH–Sr group via TS23 and TS34, respectively. Subsequently,
the proton transfer from the NH to the OH group is accom-
panied by the migration of the water molecule via TS45. Once

structure 5 is formed, there are apparently two obvious
mechanisms, the loss of HCN or the loss of water, the latter
being energetically favored. However, much more favorable
than these two bond cleavages is the evolution to
yield complex 6, since this process involves a barrier much
lower than the energy required to produce the loss of
hydrogen cyanide or water. Hence, very likely all flux will go
to the production of 6. From 6 only two mechanisms are
possible, the loss of HCN, giving rise to the m/z 52.96 peak
which corresponds to the [Sr–OH2]

2+ ion in the MS/MS
spectrum or its Coulomb explosion into SrOH+ + HCNH+,
the partner peaks observed at m/z 104.90 and 28.02, via
the TS6A.

Fig. 5 Schematic representation of the potential energy surfaces associated with the unimolecular reactions of the formamide–Sr2+ complexes

with origin in the most stable adduct 1. For the sake of clarity we have split the PES into two: (a) mechanisms involving the intermediates 7 and 8

and the Coulomb explosion of 2 and (b) mechanisms through intermediate 5 and the Coulomb explosion of 6. Relative energies are in kJ mol!1.
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These potential energy profiles are also consistent with the
minor loss of CO and of ammonia. From minimum 1, two
alternative proton transfer processes can be envisaged. The
first one involves the cleavage of the C–N bond with a
concomitant migration of the metal dication towards the
amino group, through the transition structure TS17, which
lies at 309 kJ mol!1 above the global minimum 1, and which
gives rise to structure 7. Minimum 7 undergoes the loss of CO
leading to the m/z 52.46 peak in the MS/MS spectrum, which
corresponds to a [NH3–Sr]

2+ doubly charged ion. This
process is very unlikely to occur due to the high energy barrier
connecting minimum 1 and minimum 7, and is reflected in the
low intensity of the peak corresponding to the ion
[NH3–Sr]

2+. The second proton transfer process corresponds
to the migration of the proton from the C atom to the amino
group via TS18, leading to minimum 8. Structure 8 may
directly lose NH3 giving rise to E and F [C,O,Sr]2+ fragments,
depending on whether the metal attaches to the carbon atom
or to the oxygen atom of carbon monoxide, respectively. The
high barrier connecting minimum 1 with minimum 8, which
lies 31 kJ mol!1 above the entrance channel, makes this
process energetically unfavorable, and therefore the loss of
ammonia should be hardly observable. This is in good agree-
ment with the very low intensity observed for the [C,O,Sr]2+

peak in the MS/MS spectra (see Fig. 1). The height of the
barrier for this proton transfer process is 62 kJ mol!1 higher in
energy than that calculated for the isolated formamide, due to
the decrease of the intrinsic basicity (enhanced acidity) of the
amino group when formamide is attached to Sr2+.

It is worth noting that one of the most intense peaks in the
experimental spectrum corresponds to Sr2+, which apparently
should come from a dissociation into Sr2+ + formamide. This
is similar to what has been previously observed in gas-phase
reactions with Cu+ or Ni+. We cannot o!er however a clear
plausible explanation for this experimental finding, because,
on the one hand, the formamide–Sr2+ binding energy is
around 100 kJ mol!1 higher than the formamide–Cu+ or
formamide–Ni+ ones, and on the other hand, practically all
the mechanisms associated with the formation of the other
observed products involve activation barriers which are below
the entrance channel. One possible way, however, of produ-
cing the loss of Sr2+ would be the sequential fragmentation of
complex 6, by losing first a HCN molecule and then a water
molecule, since these processes will be exothermic, which can
be consistent, as indicated in previous sections, with the
experimental observation.

Conclusions

The direct association of the Sr2+ with formamide gives rise to
a unique complex 1 where the metal cation is attached to the
carbonyl oxygen. No stable adducts with the metal ion
attached to the amino group have been found, and the
stationary point at which the metal bridges between both
basic sites is a transition state which connects the global
minimum with itself, in a process in which the metal cation
orbits around the base.

The Sr2+ attachment to the formamide molecule signifi-
cantly enhances the participation of the zwitterionic

mesomeric structure b, through the conjugation of the nitro-
gen lone pair with the CQO p-system.
The unimolecular decomposition of collision-activated

formamide–Sr2+ complexes leads to the following ionic pro-
ducts, [Sr-OH]+, [HCNH]+, [Sr-OH2]

2+, Sr2+, [Sr-NH3]
2+

and [C,O,Sr]2+, with the intensity of the two latter being
very weak.
The topology of the calculated PES permits us to establish

the mechanisms which are associated with the aforementioned
fragmentations. In these mechanisms structure 2, in which the
doubly charged metal ion is attached to the OH group of the
enolic form of formamide, plays a crucial role, being the origin
of the Coulomb explosion yielding [Sr-OH]+ + [HCNH]+,
which is the dominant process.
Also, a multi-step mechanism with origin in 2, involving two

internal rotations and one 1,3H shift, leads finally to complex
6, which loses HNC or alternatively undergoes a Coulomb
explosion yielding again [Sr-OH]+ + [HCNH]+.
The strong peak corresponding to Sr2+ is still an open

question, since it seems to be incompatible with the fact that
all the aforementioned mechanisms involve activation barriers
which are below the entrance channel. Perhaps a possible
mechanism would be a sequential fragmentation of complex
6 by losing HCN and H2O.
Sr2+ has an anti-catalytic e!ect on the enolic tautomeriza-

tion of formamide, in contrast with the catalytic e!ect it
exhibits when attached to uracil of its sulfur and selenium
derivatives.39
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a,b-Unsaturated and Saturated Derivatives of Be, Mg, and Ca: Are They
Carbon or Metal Acids in the Gas Phase?

Ane Eizaguirre,[a] Otilia M!,[a] Manuel Y"Çez,*[a] and Jean-Claude Guillemin*[b]

Introduction

Gas-phase ion chemistry can, in some ways, be considered
to be a new chemistry because the “intrinsic” basicity of a
given chemical compound is often masked by solvation.
One of the obvious consequences of the absence of solva-
tion interactions is that it contributes to a better understand-
ing of the origin of substituent effects[1–20] on the reactivity
of many compounds; it was also possible to “design” com-

pounds with a given reactivity pattern by using an adequate
selection of substituents or molecular motifs because the
substituent effects would not be altered by solvent effects.
This has been wisely exploited in the design of superacids
and superbases.[21–29] Another obvious consequence is that
gas-phase reactivity trends are very often different from the
trends observed in solution, in which these trends are very
often dominated by the specific solvation of the reactants or
the products, or both. In our group, we have devoted some
effort to establishing and analyzing the acidity trends of het-
erocompounds. The main conclusions of these studies were
that a,b-unsaturated amines, phosphines,[30] arsines,[31] sti-
bines,[32] silanes, germanes, stannanes,[33] thiols, selenols, and
tellurols[32] exhibit enhanced acidity compared with the cor-
responding saturated derivatives. In addition, for derivatives
that contain heteroatoms from groups 14–16, this acidity en-
hancement depends mainly on the nature of the unsaturated
moiety and on the heteroatom, which is mirrored in the ex-
istence of good linear correlations between the gas-phase
acidities of homologous compounds of these three groups.[32]

However, primary saturated and a,b-unsaturated boranes,
alanes, and galanes, in which the heteroatoms belong to a
group to the left of carbon, were predicted to have quite pe-

Abstract: The gas-phase acidity of
R!XH (R=H, CH3, CH2CH3, CH=
CH2, C"CH; X=Be, Mg, Ca) alkaline-
earth-metal derivatives has been inves-
tigated through the use of high-level
CCSD(T) calculations by using a 6-
311+G ACHTUNGTRENNUNG(3df,2p) basis set. BeH2 is a
stronger acid than BH3 and CH4 for
two concomitant reasons: 1) the disso-
ciation energy of the Be!H bond is
smaller than the dissociation energies
of the B!H and C!H bonds, and 2) the
electron affinity of BeHC is larger in ab-
solute value than those of BH2C and
CH3C. The acidity also increases on
going from BeH2 to MgH2 due to these

two same factors. Quite importantly,
despite the fact that the X!H bonds in
the R!XH (X=Mg, Ca) derivatives
exhibit the expected Xd+!Hd! polarity,
they behave as metal acids in the gas
phase and only Be derivatives behave
as carbon acids in the gas phase. The
ethylberyllium hydride exhibits an un-
expected high acidity compared with
the methyl derivative because deproto-

nation of the system is accompanied by
a cyclization that stabilizes the anion.
Similarly to that found for derivatives
that contain heteroatoms from groups
14, 15, and 16, the unsaturated com-
pounds are stronger acids than the sa-
turated counterparts, with the only ex-
ception of the Ca–vinyl derivative.
Most importantly, among ethyl, vinyl,
and ethynyl derivatives containing a
heteroatom of the main group of the
Periodic Table, those containing Be,
Mg, and Ca are among the strongest
gas-phase acids.
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culiar behavior as acids in the gas phase.[34] The first unex-
pected result is that methyl substitution increases the acidity
of BH3 by about 200 kJmol!1. Also unexpectedly, the satu-
rated and a,b-unsaturated boranes are much stronger acids
than the corresponding hydrocarbons, despite being carbon
acids in the gas phase. Alanes also behave as carbon acids in
the gas phase, but for Ga-containing compounds the depro-
tonation of the GaH2 group is the most favorable process.
This showed, for the first time, that acidity enhancement for
primary heterocompounds is not only dictated by the nature
of the substituent and the position of the heteroatom in the
Periodic Table, but also by the bonding rearrangements trig-
gered by the deprotonation of the neutral acid.[34]

What changes can be expected when moving to the left in
the Periodic Table? It is known,[35] for instance, that BeH2

and MgH2 are stronger acids than methane, even though
both metals are obviously less electronegative than carbon.
However, it is not so obvious whether the corresponding
alkyl, vinyl, or ethynyl derivatives will behave as carbon or
metal acids. As expected, in saturated and a,b-unsaturated
derivatives that contain substituents from groups 14, 15, and
16, deprotonation preferentially takes place at the hetero-ACHTUNGTRENNUNGatom.[30–33] The situation can be significantly different, how-
ever, if the heteroatom is Be, Mg, or Ca, the XH bonds of
which present a Xd+!Hd! polarity. Herein, we aim to ad-
dress these questions by investigating the acidities of the
three hydrides BeH2, MgH2, and CaH2, and also of the de-
rivatives shown in Scheme 1, through the use of high-level
density functional theory (DFT) and ab initio calculations.

Computational Details

The geometries of the neutral and deprotonated species included in this
study were optimized at the B3LYP/6-311+G ACHTUNGTRENNUNG(d,p) level of theory. The
use of this hybrid functional, which includes Becke!s three-parameter
nonlocal hybrid exchange potential[36] with the nonlocal correlation func-
tional of Lee, Yang, and Parr,[37] together with flexible enough basis sets,
has been proved to provide reliable geometries and vibrational frequen-
cies. To obtain accurate calculated acidities, we have carried out single-
point calculations on the B3LYP/6-311+G ACHTUNGTRENNUNG(d,p) optimized geometries by
using a larger basis set expansion, namely 6-311+G ACHTUNGTRENNUNG(3df,2p), together
with the CCSD(T) method, which includes single and double excitations
and perturbative triples. Because this theoretical model can become pro-
hibitively expensive when dealing with larger systems, we also carried out
single-point calculations at the B3LYP/6-311+G ACHTUNGTRENNUNG(3df,2p) level, so that a
comparison between CCSD(T) and B3LYP results can be used as a suita-
ble assessment of the reliability of the latter. Unfortunately, this assess-
ment cannot be carried out by comparing the calculated values with ex-
perimental values, which to the best of our knowledge are completely
lacking. Only for some special cases, which will be discussed later on,
were these CCSD(T) calculations also carried out on CCSD/6-311+G-ACHTUNGTRENNUNG(d,p) optimized geometries. All these calculations have been performed
by using the Gaussian 03 suite of programs.[38]

Harmonic vibrational frequencies were obtained at the B3LYP/6-311+
G ACHTUNGTRENNUNG(d,p) level to assess that the structures found correspond to local
minima of the potential energy surface and to evaluate the zero point
energy (ZPE) and other thermal corrections.

To offer a rationale on the acidity trends within a family of compounds,
an analysis of the bonding of each neutral system and of the bonding per-
turbations triggered by its deprotonation process is unavoidable. This
analysis will be carried out by means of atoms-in-molecules (AIM)
theory,[39] which is based on a topological survey of the electron density,
and by means of the natural bond orbital (NBO) approach,[40] which per-
mits us to analyze the bonding in terms of localized hybrids and lone-
pairs obtained as local block eigenvectors of the one-particle density
matrix, and to measure the weight of different mesomeric forms through
natural resonance theory (NRT). The Wiberg bond orders (BO) were
also evaluated in the framework of this approach.

Results and Discussion

The gas-phase acidities of the compounds under investiga-
tion, defined as the enthalpy (DacidH

0) or the free energy
(DacidG

0) of the reaction in Equation (1), are summarized in
Table 1.

HA"g# ! H$"g#$A!"g# "1#

The total energies, thermal corrections, and entropy
values are given in Table S1 of the Supporting Information.

Hydrides : Let us consider the hydrides first. The first impor-
tant finding, already reported in the literature,[35] is that the
hydrides of the alkaline-earth elements are stronger acids
than the hydrides of more electronegative elements, such as
B and C. Our CCSD(T) results are slightly different than
those reported previously in the literature, which were ob-
tained at the G3ACHTUNGTRENNUNG(MP2) level, and predict BeH2, MgH2, and
CaH2 to be slightly less acidic.[35] Thus, we decided to calcu-
late the gas-phase acidity of these compounds at the G3
level. Our results are again slightly higher than those report-
ed at the G3ACHTUNGTRENNUNG(MP2) level and in nice agreement with those
obtained at the CCSD(T) level. It is also worth noting that
for the three compounds, the B3LYP values are larger than
the CCSD(T) and G3 values. We will come back to this
point later.

To offer a rationale for the origin of the enhanced acidity
of BeH2, MgH2, and CaH2 with respect to both BH3 and
CH4, it is useful to consider the deprotonation reaction as a
two-step process. The corresponding thermodynamic cycle
(see Scheme 2) has been often used in the literature to ana-
lyze similar trends.[41–45] In some senses this decomposition is
similar to that of the triadic formula proposed by Maksić
et al. to analyze intrinsic basicities and acidities.[46,47]

From Scheme 2, it is obvious that only two thermodynam-
ic magnitudes can be responsible for the differences in the
intrinsic acidities, the energy associated with the homolytic
cleavage of the X!H bond (DH ACHTUNGTRENNUNG(X!H)), and the electron af-
finity (EA) of the XHn-1C fragment (EA ACHTUNGTRENNUNG(XHn-1)). It is appar-
ent that the slightly higher acidity of BH3 compared with
CH4 is exclusively due to the slightly higher EA of the BH2C
radical with respect to CH3C. However, the origin of the en-

Scheme 1.
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hanced acidity of BeH2 with respect to the hydrides that
follow it in the Periodic Table, BH3 and CH4, is two-fold.
On the one hand, the dissociation energy of the Be!H bond
is smaller than the dissociation energies of the B!H and C!
H bonds, and on the other hand, the EA of BeHC is larger in
absolute value than those of BH2C and CH3C. The increase in
acidity on going from BeH2 to MgH2 is again due to these
two factors because, as shown in Scheme 2, the dissociation
energy of the Mg!H bond is smaller than that of the Be!H
bond, but at the same time, the EA of MgH is larger in ab-
solute value than that of BeH. CaH2 is predicted to be a
slightly stronger acid than MgH2, but in this case the acidity
enhancement is almost exclusively due to the fact that the
Ca!H bonds are weaker than the Mg!H ones.

Alkyl, vinyl, and ethynyl derivatives : For alkyl, vinyl, and
ethynyl derivatives, all possible deprotonation processes
(shown in Scheme 3) have been investigated.

The first unexpected result is that Be compounds behave
differently to Mg and Ca derivatives. As shown by the
values reported in Table S1 in the Supporting Information,
for compounds that contain Mg and Ca, process a) is by far
the most favorable one, that is, the most acidic site of the

Table 1. Calculated gas-phase acidities, enthalpies (DacidH [kJmol!1]), and Gibbs! free energies (DacidG [kJmol!1]).[a]

CCSD(T)/6-311+ (3df,2p)//B3LYP/6-311+G ACHTUNGTRENNUNG(d,p) B3LYP/6-311+G ACHTUNGTRENNUNG(3df,2p)//B3LYP/6-311+G ACHTUNGTRENNUNG(d,p)
Compound DacidH DacidG DacidH DacidG

BeH2 1642.2 (1642.9)[b] 1610.6 (1611.3)[b] 1660.2 1628.7
MgH2 1519.4 (1517.1)[b] 1488.5 (1486.5)[b] 1526.1 1495.2
CaH2 1477.8 1445.4 1490.5 1458.0
CH3BeH 1620.6 (1619.3)[c] 1586.4 1618.6 1583.9
CH3CH2BeH 1577.0 1547.3 1576.6 1546.9
H2C=CHBeH 1547.1 1518.1 1548.9 1519.9
HC"CBeH 1542.3 1510.0 1541.5 1509.2
CH3MgH 1512.3 (1516.5)[d] 1481.5 1521.2 1490.4
CH3CH2MgH 1508.5 1477.8 1518.3 1487.6
H2C=CHMgH 1501.2 1470.2 1510.6 1479.6
HC"CMgH 1488.1 1456.4 1496.0 1464.2
CH3CaH 1454.5 (1458.4)[d] 1437.1 1472.6 1455.2
CH3CH2CaH 1450.7 1426.2 1471.8 1447.3
H2C=CHCaH 1464.5 1436.4 1484.0 1455.9
HC"CCaH 1450.0 1425.8 1468.6 1444.3

[a] Calculated at 298.2 K. [b] G3 calculated values. [c] Values calculated at the CCSD(T)/6-311+ (3df,2p)//CCSD(T)/6-311+G ACHTUNGTRENNUNG(d,p) level. [d] Values cal-
culated at the CCSD(T)/6-311+ (3df,2p)//CCSD/6-311+GACHTUNGTRENNUNG(d,p) level.

Scheme 2. Thermodynamic cycle comparing the gas-phase acidities of
CH4, BH3, BeH2, MgH2, and CaH2. All values, calculated at the
CCSD(T)/6-311+G ACHTUNGTRENNUNG(3df,2p) level, are in kJmol!1.

Scheme 3. Possible deprotonation routes for methyl-, ethyl-, vinyl-, and
ethynyl-XH derivatives (X=Be, Mg, Ca).
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system is the metal. Conversely, for Be derivatives the most
favorable process is b), in which the proton is lost from the
terminal carbon atom. To understand the origin of these dis-
similarities, let us analyze in more detail the particular case
of the methyl derivatives as a suitable and simple case. As
mentioned above, the deprotonation process is essentially
dictated by two kinds of thermodynamic magnitudes: bond
dissociation energies and EAs. Indeed, as illustrated in
Scheme 4, process a) involves the dissociation of an X!H
bond and the EA of a CH3XC radical, whereas process b) de-
pends on the dissociation of a C!H bond and the EA of a
CH2XHC radical. The values for both processes for Be and
Mg compounds are summarized in Table 2.

For the Be compound, the loss of the proton attached to
the metal is favored by a bond dissociation enthalpy that is
10 kJmol!1 smaller than the CH bond dissociation enthalpy,
whereas the loss of the proton attached to the carbon is fa-
vored by the larger EA of the CH2BeHC radical
(!100 kJmol!1) compared with CH3BeC radical
(!57 kJmol!1). As a consequence, the second process (b) is
favored over the first one (a) by 33 kJmol!1, and according-
ly CH3BeH behaves as a carbon acid. The situation is com-
pletely different as far as the Mg derivative is concerned. In
this case, both magnitudes favor the process in which the
proton is lost from the metal. On the one hand, the Mg!H
bond dissociation enthalpy is 117 kJmol!1 smaller than the
C!H one, and the EA of the CH3MgC radical is 28 kJmol!1

more exothermic than that of CH2MgHC radical. According-
ly, CH3MgH behaves as a metal acid, with the acidity of the
carbon atom being 145 kJmol!1 smaller.

To verify that these results were not an artifact of the
method used, the structures of the different neutral and de-
protonated species were reoptimized at the CCSD/6-311+
GACHTUNGTRENNUNG(d,p) level of theory. For the particular case of the Be de-

rivative, this geometry optimization was carried out by also
including perturbative triple excitations. As shown in
Table 1, the changes found in the calculated acidities are
always very small, but more importantly, CH3BeH also be-
haves as a carbon acid at the CCSD(T) level, whereas the
Mg and Ca derivative still behave as metal acids.

The fact that Be derivatives behave as carbon acids rather
than as Be acids explains the significant acidity enhance-
ment on going from the methyl to the ethyl derivative. As
indicated above, the most favorable deprotonation process
corresponds to the loss of a proton from the methyl group.
This triggers a cyclization of the system which contributes to
significantly stabilize the anion (See Figure 1). A similar

acidity enhancement is not ob-
served for either Mg- or Ca-
containing compounds. In this
case, the anion obtained by the
deprotonation of the XH (X=
Mg, Ca) group retains a struc-
ture similar to the neutral com-
pound (See Figure 1), and the
ethyl derivative is only slightly
more acidic than the methyl
one, which merely reflects the
slightly larger stabilization of
the anion by the ethyl group.

In general, the unsaturated
compounds are stronger acids
than the saturated ones, which
is similar to that observed for
similar systems that contain
heteroatoms from groups 14,
15, and 16.[30–33,48] Nevertheless,
these acidity enhancements are
rather small in all cases. This is
so because the X!H (X=Mg,

Ca) bond dissociation enthalpies do not change significantly
from the saturated to the unsaturated derivatives, as illus-
trated by the near-constancy of the electron density at the
corresponding bond critical point (see Figure 2). This im-

Scheme 4. Thermodynamic cycles for deprotonation processes a) and b).

Table 2. CCSD(T)/6-311+ (3df,2p)//B3LYP/6-311+G ACHTUNGTRENNUNG(d,p) calculated values for the thermodynamic magni-
tudes involved in the two possible deprotonation processes of CH3BeH and CH3MgH, as shown in Scheme 4.
All values are in kJmol!1.

X DH ACHTUNGTRENNUNG(X!H) DH ACHTUNGTRENNUNG(C!H) EAACHTUNGTRENNUNG(CH3XC) EA ACHTUNGTRENNUNG(CH2XHC) DacidH
[a] DacidH

[b]

Be 384 394 !57 !100 1651 1618
Mg 281 398 !85 !57 1521 1666

[a] Values for deprotonation route a). [b] Values for deprotonation route b).

Figure 1. Geometrical changes undergone by ethylberyllium and ethyl-
magnesium hydrides after the most favorable deprotonation process.
Bond angles [8] are given in italics and bond lengths [!] are in bold.
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plies that the acidity enhancement is only due to the slight
increase in the EA of the R!X radical, which necessarily in-
creases in the order ethyl<vinyl<ethynyl.

It is worth noting that the vinylcalcium hydride is an ex-
ception because it is predicted to be less acidic than the
ethyl derivative. This is very likely due to an extra stabiliza-
tion of the neutral compound through a nonbonding interac-
tion between the C!Ca bond and the C!H bond cis to the
Ca!H group, which would be responsible for the rather
small (90.1 8) C-C-Ca angle in this molecule. As a matter of
fact, an analysis of the bonding in this compound shows that
the C!Ca bond has a rather small contribution from the or-
bitals on Ca, with a very small (0.04) Wiberg bond order. In
other words, this derivative
could be viewed as the result of
the interaction of a Ca!H
cation with a CH=CH2 anion.
This is indeed ratified by a
NRT analysis that indicates that
this mesomeric form contrib-
utes as much as 35% to the sta-
bility of the system. The main
consequence of this bonding
pattern is that the C attached to
the Ca atom becomes a very
good electron donor. Indeed, a
second-order perturbation
NBO analysis shows the exis-
tence of a charge donation
from the sCCa bonding orbital to
the s*CH antibonding orbital,
which is mirrored in a lengthen-

ing of this bond (0.025 !) compared with the bond trans to
the Ca!H group. To verify that this result does not arise
from a limitation of our theoretical model, the geometry of
this particular compound was also reoptimized at the
CCSD/6-311+GACHTUNGTRENNUNG(d,p) level by using the B3LYP method as-
sociated with a very extended cc-pWCTZ basis set, which is
a theoretical model that performs particularly well for Ca-
containing compounds.[49] The changes observed both in the
geometries and in the calculated acidities were negligibly
small.

Perhaps the most unexpected finding in our study is that
ethyl, vinyl, and ethynyl derivatives that contain alkaline-
earth metals are among the most acidic compounds that
contain a heteroatom from the main groups of the Periodic
Table.

In Table 3, we compare our calculated values for this
series of compounds with the experimental acidities for
their analogues that contain heteroatoms from groups 13,
14, 15, and 16, if available. If the experimental values are
not available, we report theoretical estimates obtained by
using high-level ab initio calculations.

It is apparent that the derivatives of Be, Mg, and Ca are
predicted to be systematically stronger acids than their ana-
logues from groups 13 and 14. More importantly, with only
the exception of the ethynyl derivatives, they are also stron-
ger acids than the derivatives of group 15. Also surprisingly,
the ethylberyllium hydride is predicted to be slightly more
acidic than ethanol, whereas ethylmagnesium and ethylcalci-
um hydrides are only slightly less acidic than the corre-
sponding S and Se derivatives.

CCSD(T) versus B3LYP : As indicated above, a comparison
between the CCSD(T) and B3LYP calculated values can be
useful as an assessment of the reliability of the DFT model.
The values in Table 1 indicate that there is a rather good
agreement between both sets of values for those compounds
that behave as carbon acids (alkyl, vinyl, and ethynyl Be de-
rivatives). Interestingly, when the proton is lost from the

Figure 2. Molecular graphs for the ethyl, vinyl, and ethynyl derivatives of
Mg and Ca. The electron densities at the bond critical points are in a.u.

Table 3. Gas-phase acidities (DacidGA [kJmol!1]) for the ethyl (CH3CH2X), vinyl (CH2=CHX), and ethynyl
(CH"CX) derivatives.[a]

Group X=BeH,
MgH, CaH

X=BH2,
AlH2, GaH2

X=CH3,
SiH3, GeH3

X=NH2,
PH2, AsH2

X=OH,
SH, SeH

CH3CH2X
1 1547 1484[b] 1726[c] 1640[c] 1555[f]

2 1478 1498[b] 1540[d] 1530[e] 1460[f]

3 1426 1509[b] 1500[d] 1501[e] 1416[f]

CH2=CHX
1 1518 1493[b] 160[c] 1546[e] 1460[g]

2 1470 1501[b] 1530[d] 1492[e] 1432[f]

3 1436 1502[b] 1467[d] 1443[e] 1406[f]

CH"CX
1 1510 1524[b] 1559[d] 1477[e] 1380[g]

2 1456 1535[b] 1507[d] 1460[e] 1360[g]

3 1425 1515[b] 1435[d] 1433[e] 1340[g]

[a] 1, 2, 3 stand for the first, second and third element in each group, i.e., Be, Mg, Ca in group 12, etc.
[b] CCSD(T) calculated values taken from ref. [34]; [c] Experimental values taken from ref. [50]; [d] Experi-
mental values taken from ref. [33]; [e] Experimental values taken from ref. [30]; [f] Experimental values taken
from ref. [32]; [g] G2 calculated values taken from ref. [32].
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metal, the B3LYP acidities always underestimate the
CCSD(T) ones, which indicates that the DFT approach un-
derestimates the stability of the anions if these are produced
by the deprotonation of the X!H (X=Be, Mg, Ca) group.
Nevertheless, both methods give the same trends as illustrat-
ed by the excellent linear correlations between the
CCSD(T) calculated enthalpies and Gibbs! free energies
and the B3LYP values (See Figure 3).

Thus, we can conclude that the B3LYP method can be
used with confidence to reproduce acidity trends for these
kinds of compounds, although in general the predicted acidi-
ties are too low (by about 10 kJmol!1 on average, although
for Ca-containing compounds the average deviation is
almost twice this value) compared with those obtained if a
CCSD(T) approach is employed.

Conclusion

From our theoretical survey on the intrinsic acidities of Be,
Mg, and Ca derivatives, we can conclude that the hydrides
of alkaline-earth metals, BeH2, MgH2, and CaH2, are stron-
ger acids than BH3 and CH4. BeH2 is a stronger acid than
BH3 and CH4 for two concomitant reasons: 1) the dissocia-
tion energy of the Be!H bond is smaller than the dissocia-
tion energies of the B!H and C!H bonds, and 2) the EA of
BeHC is larger, in absolute value than those of BH2C and
CH3C. Due to these same two factors, the acidity increases
on going from BeH2 to MgH2 because the dissociation
energy of the Mg!H bond is smaller than that of the Be!H
bond, but at the same time the EA of MgHC is larger in ab-
solute value than that of BeHC. The further acidity enhance-
ment on going from MgH2 to CaH2 essentially reflects the
fact that Ca!H bonds are weaker than Mg!H bonds.

For methyl, ethyl, vinyl, and ethynyl Mg and Ca deriva-
tives, the most acidic site of the system is the metal. This is
an unexpected result if one takes into account that the X!H
(X=Mg, Ca) bonds in the neutral systems systematically ex-
hibit the expected Xd+!Hd! polarity. Conversely, the Be de-
rivatives behave as carbon acids in the gas phase. The analy-

sis performed for the methyl derivatives shows that when
the heteroatom is Be, the bond dissociation enthalpy of Be!
H would favor the proton loss from the BeH group. Howev-
er, the EA of the radical formed after the dissociation
would favor the proton loss from the methyl group, and this
latter effect is dominant. In contrast with Mg derivatives,
both effects favor the proton loss from the MgH group.

The ethylberyllium hydride exhibits an unexpected high
acidity with respect to the methyl derivative because the de-
protonation of the system is accompanied by a cyclization
which stabilizes the anion.

Similarly to that found for derivatives that contain heter-
oatoms from groups 14, 15, and 16, the unsaturated com-
pounds are stronger acids than their saturated counterparts,
with the only exception being vinylcalcium hydride, which is
predicted to be a weaker acid than the ethyl derivative due
to an extra stabilization of the neutral form.

Most importantly, among ethyl, vinyl, and ethynyl deriva-
tives that contain a heteroatom from the main groups of the
Periodic Table, those that contain Be, Mg, and Ca are
among the strongest gas-phase acids. In fact, the ethylberyl-
lium hydride, for instance, is predicted to be slightly more
acidic than ethanol but much more than ethylamine, pro-
pane, or ethylborane.

An excellent linear correlation exists between CCSD(T)-
and B3LYP-calculated acidities if a 6-311+G ACHTUNGTRENNUNG(3df,2p) basis
set expansion is used. However, the absolute acidities ob-
tained if the DFT approach is used are systematically small-
er than those predicted at the CCSD(T) level.
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Gas-Phase Acidity

A. Eizaguirre, O. M!, M. Y"Çez,*
J.-C. Guillemin* . . . . . . . . . . . . . . &&&&—&&&&

a,b-Unsaturated and Saturated Deriva-
tives of Be, Mg, and Ca: Are They
Carbon or Metal Acids in the Gas
Phase?

The acid test : Despite the fact that the
X!H bonds in R!XH (X=Mg, Ca;
R=methyl, ethyl, vinyl, ethynyl) deriv-
atives exhibit the expected Xd+!Hd!

polarity, they behave as metal acids in
the gas phase (see figure). Most impor-
tantly, ethyl, vinyl, and ethynyl deriva-
tives that contain Be, Mg, and Ca het-
eroatoms are among the strongest gas-
phase acids that contain main-group
heteroatoms.
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Abstract 

There is evidence that the interaction of the !-ketol group of the Doxorubicin and 

Epirubicin anti-cancer drugs with Fe(III) generates hydroxyl radical under aerobic 

conditions, causing cardiotoxicity in the patients. Considering that the formation of 

DNA adducts is one of the main targets of Anthracycline drugs, we have in the 

present study characterized several [Anthracycline-DNA]Fe(III)  complexes with 

respect to their stability and Fe(III) coordination, by means of MD simulations. Iron is 

found to coordinate well to the drugs containing an !-ketol group, this being the only 

group of the drug that binds to the metal. The complexes containing an !-ketol group, 

[Doxorubicin-DNA]Fe(III) and [Epirubicin-DNA]Fe(III), thus show greater stability 

than those not containing it, i.e., [Daunorubicin-DNA]Fe(III), [Idarubicin-

DNA]Fe(III) and [5-Imino-Daunorubicin]Fe(III). Metal attachment to the !-ketol 

group is furthermore facilitated by the phosphate groups of DNA. The coordination to 

iron in the [Doxorubicin-DNA]Fe(III) system is smaller than that found for the 

[Epirubicin-DNA]Fe(III) system, and the corresponding number of coordinating 

waters in the former is larger than in the latter. This may in turn result in higher 

hydroxyl radical production, thus explaining the increased cardiotoxicity noted for 

Doxorubicin. 
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1. Introduction 
 
Anthracycline antibiotics have received a great deal of attention for many years due to 

their therapeutic activity as anticancer agents. In particular, the drug Doxorubicin 

(trade name Adriamycin), which constitutes one of the most popular clinical 

chemotherapeutics due to its good activity against a wide range of malignancies,1, 2 

has been extensively studied.3-5 This drug is composed of a planar aromatic ring 

structure containing an antraquinone chromophore, and a sugar group (daunosamine). 

Once taken up by the tumor cell, the planar ring structure is intercalated between 

adjacent DNA base pairs.2 It is commonly known as a topoisomerase II poison,6-8 

although studies have pointed out the ability of this drug to form a covalent adduct 

with DNA.9 The drug is activated in the presence of cellular formaldehyde,10-16 which 

can be derived in cells by iron mediated free radical reactions with different classes of 

carbon sources,11, 12 and binds covalently through the daunosamine moiety to the 

exocyclic amino group of a guanine residue on one of the DNA strands. The drug also 

forms strong hydrogen bonds to the second strand, and thus constitutes a DNA cross-

linker. The cytotoxicity of this adduct, which is predominantly formed at 5’-GC-3’ 

sequences, arises from its ability to block RNA polymerase.17, 18  

 

Although high correlation between the ability of Doxorubicin to form a covalent 

adduct with DNA and its cytotoxicity has been found in certain classes of cells,19, 20 

the relative contribution of the different cellular responses3-8, 10, 21, 22 with respect to its 

therapeutic activity still remains unclear. The Anthracycline-DNA adduct structures 

obtained in vitro have been well characterized,11-13, 15, 16 but the cell-derived adducts 

have not. However, there is evidence that the structures characterized in vitro are 

identical to those obtained in vivo.23, 24    

 

Despite of the capability of Doxorubicin in battling different kinds of cancers,1 the 

clinical use is limited by its dose-dependent cardiotoxicity1, 25 which has been 

attributed to iron-based free radical-induced oxidative stress.1, 26-29  

Spectrophotometric and EPR spin-trapping studies carried out by Malisza and 

Hasinoff30 have shown that among a set of Anthracycline-Fe(III) complexes only the 

systems in which the drug contains an ! -ketol group, Doxorubicin-Fe(III) and 



! "!

Epirubicin-Fe(III), were able to reduce Fe(III) and  generate hydroxyl radicals under 

aerobic conditions and in the absence of added reductants. It was thus concluded that 

the !-ketol group reduces Fe(III), giving rise to hydroxyl radical production.30 In the 

mechanism proposed by Malisza and Hasinoff, Fe(III) oxidizes the !-ketol group 

leading to a  semidione free radical intermediate, which after a second oxidation step 

becomes an !-ketoaldehyde. Concomitantly, under aerobic conditions Fe(II) reduces 

hydrogen peroxide  leading to hydroxyl radical production,30 cf. Scheme 1. It is worth 

mentioning that although both Doxorubicin and Epirubicin have been shown to 

produce hydroxyl radicals under aerobic conditions, Epirubicin is less cardiotoxic 

than Doxorubicin when administrated at equimolar doses.31 In addition, the hydroxyl 

radical formation of the Doxorubicin-Fe(III) system has been shown to be stimulated 

by the presence of DNA.32-34 

 

Scheme 1. Mechanism proposed by Malisza and Hasinoff for the oxidation of the !-

ketol group in the presence of Fe3+ under aerobic conditions. In the case of 

Doxorubicin R1 = -H and R2 = -OH, whereas for Epirubicin R1 = -OH and R2 = -H.   

 

 
 

 

Although molecular modeling experiments have shown that coordination of the 

Fe(III) metal to the ! -ketol group is among the most probable low energy 

configurations that the Doxorubicin-Fe(III) complex may show,30 to our knowledge, 
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no is information available about the coordination of the metal to the Anthracycline 

when these form a DNA adduct. Considering that the formation of DNA adducts is 

one of the main targets of the Anthracycline drugs, the aim of the present work is to 

study the coordination that Fe(III) might show with the Anthracycline moiety when 

complexed with DNA. With this work we also aim to investigate the influence of the 

different Anthracycline structures on the stability of such [Anthracycline-

DNA]Fe(III) complexes, and the interactions that the drug and the DNA may present 

under metal attachment. For this purpose, we have compared two drugs which contain 

an !-ketol group, Doxorubicin (DOX) and Epirubicin (EPI), with three that do not, 

Daunorubicin (DNR), Idarubicin (IDA) and 5-Iminodaunomycin (5-IMINO-DAU); 

cf. Scheme 2.    

  

2. Computational details 

 

Molecular Dynamics (MD) simulations were performed using the YASARA 

structure35 program. The structure of the adducts in which the Anthracycline drugs 

are intercalated into the DNA sequence, d(CACACGCACA)2 , were modeled using 

the PDB ID 1AL9 structure36 as starting point.  

 

All simulations were carried out using the AMBER 03 force field35, 37. Long-range 

interactions were treated with the Particle Mesh Ewald algorithm38 with a cut-off 

value of 7.86 !. Periodic boundary conditions were defined using a water filled cell. 

The dimensions of the cells in the case of [DOX-DNA]Fe(III), [EPI-DNA]Fe(III), 

[DNR-DNA]Fe(III), [IDA-DNA]Fe(III) and [5-IMINO-DAU-DNA]Fe(III) systems 

were 32.9x51.6x32.8 !, 46.9x56.5x51.8 !, 46.4x57.8x44.4 !, 49.9x60.1x43.6 ! and 

42.4x59.6x48.9 !, respectively. The cell dimensions of the [DOX-DNA], [EPI-DNA], 

[DNR-DNA], [IDA-DNA] and [5-IMINO-DAU-DNA] systems in absence of iron 

were 30.4x51.3x32.0 !, 61.5x61.8x64.2 !, 45.7x62.7x44.9 !, 46.1x62.5x46.7 ! and 

47.4x64.4x47.4 !, respectively. The dimensions of the boxes were sufficiently large 

so as to avoid long-range interactions from one box to the next.  

 

Each system was solvated with TIP3P39 water molecules giving a total density of 

0.977g/l. Counter ions were randomly placed in the box to neutralize the system and 
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the positively charged iron. The initial structures were obtained by minimizing the 

energy of the systems using a steepest descent algorithm. The systems were then 

equilibrated during a 5 ns simulation, followed by 20 ns production simulations with 

time step 2.5 fs and snapshots were saved every 25 ps. The simulations were 

performed at constant pressure and temperature (NPT). The equilibrated structures 

reported herein were obtained minimizing the energy of the structures found after the 

5 ns equilibration simulations, whereas the final structure of each trajectory was 

obtained by energy minimizing the structures obtained after the full 25 ns MD 

simulation. The [DOX-DNA] system was prepared using the PDB ID 1AL9 

structure36 as starting point. [EPI-DNA], [DNR-DNA], [IDA-DNA] and [5-IMINO-

DAU-DNA] were prepared using the final structure of [DOX-DNA] as starting point 

and introducing the various substitution patterns as outlined in Scheme 2. The [DOX-

DNA]Fe(III) system was prepared by adding the Fe(III) metal to the structure 

obtained for the [DOX-DNA] adduct after 5ns MD simulation and identifying its 

binding position close to the ! -ketol group by means of steepest descent 

minimizations. In order to investigate how the presence of the iron influences the 

stability of the complex, the final coordinates obtained for the [DOX-DNA]Fe(III) 

complex were taken as starting point for the simulations of the remaining 

[Anthracycline-DNA]Fe(III) systems, replacing the corresponding substituent in each 

case. In Supplementary material we provide the local initial structures of each Fe-

containing system after minimization; pdb files are available on request.  

 

Binding energies were calculated for the final structures using the automated binding 

energy routine in YASARA, obtained as the difference between the energy of the 

[Anthracycline-DNA]Fe(III) system and that of the two isolated fragments Fe(III) and 

Anthracycline-DNA adduct, respectively. For this purpose, the final complexes were 

energy minimized before calculating the binding energies. Water was removed and 

the complexes were placed in a simulation cell with rigid walls (cf. section 3.5).  

 

3. Results and discussion 

 

The Anthracycline-DNA adducts are presented in Scheme 2. The Anthracycline 

moiety is represented in blue, whereas the two DNA chains are represented in red and 
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green, respectively. The drug is intercalated between two adjacent guanine-cytosine 

base pairs and acts as a DNA-cross-link. On one side it is covalently linked to the N2 

atom of DG 16 and on the other it is connected through H-bonds to DG 6. The 

labeling of the most relevant nucleotides are shown in Scheme 2-a. A description of 

the Doxorubicin, Epirubicin, Daunomicin, Idarubicin and 5-Iminodaunomycin 

Anthracycline drugs is given in Scheme 2-b, along with the covalent and H-bonding 

interactions with DNA. The main difference between Doxorubicin and Epirubicin is 

that the former has the hydroxyl group attached to the C4’ atom in axial position, 

whereas in the latter it is in equatorial position. Daunorubicin, Idarubin and 5-

Iminodaunomycin have a ketomethyl group (R1=H) instead of the !-ketol group. In 

Idarubicin the R4 substituent is a hydrogen atom whereas in the remaining drugs it is a 

methoxy group. In 5-Iminodaunomycin, finally, the R5 substituent is an imino group 

whereas in the remaining compounds it is a keto group. The labeling of the 

nucleotides and the atom numbering of the system are shown in figures S1, S2 and S3 

in the Supporting information. 

 

MD simulations for the full 25ns (equilibration and production phase) resulted in 

1000 snapshots for each system. The final structure of the [DOX-DNA]Fe(III) 

complex as well as the initial and final structure of the remaining [Anthracycline-

DNA]Fe(III) systems are shown in Figure 1.  The superposition of the initial and final 

structures of the [Anthracycline-DNA]Fe(III) complexes as well as the superposition 

of the equilibrated and final structures of the [DOX-DNA]Fe(III) complexes are 

shown in Figure 2, whereas the superposition of the equilibrated and final structures 

of the remaining [Anthracycline-DNA]Fe(III) complexes are collected in Figure S4 of 

the Supplementary data. 

 

The stability of the trajectories was analyzed by measuring the Root Mean Square 

Distances (RMSD) of the DNA backbones, which are collected in Figure 3. Note that 

the first 5 ns constitute the equilibration phase. The stability of the trajectories 

corresponding to the [Anthracycline-DNA]Fe(III) systems will be discussed further in 

section (3.3). In order to check any structural changes that may have occurred during 

the production simulation, the RMSD between the equilibrated and the final structures 

for the five [Anthracycline-DNA]Fe(III) systems were calculated. The data is 

collected in Table 1. Taking into account that the initial structures of the Epirubicin, 
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Daunorubicin, Idarubicin and 5-Iminodaunomicin complexes were created using the 

coordinates of the final structure of the [DOX-DNA]Fe(III) complex and modifying 

the drug with the appropriate substituents, the RMSD between the initial and final 

structures of the [EPI-DNA]Fe(III), [DNR-DNA]Fe(III), [IDA-DNA]Fe(III) and [5-

IMINO-DAU-DNA]Fe(III) systems were also measured along with the RMSD 

between the initial and final structures of [DOX-DNA]Fe(III), in order to check the 

structural changes that may have been triggered directly by the substitutions. The data 

is collected in Table 1, in which we also give the binding energies of the five 

[Anthacycline-DNA]Fe(III) complexes. The H-bond distances of the final structures 

of the [Anthracycline-DNA] and [Antracycline-DNA]Fe(III) systems are summarized 

in table S1 of the supplementary data.  

 

Scheme 2. The structure of the DNA-drug adducts and the H-bonds between DNA 

and the drug. a) The tridimensional structure of the aforementioned adducts. The 

atomic labels of the atoms involved in H-bonds as well as the labels of the nucleotides 

are shown. b) The structures of the Anthracycline drugs, in blue, and the structures of 

the nucleotides that are directly H-bonded to it, in red and in green. The substituents 

of each drug are the followings: Doxorubicin (R1= -OH, R2= -OH, R3= -H, R4= -

OMe, R5= =O), Epirubicin (R1= -OH, R2= -H, R3= -OH, R4= -OMe, R5= =O), 

Daunorubicin (R1= -H, R2= -OH, R3= -H, R4= -OMe, R5= =O), Idarubicin (R1= -H, 

R2= -OH, R3= -H, R4= -H, R5= =O), 5-Iminodaunomycin (R1= -H, R2= -OH, R3= -H, 

R4= -OMe, R5= =NH). 

 
 
3.1. Hydrogen bonds in the [Anthracycline-DNA] adducts 
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The final structure of each adduct was analyzed with respect to the hydrogen bonds 

between DNA and the corresponding drug. The five adducts form identical hydrogen 

bonds between the O9 atom of the drug and the N3 atom of the DG 6 nucleotide, the 

O7 atom of the drug and the N2 atom belonging to DG 6, and between the N3’ atom 

of the drug and the O2 atom of DC 15 (see Scheme 2b). In the case of Daunorubicin, 

the distance between the N3’ hydrogen and the O2 atom of DC 15 was found to be 

slightly longer than in the other drugs, and is the only case that does not form a stable 

hydrogen bond between these two atoms. 

 

Only the Epirubicin drug has the hydroxyl group of C4’ atom in equatorial position, 

which enables the formation of an additional hydrogen bond between its O4’ atom 

and the O2 atom of the DC 5 nucleotide (see Scheme 2b). 

 

3.2. Structural changes in the [Anthracycline-DNA]Fe(III) systems 

 

From the structures of [DOX-DNA]Fe(III) shown in Figure 1 it can be seen that the 

phosphate groups of DNA play a significant role in the association of the metal cation 

to Doxorubicin. The phosphate groups belonging to the DG 12, DG 6 and DC 5 

nucleotides together hold the Fe(III), creating a cavity from which Doxorubicin  drug 

coordinates to the Fe(III) through its !-ketol group. It is worth noticing that in this 

structure Fe(III) is cross-linked to the two DNA strands. We label the oxygen atoms 

of the phosphate groups that hold the metal and belong to the DG 12, DG 6 and DC 5 

nucleotides OA, OB and OC, respectively; cf. Figure 1. All our attempts to locate 

other structures in which the metal coordinates to other atoms of the drug failed, and 

collapsed to structures in which the metal coordinates to the phosphate groups of the 

DNA backbone.  

 

The distances between the metal and the phosphate groups, as well as the distance 

between the metal and the already mentioned !-ketol group, were measured for the 

initial and final structures, and no significant differences were observed indicating a 

rather stable metal binding arrangement. The RMSD between the initial and final 

structures was found to be 2.4 ! whereas the RMSD between the equilibrated and the 

final structure was 1.8!!. The RMSD values show that the main structural changes 
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during the production run occur in the DNA backbone. This is also consistent with the 

superposition of the equilibrated and final structures which shows that the main 

structural difference lies in the orientation of the terminal base pairs (see Figure 2). 

 

The metal attachment to the [DOX-DNA] adduct does not trigger any large 

differences in H-bonds generated between the drug and the DNA backbone. The main 

difference between the [DOX-DNA]Fe(III) complex and the [DOX-DNA] adduct is 

that in the former, the N3’ atom of the drug is H-bonded to the O2 atom of DC 15, 

whereas in the latter it is H-bonded to the O4* atom of the same nucleotide. It should 

be noted that the [DOX-DNA]Fe(III) complex shows an additional H-bond compared 

to the adduct, in that O14 of the drug is H-bonded to O5* of the DT 13 nucleotide. 

 

Looking at the initial and final structures of the [EPI-DNA]Fe(III), [IDA-

DNA]Fe(III), [DNR-DNA]Fe(III) and [5-IMINO-DAU-DNA]Fe(III) systems it is 

evident that the Anthracyclines  that do not contain an !-ketol group trigger larger 

changes in the structure. This is mirrored in the greater RMSD values in these systems 

compared to the [EPI-DNA]Fe(III) system. Moreover, in the initial structure of the 

[EPI-DNA]Fe(III) system, Fe(III) is coordinated to the drug through the O14 atom, 

whereas in the final one it is coordinated to both O14 and O13. No significant 

changes were found in the remaining metal binding ligands, indicating high stability 

of the metal position. Correspondingly, the RMSD value of the metal between these 

two geometries is small; instead the main changes occur in the drug and in the DNA 

backbone. This is also evident when analysing the superposition of these two 

structures. After 25 ns simulation the drug is slightly displaced into the DNA cavity, 

and the terminal base pairs have undergone a slight re-orientation. The RMSD values 

between the equilibrated and final geometries show that the major structural 

differences during the production simulation occur in the DNA backbone, and are 

attributed to small changes in the terminal base pair orientation. The main difference 

between the initial and final structure of this system with respect to the H-bonds is 

that the latter no longer displays a H-bond between O14 of the drug and O5* of the 

DT 13 nucleotide. 

 

Figure 1. Structures of the [Anthracycline-DNA]Fe(III) systems. The DNA strands 

are shown in red and green, the oxygen atoms belonging to the drug are red, the 
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nitrogen atoms blue and carbon atoms cyan. The iron atom is shown in brown. a) 

Final structure of [DOX-DNA]Fe(III); b) and c) corresponds to the initial and final 

structures of [EPI-DNA]Fe(III); d) and e) are the initial and final structures of [DNR-

DNA]Fe(III); f) and g) are the initial and final  structures of [IDA-DNA]Fe(III); and 

h) and i) are the initial and final structures of the [5-IMINO-DAU-DNA]Fe(III) 

system, respectively. 

 
 

In the case of the [DNR-DNA]Fe(III) system, the number of metal binding ligands 

in the initial and final structures are the same. However, looking at the superposition 

of these two geometries (Figure 2) it can be noted that the metal has undergone a 

slight shift, and the drug has been partially displaced out of the cavity. The structural 
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changes in the DNA backbone are consistent with the non-negligible RMSD values 

obtained between the initial and final structures and between the equilibrated and final 

structures (Table 1). Upon going from the initial to final structure the N2-O7 H-bond 

is replaced by one between O9 and O7.   

 

 

Table 1. RMSD of the heavy atoms between the initial and final structures for the 

metal, the drug, DNA and the full system. The RMSD between the equilibrated and 

the final structures are shown in parenthesis. The RMSD values are given in !. Fe(III) 

binding energiesa are given in kcal/mol 

 

 RMSD 

Fe(III) 

RMSD 

Drug 

RMSD 

DNA 

RMSD 

Full 

system 

Binding 

Energya 

 

[DOX-DNA]Fe(III) 1.2(0.9) 1.6(0.3) 2.5(1.9) 2.4(1.8) -1748.27 

[EPI-DNA]Fe(III) 0.4(0.3) 1.8(0.5) 1.4(1.3) 1.5(1.3) -1777.11 

[DNR-DNA]Fe(III) 1.8(1.2) 3.5(1.3) 2.5(2.3) 2.6(2.2) -1730.05 

[IDA-DNA]Fe(III) 2.7(3.0) 3.0(1.9) 2.6(2.5) 2.7(2.4) -1516.32 

[5-IMINO-DAU-

DNA]Fe(III) 

5.4(4.7) 2.5(1.5) 2.0(1.8) 2.0(1.8) -1276.12 

aBinding between Fe(III) and the drug-DNA complex. 

 

 

The major change observed between the initial and final structure of the [IDA-

DNA]Fe(III) system involves the bonding of the metal. In the former this is 

coordinated to three phosphate groups of the DNA backbone whereas in the latter it is 

only bonded to two. Consequently, the metal and the drug have suffered a 

considerable shift, leading to large structural changes in the DNA backbone. These 

changes can be viewed clearly in the superposition of the two structures shown in 

Figure 2, and in the high RMSD values obtained between the initial and final, and 

between the equilibrated and final structures, respectively. Despite the large changes 

in structure, there are only minor changes in the H-bonds in this system. The main 

difference is that in the initial structure the N3’ atom of the drug is H-bonded to the 
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O4* atom of DC 15 whereas in the final structure it is H-bonded to the O2 atom of the 

same nucleotide. 

 

In [5-IMINO-DAU-DNA]Fe(III), finally, the metal is no longer bonded to the 

backbone of the DNA after the 25ns simulation. As a consequence, the structure of 

the DNA relaxes and the drug appears slightly rearranged in the DNA cavity. These 

structural changes are reflected in the high RMSD values shown in Table 1. The 

changes can also be appreciated by viewing the superposition of these two structures 

(Figure 2). Although the structural changes shown by this complex are considerable, 

the changes in H-bonds are again minor, the main difference being that in the latter 

the N3’ atom no longer displays any H-bonds. 

 

In order to rationalize the observations made in the analysis of the structural changes 

in the [Anthracycline-DNA]Fe(III) systems, the evolution of the most relevant 

structural parameters were analyzed for each trajectory. 

 

3.3. Analysis of the [Anthracycline-DNA]Fe(III) trajectories 

 

The stability of the metal bonding was analysed by measuring the distances between 

the iron atom and the binding ligands during the trajectories. For the systems in which 

the drug contains an !-ketol group ([DOX-DNA]Fe(III) and [EPI-DNA]Fe(III)), the 

distance between the iron and the !-ketol O14 atom, as well as the distance between 

the metal atom and the OA, OB and OC atoms were measured. In the systems in 

which the drug does not contain the !-ketol group, only the distances between the Fe 

and the OA, OB and OC atoms were measured.  

 

 

 

Figure 2. Superposition of [Anthracycline-DNA]Fe(III) systems. The initial, 

equilibrated and final structures are represented in orange, red and black respectively. 

a) [DOX-DNA]Fe(III) system, equilibrated versus final; b) [EPI-DNA]Fe(III) system, 

initial versus final; c) [DNR-DNA]Fe(III) system, initial versus final; d) [IDA-



! "#!

DNA]Fe(III) system, initial versus final; and e) [5-IMINO-DAU-DNA]Fe(III) 

system, initial versus final. 

 

 
 
 
 

In order to check the stability of the hydrogen bonds of the systems, the distance 

between the O9 atom of the drug and the N3 atom belonging to DG 6, as well as the 

distance between the O7 atom of the drug and N2 of the DG 6 nucleotide were 

measured. The N3’-C6’-N2-C2 dihedral angle involving the covalent linkage between 

the drug and DG 16 was also measured, in order to analyse the drug orientation in the 
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cavity formed by the DNA backbone and the metal cation. The evolution of the 

aforementioned parameters are shown in Figure 3.  

 

For the two drugs containing an !-ketol group, the distances between the metal and 

the metal binding ligands, OA, OB, OC and O14, remains highly stable during the 

simulation, with the only exception being the Fe-O14 distance of the [DOX-

DNA]Fe(III) system which shows a sudden increase during the equilibration period 

and after 2 ns recovers its original distance. The N3’-C6’-N2-C2 dihedral angle and 

the O9-N3 and O7-N2 atom distances remain stable throughout the MD simulations 

in both systems. The stability of the monitored parameters is also consistent with the 

stability of the backbone RMSDs shown in Figure 3 for these two systems. 

 

In the systems in which the drug does not contain the !-ketol group, the metal 

attachment in the [Anthracycline-DNA] adducts triggers the cleavage of the O9H-N3 

and O7-N2H hydrogen bonds. When the metal starts to interact with the phosphates 

of the DNA backbone, the cavity in which the drug is intercalated suffers a 

compression. This provokes the drug to move further inside the cavity. The 

displacement is larger than that seen by the drugs that contain the !-ketol group, since 

the drug in the former is not coordinated to the iron and therefore has more degrees of 

freedom. This greater displacement of the drug inside the DNA cavity leads to the 

disappearance of the O9H-N3 and O7-HN2 hydrogen bonds, which is mirrored in the 

sudden increase in O9-N3 and O7-N2 distances, and to the N3’-C6’-N2-C2 dihedral 

angle increase.  

 

In the particular case of the [DNR-DNA]Fe(III) systems, the distances between the 

metal and the ligands OA, OB and OC remain stable during the simulation. The 

backbone RMSD drift observed at 13ns is consistent with the second N3’-C6’-N2-C2 

dihedral angle change, which triggers a concomitant deformation of the cavity formed 

by the adjacent base pairs and the metal cation.  

 

For the [IDA-DNA]Fe(III) and [5-IMINO-DAU-DNA]Fe(III) systems, the distances 

between the metal and the ligands do not remain constant during the MD simulation. 

In the former case an increase in Fe-OC distance observed at 9 ns, which results in the 
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Fe-OC bond cleavage. This bond breaking induces a relaxation of the backbone from 

9 to 18 ns of the simulation, consistent with the backbone RMSD drift observed. The 

Fe-OC bond breaking is attributed to the repulsion generated between the O13 atom 

of the drug and OC, which due to the greater mobility of the drug enable them to 

approach closer during the simulation. In the case of the [5-IMINO-DAU-

DNA]Fe(III) system, the Fe-OA distance shows a sudden increase at 16 ns denoting 

Fe-OA bond cleavage. This bond breaking leads to a loss of DNA-cross-link formed 

by the metal, which in turn triggers a DNA backbone relaxation reflected in the 

progressive Fe-OA distance increase from 16 to 18 ns of the simulation trajectory. 

This Fe-OA bond breaking destabilizes the Fe-OB linkage, mirrored in the Fe-OB 

distance fluctuation observed during the period 18-21 ns, which finally leads to Fe-

OB bond cleavage. The DNA backbone relaxation observed due to the Fe-OA bond 

cleavage is also consistent with the backbone RMSD drift observed at 17 ns. In this 

case the Fe-OA bond breaking is attributed to the repulsion generated between O13 of 

the drug and OA, caused by the greater mobility of the drug. 

 

 

Figure 3. RMSD (backbone) and the evolution of key parameters of the 

[Anthracycline-DNA]Fe(III) complexes during the simulation. [DOX-DNA]Fe(III) 

and [EPI-DNA]Fe(III): a), b), c) and d) Fe-OA, Fe-OB, Fe-OC and Fe-O14 distances, 

respectively; e) and f) O9-N3 and O7-N2 distances; g) N3’-C6’-N2-C2 dihedral 

angle; h) RMSD of the backbone. [DNR-DNA]Fe(III), [IDA-DNA]Fe(III) and [5-

IMINO-DAU-DNA]Fe(III): a), b) and c) Fe-OA, Fe-OB and Fe-OC distances, 

respectively; d) and e) O9-N3 and O7-N2 distances; f) N3’-C6’-N2-C2 dihedral 

angle; and g) RMSD of the backbonea. Atom distances and RMSD of the backbone 

are given in !, and the dihedral angle is given in degrees.  



! "#!

 



! "#!

 
 



! "#!

 
 
                                    

 
 



! "#!

 

 
 
 
 



! "#!

  
 

 

aThe ‘linearity’ of the Fe-O curves for IDA and 5-IMINO-DAU systems is due to the 
large difference in scale of the y-axis. 
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It is worth noting that in the [IDA-DNA]Fe(III) and [5-IMINO-DAU-DNA]Fe(III) 

systems, the DNA backbone relaxation triggered by the cleavage of the bond formed 

between Fe and the phosphates, leads to the recovery of the H-bonds between the!
$%&'! ()$! the DNA backbone as well as the initial N3’-C6’-N2-C2 dihedral angle. 

This results in the recovery of the initial O9-N3 and O7-N2 distances as well as in the 

recovery of the initial N3’-C6’-N2-C2 dihedral angle at 9 ns for [IDA-DNA]Fe(III) 

and at 17 ns for [5-IMINO-DAU-DNA]Fe(III). 

 

3.4. Coordination of the Iron to the [Anthracycline-DNA] adducts 

 

Only in the systems in which the drug contains the !-ketol group, [DOX-DNA]Fe(III) 

and [EPI-DNA]Fe(III), metal coordination to the Anthracycline moiety has been 

observed, and it is only the !-ketol group of these two drugs that attaches to the 

metal.  

 

From our study we can conclude that the phosphate groups of the DNA backbone 

play a relevant role in the coordination of the Fe(III) metal to the Anthracycline 

moiety in drug-DNA adducts. As a matter of fact, the preferential attachment of the 

metal to the !-ketol group is significantly favored by its proximity to the phosphate 

groups of DNA. This suggests that the DNA-assisted positioning of Fe(III) close to 

the !-ketol group is one of the reasons for which the DOX-Fe(III) complex shows an 

increased hydroxyl radical formation in the presence of DNA.32-34 

 

In the [DOX-DNA]Fe(III) system, the iron is coordinated to the drug through the 

O14H group, showing an average Fe-O14 distance in the production run of 2.96 !. 

The average distances between the iron and the OA, OB and OC groups during the 

production simulations were found to be 2.70 !, 2.70 ! and 2.69 !, respectively. The 

average number of coordinating waters during the production run was calculated 

taking as a coordination radius 2.96 ! (the longer average distance between the metal 

and the binding ligands), and was found to be five. 

 

In the case of the [EPI-DNA]Fe(III) system, the metal is coordinated to the O13 and 

O14 atoms of the drug, with the Fe-O13 and Fe-O14 average production run distances 
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being 2.93 ! and 3.00 !, respectively. In this case, the average distances between the 

iron and the OA, OB and OC groups during the production simulations were found to 

be 2.68 !, 2.68 ! and 2.70 !, respectively. For this system the radius considered in 

the calculation of the average number of coordinating waters during the production 

run was 3.00 !, and the number of coordinating waters obtained within this radius 

being three. 

 

The coordination to Fe(III) in the [EPI-DNA]Fe(III) system is larger than that found 

for [DOX-DNA]Fe(III), and the number of coordinating waters in the former is thus 

lower than in the latter. On the other hand, previous studies on Fe3+ complexes have 

shown that free iron coordination sites (or occupied by easily displaceable ligands 

such as water) is a requirement for an efficient iron-catalyzed hydroxyl radical 

formation.40 Our results suggest that the lower coordination of the iron in [DOX-

DNA]Fe(III) with respect to that shown in the [EPI-DNA]Fe(III) complex, and thus 

enhanced capability of hydroxyl radical production in the former, could be one of the 

reasons for which Doxorubicin shows enhanced cardiotoxicity relative to Epirubicin. 

 

The higher coordination of the iron in [EPI-DNA]Fe(III) with respect to that shown in 

[DOX-DNA]Fe(III) system can be attributed to the H-bond formed between O4’ atom 

of Epirubicin and O2 of DC 5, which pushes the drug towards the metal, and 

facilitates the coordination of O13 with Fe(III).  

 

3.5. Binding Energies 

 

The binding energies found for Fe(III) in the [Anthracycline-DNA] system in vacuum 

are collected in Table 1. As expected, Fe(III) shows an increased binding energy 

when coordinated to a larger number of atoms belonging to the [Anthracycline-DNA] 

adduct. Thus, the highest binding energy of Fe(III) is found for the [EPI-DNA]Fe(III) 

system, in which the metal is coordinated to five oxygen atoms belonging to the [EPI-

DNA] adduct; O14, O13, OA, OB and OC. The system with second highest iron 

binding energy is [DOX-DNA]Fe(III), in which the Fe(III) is coordinated to four 

atoms belonging to the [DOX-DNA] adduct; O14, OA, OB and OC. Next comes 

[DNR-DNA]Fe(III), in which the Fe(III) is coordinated to the three oxygen atoms 
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belonging to the phosphate groups of the backbone; OA, OB and OC. This is 

followed by [IDA-DNA]Fe(III), where the metal is coordinated to two oxygen atoms 

belonging to the DNA phosphate groups; OA and OB. The system with lowest 

binding energy is [5-IMINO-DAU-DNA]Fe(III), where Fe(III) is coordinated to only 

one oxygen atom belonging to the DNA phosphate group; OC. 

 

4. Conclusions 

 

From our theoretical survey we can conclude that: 

1. Among the Anthracycline-DNA systems under study, the metal is coordinated 

to the Anthracycline drugs containing an !-ketol group, this being the only 

group of the drugs that binds to the metal within the adduct. 

2. The disposition of the drug within the DNA stacked base pairs favors the 

orientation of the !-ketol group with respect to metal attachment. This is 

furthermore facilitated by the phosphate groups belonging to the DG 12, DG 6 

and DC 5 nucleotides.  

3. The RMSD values shows that substitution of the Doxorubicin drug in the 

[DOX-DNA]Fe(III) complex by Antracycline drugs that do not contain an !-

ketol group triggers larger changes in the DNA structure than that caused by 

Epirubicin in which the !-ketol group is present.  

4. Analysis of the MD simulation trajectories shows a lower stability of the 

complexes formed between Fe(III) and the DNR-DNA, IDA-DNA and 5-

IMINO-DAU-DNA, with respect to the ones formed between the metal and 

the DOX-DNA and EPI-DNA adducts. The lower stability of these systems is 

mirrored in the disappearance of H-bonds between the drug and the DNA 

backbone as triggered by the metal addition, and is attributed to the lack of a 

coordinating group from the drug to the metal.  

5. In the [DOX-DNA]Fe(III) system the iron is coordinated to four oxygen atoms 

belonging to the [DOX-DNA] adduct, whereas in [EPI-DNA]Fe(III), the metal 

shows coordination to five oxygen atoms of the [EPI-DNA] adduct. In the 

former case the iron coordinates five waters, whereas in the latter there are 

three. The metal shows higher binding energy in the systems where it is 

coordinated to a higher number of atoms of the Anthracycline-DNA adduct.  
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