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A variety of chemical phenomena are governed by transitions at crossing
points of potential energy surfaces of electronic states with different spin
multiplicities, 1if not directly, but indirectly in the midst of the processes. In other
words, this intercrossing transitton makes one of the most significant key
mechanisms in chemical reactivity. Since the basic theory 1s now available to treat
the transitions with appropriate theoretical methods and techniques, it 1s possible to
comprehend the chemical reactivity of chemical systems, ranging from organic,
morganic, as well as realistic model systems of chemical processes in heterogeneous
catalysis with the effects of transitions taken into account properly. Furthermore, it
becomes feasible to control chemical reactivity by controlling the transitions at
crossing points, and also to develop new molecular functions by using peculiar
properties of non-adiabatic transitions. These may be realized, if we apply
appropriately designed laser fields. This Ph.D. Thesis i1s focused on the above
mentioned 1deas based on the authors’ recent publications. In particular, we have
considered three areas where TSR mechanisms appear. We present examples of
TSR 1n organic, organometallic and inorganic chemistry. In organic chemistry, the
study of the thermal ring opening rearrangement of 1H-bicyclo[3.1.0]hexa-3,5-dien-
2-one has been carried out. In organometallic chemistry have been focused on the
framework of the heterogeneous catalysis, in particular, on the selective oxidation of
methanol to formaldehyde on supported and hydrated vanadium oxides, and also
the dehydrogenation of methanol on supported reduced vanadium oxides. Finally,
the examples n morganic chemistry involve the oxidation of H. by means of MO,
oxides (M=T1, Zr, Hf). Thus, the non-adiabatic chemical reactivity is expected to
open a new dimension of Chemuistry.
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Introduction

1.1 Chemical Reactivity, a Prelude: Elementary Chemical Reactions
and Reaction Mechanism

The central aim in chemical reactivity is to understand and rationalize the
elementary reaction steps which involve a chemical process. In every elementary
step, a transformation takes place from one mimimum representing the reactants (R)
to another energy minimum characterized by products (P), via an energy maximum,
corresponding to transition state (TS)." The sequence of bond making/forming
processes by which the chemical process takes place 1s known as reaction
mechanism. This concept plays a major role in chemistry and represents a synthesis
of our understanding of the way i which R lead to P. In other words, the reaction
mechanism 1s associated to the way i which different topological changes in the
bonding structure of R and P are correlated as the reaction proceeds. At the
macroscopic level of description, the reaction mechanism consists on the
description of the participating species, 1.e R, P, possible intermediate (I) and
catalyst 1f 1t has participated, and the connectivity of these species due to chemical
reactions. Obtaining a plausible reaction mechanism consists in four well defined
stages: (1) 1dentifying individual chemical species, either by physical or by chemical
means, (i) 1solating the species contributing to one elementary reaction step in the
system, (i) determining the stoichiometry of that step, and (iv) determining the
kinetics. Additionally, a chemical reaction can be also associated with
transformations of energy which usually are represented as a one dimensional
energy diagram illustrating the progress of R towards P as the reaction proceeds (see
Figure 1.1). This figure depicts a stepwise process, where there are two elementary
chemical steps from R towards P via the corresponding I, and two transition states,

TSI and TS2. The activation energies E;r and E;r are usually provided by thermal

energy 47 being k the Boltzmann constant, and 7 the temperature. In order to
obtain this representation it 1s necessary to: (a) determine the free-energy profile, (b)
observe the T'Ss experimentally or theoretically, and (¢) find T'Ss models that match
the both experimental and theoretical data.

One step further to reach a deeper msight 1s the nature of the corresponding
reaction mechanism at microscopic level. In this sense, gas-phase chemistry can
provide information about the mtrinsic reactivity of the molecule or reactive system
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1. Introduction

in question due to that fact that it 1s not affected by effects of solvents or aggregation
phenomena and at the same time it allows experimental chemists to exercise some
control over mitial and final stages of participating species using modern laser
technology. Thus, femtochemistry and attochemistry techniques have been applied
to chemical reactions ranging in complexity from bond breaking in diatomic

molecules to dynamics in larger organic and biological molecules, providing new
insight into the understanding of fundamental chemical processes. *”
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Figure 1.1 Representation of energy profile of chemical reactions

Nowadays, the methods and techniques of theoretical and computational
chemistry (T'CC) have witnessed a great deal of research to study the energetic of
chemical reactions” and has found its way into the everyday work of many
experimental chemists. The exponential increase in computational processor speed,
the development of novel computational architectures, together with the

tremendous advances i the methods and techniques of TCC that have emerged
over the past two decades have led to unprecedented advances in our ability to
probe the fundamental chemistry that occurs in complex chemical reactions, 1.e.
both gas phase and condensed media, including homogeneous, heterogeneous and
enzyme catalysis can be achieved.” Current and emerging research areas in
electronic structure theory promise to greatly extend the scope and quality of
quantum chemical computations, and the past 15 years have seen major advances
i electronic structure theory. Together, these advances have made electronic
structure theory an increasingly important part of modern scientific research. For
example, chemists proposing reaction mechanisms are now generally expected to
provide supporting evidence from quantum chemistry computations. In spite of
recent progress, there remains ample room for mnovation and improvement
electronic structure theory.

Before embarking on the details, it 1s necessary to make a few general
observations on experimental studies and theoretical calculations. From an
experimental point of view, both thermodynamic and kinetics measurements
themselves should not be regarded as a theory but rather a loose-knit collection of
1deas, incorporating the main theories of thermodynamics and kinetics, respectively.

16



1. Introduction

It occupies an area between, but overlapping with, several branches of chemistry
(not just physical). As a quick illustration of its use, thermochemical kinetics can
take rate measurements and use them to obtain entropies and enthalpies via
equilibrium constant values. It may be regarded as being at the interface between
“chemical reactivity” and “structure”. This will be also of interest to quantum
chemical theoreticians. Theoretical calculations permit also an understanding of the
thermodynamics and kinetics of a given chemical reaction, as it will be presented
along the next sections. As it has been remarked by Marcus:""" “is that experiments
are primary, often the source of new theory, and that the mteraction of theory and
experiment 1s paramount, each stimulating the other”. This fact has been
emphasized by Johnson," discussing how the two sides of physical chemistry have
necessarily developed together, and looks at how their synergy dictates the direction
of contemporary research (see Scheme 1.1). Firstly, the Born-Oppenheimer
approximation (BOA) that allows to treat the electronic structure of molecules very
accurately without worrying too much about the nuclei. Then, the notion of
potential energy surface (PES) appears and the localization and characterization of
the stationary points on PES allow finding the mimima (R, P, I, and the saddle point
of index one corresponding to TS). From the minimum energy path connecting
these stationary points, the elementary chemical reactions and the reaction
mechanism can be displayed as one dimensional energy profile as the reaction
proceeds, see Figure 1.1. The corresponding thermodynamic and kinetic properties
as well as the geometries and electronic structures can be calculated, and compared
with experimental data if 1t available. Alternatively, PESs from quantum chemical
calculations can be turned mto thermodynamic data and to be used to predict
equilibria and rates i systems of practical interest. Or again, mechanisms n
complex systems can be analysed to ask whether the values of rate constants for
individual steps are reasonable, in terms of kinetic theories and what 1s known
about the reaction energetics. This can lead to a focus on a key elementary reaction
step where kinetic data are lacking, but for which available energetic quantities (e.g.
a bond dissociation energy) can lead to a reasonable estimate. Sometimes from
such considerations new information emerges about the structure and energetics of
mtermediates. Thermochemical kinetics tries to paint a broad brush picture,
establishing patterns, both in thermodynamic data (entropies, enthalpies of
formation) and in kinetic data (Arrhenius factors, activation energies) and seeking
useful generalisations, it tries to keep special cases to a mimimum. It has been
applied to an enormous range of chemical systems, molecular, free radical, 10nic,
both in solution and in the gas-phase. Because of the complexities of solvent
mteractions it works best in the gas-phase. Its strength and merit lies in this
broadness since the implication 1s that patterns do exist.

In summary, understanding chemical reaction mechanisms involves: 1)
calculating the relative energles and electronic structure of the stationary points on
PES, 1) examining the intervening species along the reaction progress. This implies
detailed knowledge of the reaction mechanism and how the reaction barrier can be
changed to 1mprove stereoselectivity, increase product yield, or suppress
undesirable side reactions.
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1. Introduction

Experimental Studies Theoretical Calculations

Testing is comparing

Y

Thermodynamic Born-Oppenheimer Approximation
and Potential Energy Surface
Kinetic Measurements Stationary Points (R, P, I, and TS)

Reaction Paths

Thermodynamic properties: AG, AH, AS, K
Kinetic properties: AG' AH AS' k
Geometries and electronic structure of: R, P, I, and TS

Elementary Chemical Reactions

Reaction Mechanisms

Scheme 1.1

1.2 Born-Oppenheimer Approximation and Potential Energy Surfaces

A chemical rearrangement occurs when atoms in a molecule change their
specific arrangement. The forces operating on the atoms determine the path of this
motion. The time scale of chemustry 1s therefore the time scale for the motion of
atoms."” " The vast majority of quantum chemical calculations is done in the
framework of the BOA"" "™ which is based on the observation that the nuclei are
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1. Introduction

much heavier than the electrons and move hence much more slowly, such that the
electrons see the nuclel in their instantaneous positions, while the nuclei see the
average position of the electrons at the same time that specify the potential energy
and hence the forces. Thus, the electron dynamics can be analyzed in the field of
stationary nuclel and, then it 1s possible to introduce the concept of an electronic
Hamiltonian and the concept of PES emerges."” In this sense, adiabatic surfaces are
defined within the BOA by the energy (eigenvalue) of a given solution of the
electronic Schrodinger equation at each geometry. Such solutions are obtained by
using the full electronic Hamiltonman, that is, including kinetic energy, Coulomb,
scalar relativistic and spin-orbit terms. In the BOA, the system is confined to be in
a single stationary electronic state, and if this confinement 1s strict, then there is no
electronic time scale that 1s relevant to chemistry. Consequently, during a chemical
rearrangement, the motion of the atoms can be accompanied by a reorganization of
the electronic structure.” However, it is the motion of the nuclei that sets the time
scale because the electronic reorganization exactly tracks the shifts in the positions
of the nuclel. As the heavier nucler move, the light electrons immediately adapt.
Thus, this approximation can be considered as static representation of the
corresponding chemical reactions and without this approximation, most molecular
problems become difficult or impossible to solve analytically.

Considering the BOA, the reactive systems move from the reactant
minimum on the PES through TSs and intermediates to the product minimum.
The determination of the ground-state and excited-state PESs and also associated
stationary electronic states for a molecular system requires the choice of a set of
mternal coordinates for the nuclel to estimate energies at intermediate geometries.
Fach PES exhibits considerable structure for a polynuclear molecular system and
often provides attractive pictures with local minima corresponding to stable species
and TSs serving as gateways for the system to move between such minima,
commonly along mimimume-energy paths. Then, the ability to construct such PES 1s
dependent of the BOA. Thus, a wvisual representation of the chemical
rearrangements appears, and therefore 1s the key to molecular level to understand
the chemical reactivity.”"*

On the other hand, one of the most exciting developments in TCC 1s the
ability to predict the rate coefficients of chemical reactions. In this sense, transition
state theory (TST) has provided reasonably good results, even in its simplest forms.
However given this paradigmatic role of TST in understanding chemical reactivity,
it 1s perhaps not surprising that chemists become much less confident when
discussing processes to which TST cannot be directly applied, for example spin-
forbidden reactions, that 1s, reactions in which a change of spin state takes place and
more than one PES 1s needed in order to describe the chemical process of reactants
to products. Nevertheless, 1t 1s important to recognize that TST has been criticized
since their mitial formulations. As an example, we can select the comment by
Smith*' in 1969:

“I believe that calculations based on a single-potential energy surface will be of very
limited usefulness i the real world of chemically reacting systems, and that
electronic transitions between a multiplicity of states are likely to play a very large
role in such events.”” Even where adiabatic calculations with a single potential
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1. Introduction

surface are valid, it 1s desirable to demonstrate their validity, and this can only be
done 1n the framework of a theory which takes proper account of all the couplings
between states that may exist, so that they can be evaluated and proved to be small.
If these couplings are strong, quantum effects associated with such nonadiabatic
behavior may prove to be one of the most important features of many chemical
reaction processes. Probably such quantum effects will turn out to be more
important than the quantum effects associated with barrier leakage and vibrational
zero-point energy that are often discussed in connection with the movement of
systems over adiabatic surfaces.”

This sentence 1s now particularly interesting because it 1s evident from the
analysis of the current bibliography that a deeper understanding of chemical
reactivity implies taking into account the crossing between two or more PES of
different spin multiplicities. The discussion of reaction mechanisms and pathways 1s
usually based on a single PES: starting from the reactant mimimum, the reactive
system moves through a TS and proceeds further to intermediates and/or product
minima. In a classical representation of chemical reaction mvolving (closed-shell)
ground states of reactants and products, the electron spin 1s a negligible quantity,
mfluencing neither the efficiency nor the selectivity of a transformation. Although
this concept represents only one aspect of chemical reactivity, it has proven to be a
useful tool in rationalizing the greater part of reactions. The success of this concept
and 1its justification, especially organic chemistry, lies on the fact that organic species
generally possess low-spin ground states, and their reactions proceed on a single
energy surface (single-state reactivity, SSR). However, the number of exceptions 1s
constantly increasing and calls the former general statement mto question. This
topic 1s gaining some traction, slowly, as experimental data and theory-based models
have provided grounds for reconsideration. Spin multiplicity plays an important
role in determining the reaction mechanisms and rate constants have a more
mmportant role i chemistry than it was previously recognized and finding
unambiguous evidence for rationalizing chemical reactivity. Then, the concept of
spin-forbidden reactions can be changed to spin-drive reactions in some cases.

1.3 Beyond Born-Oppenheimer Approximation. Approaching
Potential Energy Surfaces

The foundation of modern quantum chemustry 1s based on the BOA and,
as 1t 1s well known that states of the same symmetry cannot cross over but rather
repel each other and a descending curve of interaction of a high state, will approach
an ascending curve of a lower one only to repel each other before they meet. This
phenomenon is known as an “avoided crossing”,”" quantitatively formulated the
non-crossing rule in 1929 proving a theorem initially proposed by Hund.”
However, the adiabatic BOA fails in the case of close-lying electronic states, known
as electronic near degenerancies. It 1s well established that electronically excited
states play crucial roles in a variety of chemical phenomena. Even when the mitial
or final states are not excited states, in many cases they play important roles in the
midst of chemical processes. Non-adiabatic chemical reactivity can be defined as
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1. Introduction

chemical processes i which excited electronic states are involved or transitions
among two or more electronically adiabatic potential energy surfaces, which are
called “non-adiabatic transition”.”"™ Since such a transition cannot be described by
classical mechanics, non-adiabatic transition is a quantum mechanical effect. These
electronic states can be of the same spin multiplicity, as it occurs in conical
mtersection (CI), whereas 1f the states have different spin symmetries those lead to
mtersystem crossing (ISC).

The failure of BOA to treat the above cases can be associated to the
LP]-) between two adiabatic
electronic states W; and W, where Vg is the gradient of the nuclear coordinate
space. Thus, these regions provide crucial conduits by which products in their
electronic ground states can be formed via excited states of some previous
stationary structures, such as R, T'S and/or 1.

In the last years, the study and characterization of nonadiabatic processes
has received much attention. Thus, the recent interest from both theoreticians and
experimentalists 1 studying nonadiabatic dynamics and its manifestation 1in
molecular spectroscopy when the nuclear motion 1s ruled by two or more PESs,
has demonstrated the importance of such processes. Additionally, the precision of
the modern theoretical methods has increased considerably due to the
development of the techniques m electronic structure theory. It permits a
cooperative progress between experiments and first principles theories which
motivate the interest concerning nonadiabatic effects.

The representation of PESs and their interstate iteractions has long been a
goal of TCC."™" The work developed by the groups of Yarkony,” Ruedenberg and
co-workers," and Robb and co-workers" " has shown both that CI and ISC are a
very common feature of PES. As a result of that, presently, one can use techniques
and algorithms that permit the determination of those geometries for which CI and
ISC appear for in vacuo systems.

Many important reactions occur on several PESs, comprising a variety of
cases, which still require formidable theoretical and computational efforts™ """ even
recently the interest has been shifted to the study of processes in solution™” or
taking into account the environment.”""

As 1t was previously mentioned, the description of chemical reactivity has
been principally based on the paradigm of spin conservation, specifically that the
rate-limiting step takes places on a single PES of uniform spin. These reactions can
be classified in terms of SSR. However, recently Shaik and co-workers™ have
proposed a new concept to describe chemical reactivity in organometallic chemistry,
namely, two state reactivity (I'SR), which 1s defined as follows: “A thermal reaction
which mvolves spin crossover along the reaction coordinate from reactants to
products needs to be described mn terms of two-state reactivity, if product formation
arises from an interplay of spin inversion and the respective barrier heights on both
spin surfaces”.”" The concept of TSR has been extended to multi state reactivity
(MSR)™ because of the evidence both experimental proofs and theoretical
mechanistics aspects of some bioinorganic enzymatic reactions which involve more
than two electronic states.””™ TSR and MSR concepts have emerged in response to

nonvanishing ~ derivative coupling F;; = (‘Piva

[31]
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mtriguing experimental data, which have indicated that oxygenation reactions by
enzymes like P450 and synthetic transition metal-oxo reagents behave as though
more than one oxidant species were mnvolved in the process.

TSR (or MSR) is a governing factor in many reactions when the adjacency
of excited-state surfaces makes 1t necessary to expand the single-surface
representation. The transition probability between the surfaces of different
multiplicities 1s of the same fundamental importance as TSs are, their entropic
requirements, and the associated barrier heights in the classical kinetic model.
Then, the changes mn bonding that drive chemical reactions can occur either
through the adiabatic variation of the electronic wavefunction with nuclear
configuration or through nonadiabatic changes mn electronic state.

1.4 Two State Reactivity

During a chemical reaction, if the ground state of the products has a
different spin state than that of the reactants, such reaction 1s referred to as spin-
forbidden, since n the absence of spin-orbit coupling (SOC), passing from a PES of
one spin to another of different spin is forbidden and does not happen.™ However,
the term “forbidden” is not always the most appropriate one, since the spin-
forbiddenness becomes less forbidden when the electrons responsible for the spin-
change are mainly localized in heavy elements present in reactants or products.™
Spin-forbidden reactions are an important class of nonadiabatic reaction, in this
sense that are fairly common i photochemistry but also in thermal. This process,
particularly, is more significant in chemical reactions involving biradicals,"radical
pair intermediates™ chemistry and organometallic chemistry.” ™™™ Thus, thermal
reactions that include more than one spin PES are becoming the topic of increasing
interest,” ™ therefore it is useful to have a general model to rationalize reactivity in
such cases.

Consequently, the spin-forbidden reactions occur on more than one PES
requiring the system to hop from the one PES corresponding to the nitial spin state
onto that corresponding to the product state for reaction to occur. In fact, in some
cases, reactions may require more than one hop, for example if the mechanism
mvolves an intermediate with a different spin state to that of both the reactants and
the products. This means that a reaction can be spin-forbidden even if reactants and
products have the same spin state if more than one spin change occurs.

The regions where PES of the reactants and products spin states cross one
another are called MECP (Minimum Energy Crossing Point). Note that MECPs are
not stationary points on either PES, but are stationary points in the 3N-
7dimensional seam of crossing.

PES can be of two types: adiabatic or diabatic. Adiabatic surfaces are
defined with the BOA as previously was mentioned, and diabatic surfaces come
from the Schrodinger equation solved using an Hamiltonian from which one or
more terms have been omitted, in particular the SOC. Thus, the spin forbidden
reactions can be then described in terms of diabatic surfaces, as sudden changes in
spin state, or in terms of adiabatic surfaces, as sudden hops from the lower adiabatic
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surfaces to the upper one. From the diabatic pomnt of view, for reaction to takes
place SOC must induce a hop from surface 1 to surface 2 as the system goes
through the crossing region. Hops can occur at any position along the reaction
coordinate, but they are more likely in the small region around the crossing point
where the two surfaces are close in energy.” Thus, if the SOC is virtually zero, the
probability of spin mversion (Ps) 1s negligible, and SSR mechanism predominates.
As well, 1if coupling between the spin surfaces has unit efficiency, 1.e. Ps=1, the
crossing 1s completely avoided, resulting again in an adiabatic surface which can be
described by SSR mechanism. Only if Ps 1s moderate, then TSR mechanisms play a
role. Given that SOC 1s large for heavy elements, TSR is primarily expected for 3d
transition metals, and perhaps also for the 4d block; for 4f, 5d, and 5f elements
Ps=1 1s assumed. On the other hand, in chemical reactions of polyatomic molecules
comprised exclusively of light atoms, ISC can be quite efficient despite the
necessarily small SOC constant values (less than 100 cm™).

In this way, the main element of TSR mechanisms 1s that it provides a new
kinetic scenario for reactions which proceed at thermal energies and 1s thereby
valuable for all branches of chemistry. Specifically, when spin mversion contributes
to the rate equation, the reactions may not anymore obey Arrhenius-type kinetics or
RRKM-type descriptions, since the temperature dependence of spin mversion and
passage over a (classical) barrier may operate in opposite directions. Spin inversion
1s basically a matter of lifetime of the reactant complex, and the latter decreases
upon Increasing temperature. Thus, inverse temperature dependencies can be
considered as typical features, though they are certainly not unique to TSR.

In the case of transition metal cations it is particularly interesting to explore
TSR mechanisms”™ " which involve the crossing between low- and high-spin PES
has been suggested to mfluence the reaction products distribution, and sometimes
play an important role in the kinetic of reactions. Among other interesting aspects,
these reactions can constitute simple models for analyzing some of the electronic
factors which could be relevant in the competiion among reaction paths leading to
different products.
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Métodos Teoricos y Modelizacion

2.1 Concepto de Superficies de Energia Potencial: Adiabaticas v/s
Diabaticas

El concepto de superficie de energia potencial surge de a partir de la
resolucion de ecuacion de Schrodinger independiente del tiempo dentro de la
BOA. Desacoplar el movimiento electronico del nuclear, permite que el
Hamiltoniano total de un sistema molecular pueda ser descrito como la suma de:
un  Hamiltoniano nuclear y otro electronico. Este udltimo dependera
paramétricamente de las coordenadas nucleares.

La aproximacion se basa en el hecho de que la masa del nucleo es mucho
mayor que la del electron, tal que, los electrones ven al nicleo en su posicion
mstantanea mientras que el nicleo ve una posicion promedio de los electrones y al
mismo tiempo determina su energia potencial y, por ende, las fuerzas.

Asi, la ecuacion de Schrodinger independiente del tempo corresponde a,

H(r,R)¥(r,R) = W¥(1,R) 2.1)

donde r mdica las coordenadas electronicas y R las coordenadas nucleares. De
esta manera el Hamiltoniano puede expresarse de la siguiente forma:

H(r,R) =Ty(R) + T,(r) + Vyo(r, R) + Vyn(R) + Voo () 2.2

Utilizando teoria de perturbaciones, el Hamiltoniano puede escribirse de la
siguiente manera:

H(r,R) =H°+ H' 2.3)
en donde,
HO = Te(r) + VNe(r:R) + Vee(r) + VNN(R) (24)
y
H' =Ty(R) (2.5)
siendo,
w=wo+w’ (2.6)
y para la funcion de onda,
P =yo 4y’ 2.7)
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Asi la ecuaciéon de Schrodinger de orden cero serd,
HO(r, R)¥°(r,R) = W°(R)¥°(r, R) (2.8)
y la de orden uno sera,

H'(r,R)¥°(r,R) + H°(r, A)¥°(r,R) = WO(r, A)¥°(r,R) + W' (R)¥Y°(7,R)
2.9

en donde el valor de la energia de orden cero, W°(R), es la energia del sistema
para una configuracion de nucleos fyjos. De esta forma, la ecuacion de Schrodinger
depende paramétricamente de la posicion de los nucleos y utiiza como tnica
variable la posicion de los electrones. La ecuacion (2.8) recibe el nombre de
ecuacion electronica, la cual describe el movimiento de los electrones en un campo
en donde los nicleos estan fyjos. Por lo tanto la energia total de un sistema
molecular para una configuracién nuclear fija es:

ZiZjeZ

E(R) = E.(R) + Xi>; R (2.10)

La funcion de onda de orden cero, se puede expresar como funciones de
estado electronicas, de esta forma:

HO(r,R)¢,(r,R) = E,(R)Y, (1, R) (2.11)

Ademads, como estas funciones forman una base completa, se pueden utilizar para
la ecuacion (2.1). De esta forma podemos expresar la funcion de onda W de la
siguiente manera:

Y, R) = Xy xu(R)Yyu(r, R) (2.12)

en donde x,(R) es el coeficiente del desarrollo, que solo depende de las
coordenadas nucleares, las cuales son constantes en la determinacion de ¥, (r, R).
Por otro lado, si reemplazamos la ecuacion (2.12) en la ecuacion (2.1) y
multiplicamos por Y,(r,R) e integramos sobre las coordenadas electrénicas,
obtenemos:

[TN(R) + Ev(R)]Xv(R) + Z((¢V|TN|¢u)Xu - (¢U|VR|¢[L>M_1VR Xu) = WXu(R) (2°13)

Al admitir que la funcién de estado electrénica no cambia y que Y varia
lentamente con el movimiento de los nicleos, podemos asumir que el segundo y el
tercer término de la ecuacion (2.13), pueden ser omitidos, por lo que la ecuacion se
reduce a:

[Tw(R) + E,(R)x»(R) = Wxy(R) (2.14)
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De esta manera, la ecuacion anterior nos muestra que los coeficientes son los
vectores propios. Esta es la llamada ecuacion nuclear que describe el movimiento
de los nicleos en un campo con potencial E(R). Esta es la razon por la cual E(R)
es llamada superficie de energia potencial

Por otro lado, la BOA se utiliza en los cidlculos de estructura electrénica,
sin embargo no es una aproximacion adecuada en los casos en que la separacion
del movimiento nuclear del movimiento electronico no es valida. En la ecuacion

(2.13) el termino <¢U|VR|¢M) no siempre puede despreciarse, ya que

(0 |Vlup) = LBl .15

puede tener un valor elevado, como por ejemplo, cuando el denominador tiende a
cero. Esta situacion ocurre cuando dos superficies correspondientes a dos estados
electrénicos diferentes se aproximan (degeneracion o cuasi-degeneracion).

En las zonas donde la BOA no es vilida, el concepto de PES no tiene
sentido 'y los movimientos nucleares y electréonicos deben describirse
simultineamente.

Las funciones de estado que dan lugar a que el térmmo de la ecuacion
(2.15) sea nulo, dan origen a superficies de potencial adiabéticas (por el contrario,
en el caso en el que la BOA no se cumpla, se denomian superficies diabaticas).

b)

a)

Figura 2.1 Perfiles de energia potencial. a) Adiabaticos b) Diabaticos.
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2.2 Ecuaciones de Hartree-Fock

La funcion de onda de N electrones puede ser descrita a través de un
determinante de Slater, para el cual tiene asociado un conjunto de espin-orbitales
{x4}. Este determinante de Slater garantiza la indistinguibilidad de los electrones
ademas del mtercambio electronico. Asi la funcién de onda de N electrones puede
ser descrita de la siguiente manera:

IO I 21 0) BRI ()
. w2 o (@)

W)=Y (12,...... ,N):W (2.16)
Z(N) . . av(N)

De acuerdo con el principio variacional, los mejores espin-orbitales son
aquellos que minimizan la energia electronica, obteniendo la siguiente expresion
para la energia,

Ey = (%|H|Wo) = Balalhla) + > Tap(abllab) 2.17)

Si los espin-orbitales son un conjunto ortonormal de manera que {¥4|xp) = Oqp-
Entonces, esta ecuacién contiene los mejores espin-orbitales para las ecuaciones
mtegro-diferenciales de Hartree-Fock (HF),

h(Dxa (1) + Zpzalf doxalxp (D1Priztlxe (V) = IS dxoxs @) xa (@) X (1) =
saya(l)
(2.18)

siendo,
Z
h(1)=—;Vi—Ta;t (2.19)

El primer término de la ecuacion (2.19) corresponde al operador de la energia
cinética de los electrones y el segundo corresponde al operador de atraccion entre
el nacleo y cada electréon. Los dos dltimos términos del lado derecho la ecuacion
(2.18) corresponden al término de la mteraccién coulémbica de dos electrones y al
término de intercambio el cual surge de la naturaleza antisimétrica de la funcion de
onda respectivamente.

El término de Coulomb en las ecuaciones de HF, posee la siguiente
expresion:

vEOM (1) = Ypra f dxalxp (217 gt (2.20)
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De esta forma, el electron 1 estd sujeto a un potencial promedio generado por el
electréon 2 en todo el espacio. El término que aparece en el sumatorio, b # a,
permite que se obtenga el potencial promedio entre los N-1 electrones que
participan en el sistema. Por lo tanto, es conveniente definir un operador de
Coulomb como,

Jp (1) = [ dxa|xp (21275 2.21)

el cual representa el potencial promedio local de un punto en el espacio producto
del electron que se encuentra en yp. Asi, podemos escribir la ecuacion de HF
como una ecuacion de valores propios,

[h(l) + Zbiajb (1) - Zb:ta kb(l)]){a(l) = Ea)(a(l) (2-22)

en donde se ha introducido el operador de mtercambio que esti actuando sobre el
espin-orbital y, de la siguiente manera:

kp(WDxa (1) = | dx x5 )2 xa () x5 (1) (2.23)

Los términos de Coulomb y de mtercambio pueden ser expresados de la
siguiente manera:

v =3y jp (1) = X ke (1) (2.24)
por lo que el operador de Fock puede ser escrito de la siguiente forma:
f() =h(@) +vHF(1) (2.25)
Asi, la ecuaciéon de HF,

flxa) = €alxa) (2.26)

es una ecuacidon donde los espin-orbitales son las funciones propias y la energia
como valor propio. La resolucion exacta de esta ecuacion diferencial corresponde a
los espin-orbitales exactos y sélo es valida para atomos. Normalmente se mtroduce
una expansion de funciones de base para los espin-orbitales con el objeto de
resolver el conjunto de ecuaciones matriciales que describiran al sistema. Solo
cuando se utilice un conjunto de bases completo, se obtendrda una aproximacion
cercana a la resolucion exacta de las ecuaciones de HF.
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2.3 Metodologias Post Hartree-Fock

La funcion de onda HF electronica se expresa como un producto
antisimetrizado de espin-orbitales y la energia se calcula aplicando el teorema
variacional. En este método, los electrones se mueven en un campo de potencial
promedio creado por los electrones restantes, por tanto el movimiento de uno de
los electrones depende del resto. En consecuencia, el movimiento de los electrones
estd correlacionado entre ellos.

En el método de HF es interesante analizar las limitaciones que posee,
como la probabilidad simultinea de que el electron 1 esté en @7 y el electréon 2 en

dr,. Para un determinante de Slater de dos electrones con espin contrario se puede
demostrar que la densidad de probabilidad es:

P(, 1) = [P (DI [P ()| (2.27)

La probabilidad de que un electréon se encuentre en cierta parte del espacio
es independiente de la posicion del otro electron y, por tanto, el movimiento de los
dos electrones no esta correlacionado. Puede demostrarse que P(7,7 )# 0, puesto
que existe una probabilidad finita que dos electrones con espin contrario se
encuentren en el mismo punto del espacio. Por otro lado, dos electrones con espin
paralelo, la probabilidad de encontrarlos en el mismo punto en el espacio es cero.
Asi, en un determinante de Slater el movimiento de los electrones de igual espin
esta correlacionado. Esto recibe el nombre de correlacion de Fermi.
Consecuentemente, se denomina el agujero de Coulomb o agujero de Fermui a la
region del espacio alrededor de un electréon en que la probabilidad de encontrar un
electron de espin contrario o igual, es muy pequena.

Se define la energia de correlaciéon como la diferencia entre la energia
exacta no relativista y la energia HF. Existen muchos métodos que incluyen la
correlacion electronica. En métodos convencionales que inician a partir de la
funcion de onda HF se denominan métodos post-HF.

2.3.1 Método SCF multiconfiguracional

El Método MCSCF (multiconfiguration self-consistent field) puede ser
considerado como un tratamiento de interaccién de configuraciones (IC) donde no
solo los coehicientes de los determinantes son optimizados por el principio
variacional, sino que también los orbitales moleculares (MO) son optimizados para
construir los determinantes de Slater. La optimizacion del método MCSCF es
iterativa al igual que cualquier procedimiento SCF. Sin embargo este procedimiento
no garantiza que la solucion encontrada por el método MCSCF corresponda a un
minimo de energia como funcién de los coeficientes de los MO. Por otro lado, las
funciones de onda MCSCF son por una parte mucho mas dificiles de converger y
por otra son mas propicias a converger en soluciones que no corresponden a
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minimos de energia. De esta forma, los métodos MCSCF son poco utilizados para
calcular la totalidad de las energias de correlacién, puesto que la optimizacion de
los orbitales generalmente no mejora la correlacion, y por lo tanto es mas eficiente
incluir un nimero mayor de determinantes de Slater y mantener los orbitales fijos
si el objetivo es mejorar la correlacion del sistema (esto corresponde al
procedimiento de imteraccion de configuraciones (IC)). De esta forma, el mayor
problema con los métodos MCSCF es seleccionar las configuraciones necesarias
respecto a las propiedades interesadas en calcular.

Una de las aproximaciones mas conocidas que mejora los calculos MCSCF,
es el método CASSCF (complete active space self-consistent field). Aqui la
seleccion de las configuraciones se hace agrupando los orbitales en activos e
mactivos. Los MO activos seran los mas altos ocupados y algunos mas bajos
desocupados que se obtienen a partir de un simple cilculo HF. Los orbitales
mactivos poseen niameros de ocupacion 0 6 2, es decir, doblemente ocupados 6
vacios. Con los MO activos se realiza una IC completo y todas las propiedades de
simetria deben ser adaptadas manualmente. Si varios puntos en la PES son
calculados, entonces el espacio activo MCSCF deberia incluir a todos aquellos
orbitales que cambian significativamente, 6 en los cuales la correlacion electronica
se espera que cambie. La notacion comun para este tipo de calculos es
CASSCF(n2,m), donde n indica el nimero de electrones que son distribuidos en
todas las formas posibles en los m orbitales correspondiente al espacio activo.

El método CASPT2 considera a la funcion de onda MCSCF como funcion
onda de orden cero y luego aplica la teoria de pertubarciones (Moller-Plesset)
generalizada. La funcion de onda mas cominmente utilizada para este proposito es
la funcién de onda CASSCEF. La inclusion de las correcciones de energia hasta
orden 2 origina el método CASPT?2 (teoria de perturbaciones de segundo orden de
espacio activo completo). El método CASPT2 ha dado buenos resultados similares
a los obtenidos con los calculos MRCI (multireference configuration mteraction),
pero con un esfuerzo computacional menor.

2.4 Teoria del Funcional de la Densidad

La funcion de onda electréonica de una molécula de n-electrones depende
de 3n coordenadas espaciales y n coordenadas de espin. Debido a que el
Hamiltoniano contiene términos de uno y dos electrones, la energia del sistema se
puede describir como integrales que consideran solamente seis coordenadas. De
esta forma, la funcion de onda contiene mas informaciéon de la que necesita ademas
de carecer de un sentido fisico. Es por esto que se mici6 la busqueda de funciones
que implicaran menos variables que la funcion de onda y que permitieran calcular
la energia y otras propiedades moleculares.

En la década de los sesenta, Pierre Hohenberg y Walter Kohn™
demostraron que para moléculas con un estado fundamental no degenerado, la
energia molecular del estado fundamental, la funcién de onda y todas las demas
propiedades estaban determinadas por la densidad de probabilidad electrénica. Por
conseguiente, se establece que la energia del sistema es un funcional de la densidad
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Ey = Ey[pg]- Asi, la teoria del funcional de la densidad, DFT, permite calcular la
energia y otras propiedades moleculares del estado fundamental a partir de la
densidad electronica del estado fundamental py.

2.4.1 Teorema de Hohenberg y Kohn

La funcién de onda electronica del estado fundamental ¥ de una molécula

de n-electrones es una funciéon propia del Hamiltoniano puramente electronico, el
cual posee la siguiente expresion:

ﬁ = —l i=1 Vlz + Z?=1U(ri) + Z]Zl>]% (228)

2

donde el término Y-, v(r;) corresponde al potencial de interaccion entre el
electréon 1y los nucleos. En DFT a este potencial se le denomina potencial externo,
puesto que es el potencial que es producido por las cargas nucleares que teractiia
con los electrones.

Hohenberg y Kohn demostraron que para un estado fundamental no
degenerado, la densidad de probabilidad, py(r), determina el potencial externo
(excepto en una constante aditiva arbitraria) y ademds determina el numero de
electrones. Entonces, la funcion de onda del estado fundamental y la energia estan
determinadas por la densidad electronica del estado fundamental.

Una de las condiciones que deben cumplirse es que la densidad debe
mtegrar al nimero de electrones, de manera que f po(r)dr = N.

La demostracion del teorema es por contradiccién, de manera que
supondremos que po(r) determina dos potenciales externos a la vez v, v vy, (que
se diferencian en una constante). Esto implica que cada potencial da lugar a la
misma densidad electronica del estado fundamental po (7).

Sean H, y Hy los Hamiltonianos de n-clectrones correspondientes a vg y
v, respectivamente, en donde v, y v, no estin dados necesariamente ya que
pueden ser cualquier potencial externo. Sean g 4, Yop V Eoq, Eop las funciones
de onda del estado fundamental normalizado y las energias para esos
Hamiltonianos, respectivamente. g 4, Pop deben ser funciones distintas, puesto
que son funciones propias de Hamiltonianos diferentes que difieren en mas de una
constante aditiva. Si el sistema es no-degenerado, entonces existe una tnica funcion
de onda normalizada asociada a la energia exacta del sistema y por el teorema
variacional cualquier funcion de onda de prueba dard una energia mayor que el
valor exacto, de manera que podemos utilizar como funciéon de prueba g, para el
Hamiltoniano ﬁa. Asi, tenemos,

Eoq < (Wop|HalWop) = (Wop|Ha + Hy — Hp|thop) =

<¢o,b|ﬁa - ﬁb|¢0,b> + (1/’0,b|ﬁb|¢o,b) (2.29)
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H, vy H, solo difieren en los potenciales externos, por lo que el termino que
e o - P - B
contiene la resta de los Hamiltonianos corresponde a: H, — Hp = Y-, [v, (1)
vb(77). Reemplazando esto en la ecuacion anterior, tenemos,

Eoq < (Wop| Zalva() — v,(r)] |¥op) + Eop (2.30)

La ecuacion (2.30) se puede escribir de otra manera, puesto que los
potenciales externos son operadores de un solo electrén, por tanto,

Eoa < [ pop(Mug(r) —vp(r)] + Egp (2.31)

De manera andloga si intercambiamos a por b y realizamos el mismo
procedimiento, entonces obtenemos algo similar:

Eop < [ poaMvp() —v (] + Epq (2.32)

Asi, si se suman las desigualdades de la ecuacion (2.31) y (2.32), obtenemos:
Eoo+ Eop < Egp+ Egq (2.33)

Por supuesto, este resultado es falso, por lo que demuestra que dos
potenciales externos, no pueden producir la misma densidad electronica del estado
fundamental, por lo tanto la densidad de probabilidad electrénica de estado
fundamental, py, determina el potencial externo. A su vez p, determina el
Hamiltoniano electronico molecular, la funciéon de onda del estado fundamental, la
energia y otras propiedades.

La energia electronica del estado fundamental E,, es asi, un funcional de
Po(r), el cual se pude expresarse como Ey = E,[p,] en donde el subindice v
denota la dependencia del potencial externo, que difiere para distintas moléculas.

Asi, la energia puede expresarse como una funcional de la densidad, de
manera que se obtiene la siguiente expresion:

Ey = Eylpol = Tlpol + Vnelpol + Veelpol (2.34)

donde T[pg] corresponde al parte de la energia cinética, V,,[p,] es la energia de
repulsion de los electrones y Vyo[po] corresponde a la energia potencial de
atraccién nuclear localizado en un puntor. De esta manera es posible definir la
energia de la siguiente manera,

Ey = [ po(mu(@)dr + Tlpo]l + Veelpol = [ po(r)v(r)dr + F[p,] (2.35)

donde el funcional F[pg], definido como, F[py] = Tlpo]l + Veelpol, es

mdependiente del potencial externo. El problema de la ecuacion anterior es que no
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es una buena via para encontrar un valor de la energia, puesto que el funcional
F[po] es desconocido.

2.4.2 Teorema variacional de Hohenberg y Kohn

La demostracion del Teorema de Hohenberg y Kohn, conlleva a la
aparicion del segundo teorema, el cual corresponde al Teorema Variacional de
Hohenberg-Kohn. Para el cual demostraron que para toda funcion de densidad de
prueba pp,, (1) que satisface la condicion, ) Ppr(r) = Ny ppr(r) = 0 (en donde N
es el namero de electrones) para todo r, es valida la siguiente igualdad: E, =
E,[po]- Donde p, es la densidad electronica verdadera del estado fundamental que
minimiza el funcional de la energia.

2.4.3 El Método de Kohn-Sham (KS)

En 1965 Kohn-Sham" idearon un método practico para obtener p, y para
obtener Ej a partir de py. Con este método es posible resolver las ecuaciones de
forma exacta, pero debido a que el funcional F[py] no se conoce, debe
aproximarse, por tanto la formulacion del método de Kohn y Sham (KS) da lugar a
resultados aproximados.

Primero se considera un sistema no interactuante el cual posea la misma
densidad del estado fundamental que la de un sistema de interés real en donde los
electrones mteractiien. Luego se divide el funcional de la energia en componentes
especificos de manera de facilitar el analisis. De esta forma, la funcional de la
energia posee la siguiente expresion,

Elp(M)] = Tuilp(M)] + Veelp(M)] + Vee[p(M)] + AT [p(1)] + AV [p(r)] (2.36)

donde el término Tp;[p(r)] corresponde a la energia de un sistema no
mteractuante, el siguiente término corresponde a la interaccion nuclear de cada
electron y V,.[p(7r)] es el término que corresponde a la repulsion clasica electron-
electron. Asi, los dos ultimos términos de la ecuacion (2.36) corresponden a la
correccion de la energia cinética derivado de la naturaleza interactuante de los
electrones y a todas las correcciones no clasicas de la energia de repulsion entre
electrones respectivamente.
Por lo tanto, la energia se puede expresar de la siguiente manera,

lfp(r’)dr
27 |ri-r'|

xl-)] +2 ()a

Xi) + Exelp ()]
(2.37)

Bl = 5 [(

1 z
_EV%|X1'> - <)(i| Zﬁudeo -

[ri—Tkl

en donde N es el nimero de electrones. La densidad para una funciéon de onda de
Slater es:

p =YL (xlx) (2.38)
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Por otro lado, s1 se quiere encontrar los orbitales ¥ que minimicen la
energia, es necesarlo satisfacer la siguiente ecuacion de autovalores,

L= ST
siendo,
OE
Vee = ﬁ (2.41)

el cual corresponde al potencial de intercambio y de correlacion, y es por tanto, el
operador que dara el valor de la energia de correlacion.

La energia de la ecuacion (2.36) que se minimiza, corresponde al valor
exacto de esta y por lo tanto, los espin-orbitales que de ahi surgen dan lugar a la
densidad exacta del sistema.

Para determinar los orbitales de KS de un sistema no interactuante, es
posible desarrollar esta 1dea dentro del contexto de los orbitales moleculares, para
el cual se elige un conjunto de funciones de base y se determinan individualmente
los coeficientes. La solucion a este tipo de problemas es exactamente igual a la que
se emplea para la resolucion de las ecuaciones de HF, de forma que cada elemento
de la matriz se puede expresar de la siguiente manera:

1 Z p(r' )dr
— <¢#|_ EVZ _ Z;{Lucleo k f + VXC

r=rel =

) (2.49)

Asi, las ecuaciones de KS estin muy ligadas a las ecuaciones de HF en lo
que al método de su resolucion se refiere, puesto que desde un punto de vista
matematico, estas ecuaciones se resuelven de forma iterativa. Sin embargo, la
diferencia de las ecuaciones de HF con las de KS, es que estas ultimas se pueden
resolver de forma exacta. Todo lo que se necesita saber es el valor que posee Exc,
es decir el valor de la energia de mtercambio y correlacion. Por lo tanto el gran
esfuerzo por desarrollar esta teoria radica en la busqueda de un potencial de
intercambio y correlaciéon que aproxime su valor de Eye a uno lo mas exacto
posible. En en otras palabras, el método DFT optimiza la densidad electrénica y no
la funcion de onda. Esto implica que la validez de los resultados DFT depende de
como la propiedad que se calcula es descrita por la densidad electronica, es decir,
como esta propiedad se relaciona con la densidad electronica. La exactitud de
cualquier funcional de intercambio-correlacion puede depender tanto del sistema
quimico estudiado como de la propiedad que se pretende obtener.

Dentro de la gama de potenciales de mtercambio y correlacion, es posible
agruparlos en tres grandes tipos segun las aproximaciones que se utilizan para
estimarlos.
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2.4.4 Aproximacion de la densidad local
El término Ex. se separa en dos contribuciones,
E..=E,+E, (2.43)

en el cual la energia de correlacion posee dos términos. El primero corresponde al
término de intercambio, mientras que el segundo corresponde al término de
correlacion. En la aproximacion LDA (Local Density Approximation) se asume
que este funcional s6lo depende de la densidad tratada como un gas uniforme de
electrones.

La expresion para el intercambio en este modelo corresponde a,

3

BEA(p) = =2 (%) [ pitr)dr 2.4
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La expresion para la energia de correlacion de un gas uniforme ha sido obtenida
basandose en calculos Monte Carlo.

Un caso particular de este tipo de aproximacion, es cuando E,. = ELP4 | es
decir, desprecia el término de correlacion. Esta aproximacion da lugar al método
denominado X, que fue propuesto por Slater en 1951.

2.4.5 Aproximaciones de gradientes generalizados

Para corregir las deficiencias del método anterior LLDA, el funcional de
mtercambio y correlacion debe depender no sélo de la densidad, sino que también
del modulo del gradiente de la densidad. La incorporacion de este método origind
los métodos GGA (General Gradient Approximations).

Estos métodos GGA parten del funcional LDA anadiendo términos de
correccion de gradientes. Cabe destacar que en el aio 1988, Becke (B) propuso un
funcional para el intercambio y para el funcional de correlacion. En 1991 Perdew y
Wang propusieron el funcional PW91. Otro funcional de correlacion conocido es
el desarrollado por Lee Parr y Yang (LYP). La combinacién del funcional de
Becke con los de correlacion de PW91 o LYP da lugar a los métodos BPWI91 y
BLYP respectivamente.

2.4.6 Funcionales hibridos

Este tipo de funcionales son aquellos que incorporan la energia de
mtercambio exacta de HF en el funcional de intercambio y correlacion. Puesto que
el potencial de intercambio de HF corresponde a un potencial no local, este tipo de
funcionales hibridos son también denominados no-locales también. Uno de los
funcionales hibridos mds conocido es el propuesto por Becke en 1993, el cual se
expresa de la siguiente manera:
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EB3 = ELPA 4 ag(ESF — EEPA) + a, AEZ + EXP4 + a AEPYO!  (2.45)

en donde ay, a, vy a, son tres coeficientes que se obtienen a partir de un ajuste de
datos experimentales termodinamicos. A menudo, a este funcional se le adiciona el
de correlacion LYP, por lo que el método toma el nombre BSLYP.

2.5 Formalismo de Sistemas de Capa Cerrada

Para sistemas con un niamero de electrones mmpares existe un electréon
desapareado en un orbital molecular denominando SOMO (Single Occupied
Molecular Orbital), por lo que este electron interacciona con los electrones
restantes que se encuentran apareados ocupando orbitales moleculares de menor
energia. Sin embargo, al resolver las ecuaciones, la interaccion con el electron alfa
desapareado con cada uno de los electrones de un orbital doblemente ocupado es
distinta, ya que la interaccion con el electron de su mismo espin da lugar a una
mtegral de Coulomb y una de intercambio, mientras que la interacciéon con el
electron de espin contrario beta solo origina una integral de Coulomb. Este hecho
produce el efecto denominado polarizacion de espin. Por tanto, el tratamiento de
resoluciones de las ecuaciones a nivel molecular, requiere de utilizar dos tipos de
tratamiento para los espin-orbitales para resolver la ecuacion de Schrodinger:
sistemas de capa cerrada y sistemas de capa abierta. En este apartado sélo se vera el
tratamiento para las ecuaciones de HF, aunque este tipo de tratamiento no solo es
exclusivo de este método, sino que para los métodos ab mtio y de DFT en
general.

2.5.1 Aplicaciones de la combinacién lineal de orbitales atomicos (CLOA).
Ecuaciones de Roothaan-Hall

La resolucion de las ecuaciones integro-diferenciales de HF solo es posible
realizarla a sistemas atomicos y a moléculas diatomicas, puesto que para sistemas
mas grandes la resolucion se torna muy complicada. En 1951, Roothaan y Hall
propusieron expresar los orbitales atomicos como combinaciéon lineal de un
conjunto de funciones de base, las cuales estin centradas en las moléculas, a los
cuales se les denominé orbitales moleculares. Debido a que la resolucion de este
tipo de ecuaciones se puede llevar a cabo tanto para el método de HF como para el
de KS, s6lo se harda una descripcion para el método HF.

Asi, un orbital molecular esta descrito entonces de la siguiente manera:

Y, = IIJ{=1 Coi®y (2.46)

Aplicando el operador de Fock a la ecuacion (2.46) se obtiene:

2115:1 Cvif (1)¢v(1) = 2115:1 Cvi€i¢v(1) (2-4'7)
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Luego multiplicando la ecuacion (2.47) por la izquierda por ¢, se obtiene:

§=1 Cvi(¢u(1)|f(1)|¢v> = 2115:1 Cvigi(¢u(1)|¢v(1)) (2-48)

Se define,

Fw = (9, (D|f (DI, (1)) (2.49)

el cual corresponde a un elemento de matriz de Fock, y

Suv = (¢, (1| B, (1)) (2.50)

corresponde a un elemento de la matriz de solapamiento. Reemplazando (2.49) y

(2.50) en (2.48) se obtiene,
5:1[F;w - giS;w]Cvi =0 (2.51)

La ecuacion (2.51) corresponde a la ecuacion de Roothaan-Hall, la cual se
puede escribir como un producto de matrices:

FC=SCE (2.52)

donde S es la matriz de solapamiento, £ es una matriz diagonal que contiene las
energias de los orbitales g;, C'es la matriz que tiene por columnas los coeficientes
¢y que definen los orbitales moleculares y Fes la matriz de Fock.

2.6 Sistemas de Capa Abierta en Hartree-Fock

No siempre las reacciones quimicas ocurren en un tnico estado electronico
y mas ain en unico estado de multiplicidad, en tales casos la descripcion del
comportamiento electronico no puede ser descrita nicamente a través de un
sistema de capa cerrada. Por tanto, en la descripcién de reacciones quimicas que
mvolucren cambios de estados electronicos, se torna fundamental la utilizacion de
una funcién de onda en la que cada espin-orbital sea descrito de forma tnica.

Al igual que en sistemas de capa cerrada, es necesario introducir un
conjunto funciones de base {y;} de manera de obtener las ecuaciones anilogas a
las de HF para sistemas de capa cerrada. Es asi, como se tiene un conjunto de
funciones base,

43 (T)a(w)}
(2.53)

”wzb%ww)
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para el cual debe cumplirse la ecuacion general de HF de valores propios en
término de espin-orbitales

FDx(D = ex(D) (2.54)

Asi los electrones @ son descritos a través de un conjunto de orbitales {l/)J“ lj =

1,2..K vy los electrones £ estan descritos por un conjunto de base diferente del
anterior {f|j = 1,2 ... K}.

Introduciendo la ecuaciéon (2.58) en las ecuaciones de HF (2.54) se obtiene
lo siguiente,

fYi(r)a(w,) = & (r)a(w,) (2.55)

Puesto que los espin-orbitales de los electrones de f son diferentes, es de

esperar entonces que las energias también lo sean. Por otro lado, s1 multiplicamos

la ecuacion (2.55) por a”(w,) e integramos con respecto a la coordenada de espin
nos queda:

fEYPFD) = (1) (2.56)
Del mismo modo obtenemos las ecuaciones para los electrones con espin £,
APl =yl (1) (2.57)
De esta forma es posible definir dos operadores para cada correspondiente espin

fe(r) = [dwa*(w)f (r, w)a (wy) (2.58)

fE(r) = [dw B (wy)f (1, w1)B (w1) (2.59)

Cada operador incluye la energia cinética, la atraccion nuclear y el potencial
efectivo del electron a. Las interacciones efectivas del electron o incluyen las
interacciones de Coulomb y de intercambio con los otros electrones a ademds de
la interaccion Coulombica con los electrones de espin . Asi,

Fe(1) = h(1) + TNea(1) — KE(D] + X502 I8 (1) (2.60)

A = h(D) + T 1) - KEW)] + 25 Je ) @61)

Por tanto, la energia electrénica para un sistema de capa abierta se define,
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Ng Ng 1 Ny N 1 Ny Ng Ng Np
Ey= Y hia+ Y Wi +o > > s kg +5 > > (5 KB+ ek
a a a b a b a b
(2.62)

Para resolver las ecuaciones de HF para sistemas de capas abiertas es
necesario mtroducir un conjunto de bases para transformar las ecuaciones mtegro
diferenciales a un sistema de ecuaciones de matrices. Para esto es necesario volver a
resolver las ecuaciones de Roothaan-Hall.

Asi, introducimos un conjunto de bases {(]bul u=123..K } y expandimos
los orbitales moleculares en la siguiente base:

Yif =i Chig,  i=123.K (2.63)

Yl =3k cleo, i=123.K (2.64)

L

sustituyendo las expansiones anteriores dentro de las ecuaciones de HF,
obtenemos,

o CE AWy (1) = & X,y C (1) (2.65)
o CEFF W, (D) = &f X, ¢ ¢, (1) (2.66)

Si multiplicamos la ecuacion (2.65) por ¢, (1) e integramos sobre las coordenadas
espaciales de un electrén, obtenemos:

2w B G = & Xy SunCyj j=123..K (2.67)

En donde .5 corresponde a la matriz de solapamiento y F% es la representacion de

f% en la base {‘»bu}
E% = [drig,(Df*“(Dé, (1) (2.68)
Los mismos resultados se obtienen para los orbitales . Las ecuaciones
algebraicas en (2.67) y las correspondientes ecuaciones para los orbitales f pueden
ser combinadas dentro de dos ecuaciones matriciales,
F*C* =S5C%e” (2.69)
FECP = SCPeP (2.70)

Ambas ecuaciones son la generalizacion de las ecuaciones de Roothaan-Hall
para sistemas de capa abierta. Estas son las denominadas ecuaciones de Pople-
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Nesbet. Las matrices €% y &P son matrices diagonales que contienen la energia de
los orbitales. Las matrices cuadradas de K X K, C% v CPposeen como columnas la
expansion de coeficientes de P y Y. Estas ecuaciones pueden ser resueltas de
manera similar a las ecuaciones de Roothaan-Hall, solo que esta vez la resolucion
de ambas ecuaciones debe ser de forma simultinea.

2.7 La Aproximacién Broken-Symmetry

Las aplicaciones del DFT a sistemas moleculares estin entendidas en el
contexto de las ecuaciones de KS para un sistema mono-determinante. Sin
embargo, algunos sistemas quimicos no estin bien descritos con un unico
determinante de Slater. Las aplicaciones del DFT para tales sistemas es tanto
técnica como conceptualmente problematica. Por ejemplo, cuando el DFT es
aplicado en sistemas de capa cerrada (closed shell systems), la prediccion de las
diferencias de energia singlete-triplete, pueden ser mal estimadas si se comparan
con los resultados experimentales. Un analisis riguroso indica que generalmente no
existe problema en describir el estado triplete, no obstante la descripcion del estado
singlete es insuficiente como consecuencia del caracter mono-determinantal del
formalismo de las ecuaciones de KS. En casos como este, en donde existe
correlacion no-dinamica, hay aproximaciones que corrigen las deficiencias del
formalismo de las ecuaciones de KS. Una forma de solucionar este problema
corresponde simplemente a aplicar un tratamiento de capa abierta a la funcion de
onda singlete, con el fin de romper la simetria de espin, es decir, a pesar de que
sistema sea de capa cerrada, los espin orbitales @ y f son descritos espacialmente
mdependientes. Esto mejora considerablemente las diferencias de energia singlete-
triplete. Sin embargo, el valor total del operador de espin <S™ para el determinante
de KS es mayor que el valor esperado, debido a la contaminacién de espin. Asi, si
las energias obtenidas utilizando el DFT, en donde las funciones de onda de KS
poseen un valor del operador <S> igual a 1 (es decir, existe un mezcla igualmente
ponderada entre singlete y triplete), pueden ser interpretadas como energias que
provienen de una mezcla de estados singlete y triplete. No obstante, no se puede
ignorar la contaminacion de espin. De forma exacta, la aproximacion broken-
symmetry (BS) es mono-determinante puesto que mezcla ambos estados
electronicos que poseen el mismo peso, sin embargo es mtrinsecamente doble
determinantal puesto que es un singlete de capa abierta (open shell singlet).

2.8 Funcién de Localizaciéon Electronica ELF

La funcion de localizacion electréonica (ELF) fue propuesta por Becke y
Edgecombe™ en 1990 como una medida de la localizacion electronica en sistemas
atomicos y moleculares. El andlisis topoldgico del campo gradiente de la ELF es
una poderosa herramienta que permite una division de la posicion en el espacio de
la densidad electronica de una molécula o un sélido. Asi, esta funcion se expresa de
la siguiente manera:
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N 1
nr)=———= 2.71)
1+(DDé.1)>2

donde D?(1) representa la laplaciana de la densidad de probabilidad condicional
cuando la posicion de un par de electrones es la misma, la cual posee la siguiente
formula:

1]vpo()|?

D?(1) = ZilVxil* = =50 (2.72)

donde y; son espin orbitales de HF u orbitales de KS.

Silvi y Savin™ han propuesto otra interpretacion de la ELF, al considerar la
laplaciana de la densidad de probabilidad condicional como un exceso de la
energia cinética debido a la repulsion de Pauli,

D°(1) =T, — Tyy 2.79)

donde Ty es la energia cinética local del sistema de fermiones, mientras que Ty, es
la energia cinética que de un gas de electrones (funcional de von Weizsacker).

Los valores que recoge la ELF estin dentro de un intervalo entre 0 y 1. Asi,
los valores proximos a 1 mmplican regiones de localizacion de pares electronicos
(con baja repulsion de Pauli). Por el contrario, cuando la ELF tiene valores muy
pequenos la probabilidad de apareamiento de electrones es baja. De esta forma, la
mterpretacion matematica de este tipo de andlisis, permite una correspondencia
entre algunos objetos quimicos de sistemas moleculares y atomicos tales como
enlaces quimicos y pares de electrones solitarios.

De acuerdo a la interpretacion de Silvi y Savin,” la ELF puede dividir el
espacio molecular en cuencas de localizacion electronica. Estas cuencas se
denominan cuencas de core, C(X), cuando contienen un nucleo en su interior, o
cuencas de valencia V(X,...), pertenecientes a la capas mds externas y caracterizadas
por el orden sindptico (nimero de coordinacion de cuencas de core). De esta
forma, la presencia o ausencia de atractores di o polisinapticos sera una indicacion
de mteraccion con electrones compartidos o de capas cerradas, respectivamente.

Adicionalmente, la ELF permite el cilculo de propiedades atomicas de
forma cuantitativa. Asi las poblaciones de cuenca, N, se obtienen integrando la
densidad electrénica sobre esta cuenca y se define como la suma de las
contribuciones de espin @ y . Las densidades de espin (S2) para sistemas de capa
abierta a partir de la contribuciones de los electrones a y . La fluctuacion relativa,
A, que proporciona informacioén sobre la localizacion de los electrones y por tanto
del tipo de enlace. Finalmente, un incremento del valor de la ELF, 7(7) permite

construir los llamados diagramas de arbol, que muestran la jerarquia de las cuencas.
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2.9 Localizacién de Puntos de Cruce entre Dos Superficies de Energia
Potencial

Algunos sistema moleculares poseen una gran variedad de estructuras
1soméricas, las cuales corresponden a minimos en una determinada PES. Sin
embargo, en algunos casos estos 1séomeros pueden estar situados en diferentes
PESs. La interconversion de estas especies es por tanto un proceso no-adiabatico y
obedece a reglas completamente diferentes de aquellas que rigen los movimientos
en una unica PES. De esta forma, surge la necesidad de encontrar un camino de
reaccion que conecte tales especies. El camino por el cual la reaccion transcurre
debe ser un camino de minima energia y por tanto es necesaria la localizacion de
un punto de cruce, MECP, entre las PESs asociadas a los estados electréonicos
correspondientes 'y que al mismo tiempo cumpla con las restricciones
correspondientes a la topologia de las PESs involucradas.

Varios métodos para localizacion de MECP han sido propuestos.
Sin embargo, algunos de estos requieren el cilculo de gradientes analiticos (el cual
requiere un alto coste computacional) ademas de generar mayores restricciones a
nivel de la estructura electronica del sistema. Asi, Harvey™ ha propuesto un

[42, 50, 53, 60, 100]

método de localizacion de MECP que utiliza las energias E, de las respectivas
PESs involucradas junto con sus correspondientes gradientes, dE /dq, respecto a
las coordenadas nucleares ¢, para luego generar dos gradientes efectivos f y g.

Estos vectores son ortogonales y tienden a cero en el MECP, en donde los
gradientes de energia son paralelos. Estos gradientes estan definidos de la siguiente

manecra:
OE OE
f=(E-E)|—"|-| = ||=(E -E)x (2.74)
oq oq
g:[ﬁElJ_ X, [8E1). X, ©.75)
oq |x ||\ 9q ) | x|

La geometria del punto de cruce es obtenida a través de un algoritmo de
minimizacion siguiendo la suma de los gradientes f v g con un método simple
de descenso, para que la geometria pueda converger raipidamente.

Por otro lado, la expresion para calcular la energia en ambas superficies esta
en funcién de un pequeno desplazamiento Ag (ortogonal a x,),

1 (aaEz = aaEz H‘ 1
E=Eypep+=Aqg"| L L A=, +=Aq"H  Aq (2.76)
2 |x1| |x1| 2
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En donde H; y H, son las matrices Hessianas de segundo orden de la
energia con respecto a las coordenadas nucleares en ambas superficies. Estas
pueden ser calculadas a partir de cualquier codigo comercial a disposicion. La
diagonalizacion de la Hessiana efectiva, H, ¢ proporcionard los modos normales y

las constantes de fuerzas para los movimientos a lo largo de hiperlinea del cruce.

2.10 Teoria, Experimento y Computacion

Como resaltaron en el ano 2001, Brickmann y Sauer:"" “Science is
undergoing a structural transition from two broad methodologies to three, namely
from experimental and theoretical science to include the additional category of
computational and mformation science. A comparable example of such a change
occurred with the development of systematic experience science at the time of
Galileo”-Advanced Scientific Computing Committee of the US National Science
Foundation.

Los métodos y las técnicas de la quimica teorica y computacional (QTC) se
pueden considerar como una herramienta fundamental en todas las areas de la
Quimica y son de utilizacion obligada en muchos laboratorios de investigacion. Asi
lo sefiala Marcus"" (premio Nobel de Quimica en 1992), en el que da ejemplos que
tlustran la importancia de la interaccion entre experimento, teoria y computacion.
Estos ejemplos incluyen catdlisis en medio acuoso de reacciones organicas, catalisis
enzimatica, fluctuaciones de moléculas simples, asi como trabajos en reacciones de
transferencia electronica, atomica o de grupo.

La modelizacion molecular permite estudiar y analizar tanto la estructura y
el tipo de enlace en las moléculas. En reactividad quimica, la combinacion de
estudios experimentales y computacionales puede dar importantes indicios sobre
los mecanismos y la cinética de la reaccién, siendo la frase anterior también valida
en cualquier disciplina cientifica, ya que las simulaciones computacionales y la
modelizacion molecular aportan informacion valiosa en situaciones donde los
experimentos no pueden ser realizados debido a dificultades técnicas 6 porque
conllevan altos costes. El tratamiento teérico de estructuras tiene como gran ventaja
la capacidad de prediccion y de mterpretacion de éstas, en muchos casos resulta
mmposible llevar a cabo experimentos por la inestabilidad de las estructuras a
estudiar, y en otros conviene disenar un compuesto con unas caracteristicas
determinadas; lo cual no resultaria posible muchas veces sin los resultados que se
obtienen a partir de la aplicacion de los métodos y técnicas de la QTC. A su vez,
esta permite el estudio de sistemas complejos con un nimero elevado de atomos.
Un ejemplo de ello es la caracterizacion de los estados de transicion, 6 de ciertos
mtermedios cuya observacion directa requiere tiempos de vida tan cortos que es
practicamente imposible detectarlos mediante técnicas espectroscopicas, aunque
estas técnicas ya alcancen los femtosegundos'™ "™ 6 incluso los attosegundos." En
este sentido cabe sefalar el comentario de Truhlar:” “Computations on complex
systems are, In my opinion, the current frontier of theoretical chemistry”. De esta
forma se puede afirmar que la modelizacion y la simulacion pueden considerarse
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métodos i silico que son una herramienta fundamental para analizar las
propiedades y predecir las propiedades quimicas y fisicas de sistemas atomicos y
moleculares.

Existen diversos métodos tedricos y técnicas computacionales, que se
desarrollan a partir de diferentes teorias que las fundamentan. Estas teorias
presentan una serie de ecuaciones matematicas que hay que resolver y para ello se
utilizan aproximaciones. Dichas aproximaciones son necesarias para resolver las
complejas ecuaciones diferenciales que se plantean, aunque estos inconvenientes se
han 1do superando gracias a los avances tecnologicos obtenidos durante las altimas
décadas, entre los cuales incluyen microprocesadores cada vez mas potentes y de
menos coste; dispositivos de memoria y almacenamiento; y clusteres de
computadoras con capacidades de cilculo y visualizacion muy avanzadas. Los
resultados teoricos que se obtienen permiten proponer nuevos experimentos y
simulaciones que nos ayudan a incrementar ain mads el conocimiento de tales
sistemas. Pero es necesario senalar que se hace indispensable un conocimiento de
los fundamentos tedricos que hay detras de cada uno de los métodos teoricos y las
técnicas computacionales que se emplean, de modo de asegurar que el resultado es
correcto y que se encuentra dentro de margenes razonables. Para eso, es necesario
saber cudles son las limitaciones del método y de la técnica. A su vez, el conjunto
de estas limitaciones influird en el proceso de definicion del modelo, como
descripcion aproximada del sistema real a estudiar. En otras palabras el estudio
teorico de un sistema real conlleva al diseno de un modelo que sea capaz de
describir con el mayor grado de exactitud posible el conjunto global de
mteracciones presentes en el sistema. En esta fase es preciso conocer las bondades
y caracteristicas del método de célculo, ya que en funciéon de éstas se realizara una
eleccion u otra. De esta forma se puede afirmar que los calculos, modelizaciones y
simulaciones son como un experimento en el laboratorio, lo mas parecido a la
realidad, que dependen del método de célculo, de la técnica computacional y del
modelo elegido.

Por muchas décadas la teoria estuvo hmitada al andlisis de pequenos
sistemas moleculares, los cuales eran demasiado mindsculos para ser probados
experimentalmente, y por otro lado, los sistemas grandes que podian ser
mvestigados experimentalmente eran demasiado complicados para ser sujetos a un
tratamiento teorico. Pero debido al avance y al refinamiento actual de técnicas
experimentales es posible obtener la estructura de sistemas moleculares pequenos
con una alta resoluciéon, mientras que los tratamientos teéricos tomaron ventaja a
nivel computacional debido a la utilizacion de procesadores en paralelo, con el fin
de mejorar la eficiencia analitica, la teoria y los experimentos que se realizan
simultineamente. Un articulo muy reciente de Marcus da una perspectiva personal
de la revolucion que ha temdo lugar durante los ultimos cincuenta anos en la
Quimica tedrica."” Asi, hoy en dia se puede apreciar un gran auge en la utilizacion
combinada de teoria y experimento en el area de nanomateriales para discernir las
estructuras atomicas utiizando sofisticadas técnicas computacionales y de
difraccion."™ Actualmente, las simulaciones son ampliamente utilizadas para
predecir propiedades de sistemas quimicos de grandes proporciones tales como
biopolimeros, moléculas en solucion, fluidos y solidos." Asimismo, las
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simulaciones deben utilizar modelos cada vez mejores para que sea lo mas parecido
a la realidad. De esta forma, durante la modelizacién los sistemas reales son
reemplazados por modelos virtuales y durante simulacion se resuelven las
ecuaciones matematicas que intentan simular el comportamiento del sistema real.
Asimismo, los cientificos interactian con la realidad virtual mediante graficas de
visualizacién y la manipulacién interactiva del modelo. La visualizacién ayuda a
obtener una descripcion cualitativa e incluso cuantitativa, mientras que la
manipulacion interactiva permite controlar directamente los parametros del
modelo. El término “sistemas quimicos de grandes proporciones” corresponde a
sistemas con una gran cantidad de atomos (mayor que 10" hasta el nimero de
Avogadro). Una molécula que tiene mas de 100 dtomos, como un biopolimero o
una proteina, es un sistema grande que no puede ser simulado solo de forma
mecano-cuantica. Por eso, existen 4 diferentes escalas de simulacion que van en
funcion del tamano, de la escala mecano-cuantica (Inm), mecanica molecular (10
nm), mesoescala (100 nm) y “bulk” (I microm)."" Asi, conectar estas diferentes
escalas es al dia de hoy uno de los grandes desafios de las simulaciones
computacionales. En este contexto, es importante senalar los comentarios de
Marcus"' que termina un articulo titulado “Interaction between Experiments,
Analytical Theories, and Computation” de la siguiente forma: “We all recognize
that one of the main goals in research i1s to capture the physical essence of a
phenomenon and use it not only to mterpret but also to predict the results of new
experiments. One view of theory, demonstrated i the present article, 1s that
experiments are primary, often the source of new theory, and that the mteraction of
theory and experiment 1s paramount, each stimulating the other”. “Nevertheless,
discerning basic theoretical problems in the wealth of available experimental and
computational results can be a major hurdle and sometimes the development of the
theory can be relatively rapid once the existence of an experimental puzzle is
known. The writer continues to be mmpressed with this exciting mterplay of
experiment and theory and with many experimental puzzles that exist and that
continue to arise In new experiments, when one keeps an eye out for them. For the
theoretically oriented students it 1s perhaps a truism to add that the broader one’s
background 1s in physics, chemistry and mathematics, and the more one 1s famihiar
with the new results and the potential and mitations of new techniques, the larger
the range of interesting problems that one can address”.

2.11 Modelizacién en Catalisis Heterogénea

Para centrar este apartado podemos utilizar la Figura 2.2 del trabajo de
Somorjai y Parker"” el cual representa al campo de la catalisis. En el centro de la
figura se puede apreciar que el origen de la actividad catalitica pasa por la
racionalizacion de los procesos de ruptura/formacion de enlaces quimicos que
forman parte del mecanismo de reaccion, donde los procesos catalitico tales como
reacciones enzimaticas o en catilisis homogénea y/o heterogénea se llevan a cabo.
Precisamente, es aqui donde la modelizacién molecular, los cdlculos teoricos y las
simulaciones juegan un papel fundamental. Posteriormente en la zona intermedia,
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la circunferencia contiene algunas variables que nos indican como se puede mejorar
la actividad catalitica a través de la manipulacion de técenicas para la caracterizacion
del sistema catalitico. Esto se traduce en la sintesis y fabricacion de nuevos
catalizadores, los cuales conducen a importantes progresos en la regeneracion y la
selectividad del catalizador. Esto se puede cuantificar gracias a la medicion de los
parametros cinéticos macroscopicos. Finalmente, para llevar a cabo estas mejoras es
necesario aplicar las sofisticadas tecnologias que existen a dia de hoy para este tipo
de sistemas, de tal forma de disenar reactores cataliticos en donde todo el proceso
este bajo un estricto control.

Consecuentemente, Christensen y Norskov'” han mostrado como la
combinacion de métodos teoricos, experimentos detallados en sistemas modelo, y
sintesis y caracterizacion m situ de catalizadores nanoestructurados, consiguen un
entendimiento a escala nano de la estructura y el mecanismo de reacciones
catalizadas en superficies. Este conocimiento permite el diseno racional de nuevos
catalizadores que presentan un mejor comportamiento en términos de actividad
catalitica o selectividad. Asi, los avances de los métodos y técnicas basadas en el
DFT"" han permitido comparaciones significativas entre los resultados
computacionales y los experimentos que involucran reacciones cataliticas de
superficies."” "' Incluso modelizaciones muy cortas como modelos bastante
pequenos han sido de gran ayuda para clarificar algunos hechos experimentales,"”
ademas pueden aportar informacion sobre la estructura del sistema en casos en
donde las técnicas experimentales no son accesibles, mclusive las dinamicas y las
transiciones de fase de estructuras auto-ensambladas, pueden ser también predichas
mediante tales simulaciones.

[113]

Catalisis
Homogénea
Heterogénea
Enzimatica

Catalisis:
Homogénea

Heterogénea
Enzimética

Figura 2.2 Representacion de la catilisis por medio de capas que van desde las ciencias moleculares
hasta las ciencias tecnoldgicas.
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En la uluma década ha habido un interés creciente por entender el
comportamiento a nivel molecular de superficies quimicas de 6xidos metilicos de
la primera serie de transicion, usando avanzadas técnicas experimentales vy
herramientas computacionales basadas en la modelizacion de superficies."” Este
mterés se debe a la importancia y al desatio que significa establecer los mecanismos
de reaccion cataliticos, ademas de guiar el diseno racional de nuevos catalizadores.
De esta forma, los modelos en fase gas utilizando clasteres de 6xidos metalicos han
sido empleados como una muy buena aproximaciéon para entender aspectos
mecanisticos de los procesos quimicos complejos que tiene lugar en superficies y de
sus correspondientes reacciones quimicas involucradas en catalisis heterogénea." """
Dos tipos de modelos son generalmente empleados para representar sistemas tales
como superficies metdlicas u 6xidos metilicos: modelos de clusteres y modelos
periddicos. En el primero el material es modelizado con un modelo pequeno con
una buena descripcion mecano-cuantica. En la segunda aproximacion, el material
puede ser representado de forma mads completa a cambio de una pérdida de la
calidad en la descripciéon cudntica del sistema.

Los modelos de clusteres han sido amphamente utilizados para el estudio
de varias propiedades de interés en quimica de superficies." ™" El estudio de
reactividad utilizando clasteres de 6xidos metalicos de un determinado tamaino ha
permitido mvestigar los factores que gobiernan su comportamiento tanto fisico
como quimico y a su vez, permitiendo explorar los mecanismos de reaccion que
gobiernan la reactividad quimica.”™ ™" Igualmente, pueden servir como modelos
para entender los complejos mecanismos de reacciones cataliticas y proporcionar
una valiosa informacién para el diseno de catalizadores con reactividad especifica
y/o selectividad."” Estos modelos se basan fundamentalmente en el hecho de que
los enlaces de las especies adsorbidas en los clasteres son similares a los
encontrados en las superficies. Adicionalmente, otro de los motivos de los estudios
en clusteres, es que permite investigar los efectos cuanticos que pueden cambiar
significativamente con el tamano y la composicion de las superficies. No obstante, a
pesar de que estos modelos proveen una informacién util y permiten analizar el
comportamiento del enlace quimico en la superficie, estos presentan algunas
desventajas, como el hecho de no ser adecuados para calcular energias de
adsorcion, especialmente en superficies metdlicas.”™ En estos casos, es mejor una
representacion basada en modelos periddicos en cual una celda unidad (“unit cell’)
es replicada en el espacio tridimensional. Para representar superficies, se necesita
considerar una simetria bidimensional, haciendo uso de un modelo infinito en dos
dimensiones, pero finito en la direccion perpendicular a la superficie. La extension
de este modelo se puede controlar para asegurarse que las propiedades calculadas
no dependan del tamano. En el caso de usar ondas planas como conjunto de base,
las cuales son de naturaleza periodica, es necesario replicar también la porciéon del
material en la direccion perpendicular a la superficie con un espacio vacio entre la
porcion periddicamente repetida. El espacio vacio mtroduce también otro
parametro externo que nuevamente ha sido elegido de manera que no influya en
las propiedades que se desea calcular. Este tipo de modelizaciéon ha permitido
resolver un importante numero de problemas en ciencia de las superficies y
catalisis.""™ Asi, las energfas de adsorcion pueden ser actualmente calculadas con
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[138]

precision gracias a nuevos desarrollos en el DFT."" El estudio de mecanismos de
reaccion en superficies esta siendo desarrollado rapidamente gracias a la aparicion
de nuevos algoritmos™™ """ acoplados a los eficientes codigos disponibles en DFT
que permiten llevar a cabo cilculos de energias ¢ dinamicas ab mitio de manera
eficiente.

En particular, el aumento considerable de los recursos computacionales y el
extraordinario progreso del DFT aplicado a superficies y sistemas cataliticos
complejos, permite aplicar estas metodologias al desarrollo del diseno de
catalizadores, ademas de proveer informacién acerca de la naturaleza de las
energias de interacciones de moléculas y atomos con las superficies metalicas y de
oxidos metalicos, obteniendo resultados de bastante precision que permiten
entender y describir la reactividad de dichos sistemas cataliticos. En este sentido
cabe resaltar un trabajo muy reciente de Matthiesen y col. donde se es capaz de
observar todos los intermedios de reaccion del O. con una superficie de rutilo
T10:(110) usando microscopia de transmision de alta resolucion y calculos basados
en DFT."" De hecho, actualmente existen una amplia variedad de estudios
cinéticos, en su mayoria basados en calculos DFT, que muestran una buena
correlacion entre los resultados experimentales y teéricos"”. De forma general, la
correlacion entre los parametros cinéticos obtenidos con DFT y aquellos obtenidos
experimentalmente es sorpresivamente buena, y sirve para ilustrar la precision y
validar el presente de los calculos DFT.

En este sentido cabe senalar un trabajo de revision muy reciente de
Freund"” titulado “Model Studies in Heterogeneous Catalysis” donde se muestra
que la combinacion de experimentos y modelos teoricos son fundamentales para
desentranar las relaciones estructura-espectroscopia y estructura-reactividad como
se demuestra en algunas reacciones de hidrogenacion y oxidacién. Los sistemas
modelo se han caracterizado experimentalmente a nivel atbmico, lo que permite
una comparacion directa entre la modelizacion teorica y se obtienen correlaciones
de relevancia practica. También podemos citar otro articulo de revision titulado:
“Catalysis and Surface Organometallic Chemistry: A View from Theory and
Simulation” de Sautet and Delbecq"” en el que se presentan diferentes estudios
teoricos sobre complejos organometilicos en superficies que permiten analizar el
mecanismo de formacion; la naturaleza del enlace con la superficie y su estructura;
mterpretar los datos espectroscopicos; la naturaleza de los intermedios de reaccion
y finalmente la reactividad catalitica.

Como ejemplo podemos citar la modelizacion de superficies de S10.,
utilizando clusteres pequenos de entre uno y tres atomos de silicio. Estos modelos
han sido de gran ayuda para entender las principales caracteristicas de las
interacciones en la superficie y el sustrato.""""”" A pesar de que existen limitaciones
debidas al tamano del modelo y a la pobre descripcion del entorno del sitio activo,
estos modelos han permitido obtener resultados tedricos que se pueden corroborar
con los datos experimentales. En particular, la reacciéon de oxidacion de metanol a
formaldehido catalizada por superficies de 6xidos de vanadio soportada enTiO.,""
Yy silica™ ™ son ejemplos en donde pequenos “clasteres” han resultado ser
buenos modelos para representar al sistema catalitico. Asi, los resultados teéricos
sobre la cinética de este tipo de reacciones se analizan y se comparan con los datos
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experimentales, y pueden considerarse una herramienta complementaria,
demostrando una vez mads la validez de los cilculos en el marco de la DFT
aplicados a sistemas de catalisis heterogénea. Un ejemplo reciente, es el estudio
realizado por Bernstein y colaboradores,"” en el que se estudia la reaccion de
clusteres de oxido de vanadio y tantalo neutros con NO, NH:, v una mezcla de
NO/NH: mediante el uso de espectroscopia de masa tzme of flight y cilculos DFT.

Para terminar esta secciéon, hemos elegido la tltima sentencia de un articulo
muy reciente de Zaera,"” titulado“The New Materials Science of Catalysis: Toward
Controlling Selectivity by Designing the Structure of the Active Site: “Therefore, the
bulk of the work in designing new, highly selective heterogeneous catalysts 1s still
ahead of us. This makes the future of catalysis quite exciting. These new
opportunities combined with the key role that catalysis plays in most industrial
processes, should entice a new generation of researchers with both catalysis and
materials science expertise to join the field. As we contemplate this new growth,
however, it should be remembered that novel catalyst preparation routes are only
the means to better catalytic processes. New catalytic materials should always be
designed with particular applications in mind. Ideally, that design should be guided
by the basic chemical principles extracted from mechanistic studies using surface
science and theoretical tools, which should provide an indication of the type of
active sites required to improve on the activity and, perhaps more importantly, the
selectivity of the processes being addressed. It 1s via this symbiotic relationship
between fundamental mechanistic studies and new synthetic methodology that true
advances can be expected n the quest to design highly selective catalysts in an
effective and rational way from first principles”.
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Objetivos

Los objetivos de la presente Tesis Doctoral se enmarcan dentro del estudio
de reacciones quimicas que ocurren a través de mecanismos del tipo TSR, el cual
surge, como un concepto que permite describir reactividad quimica en complejos
organometalicos, permitiendo dar explicacion a aspectos cinéticos de reacciones
térmicas, donde un cambio en el espin electrénico influye en la velocidad de la
reaccion y que no obedecen a cinéticas del tipo Arrhenius 6 bien que no pueden
ser descritas en el marco de la TST. El origen de TSR en Quimica organometdlica
se debe a que las reacciones prohibidas por espin son mas comunes en la Quimica
de compuestos de metales de transicion debido a la ocupacion parcial de orbitales
del tipo d. Esto puede conducir a configuraciones de alto o bajo espin en el centro
metalico. Sin embargo, la presencia de ligandos alrededor del metal puede
modificar dichas configuraciones de manera que aquellas se encuentren proximas
en energia o bien sean cuasi-degeneradas. Asi, s1 el campo de higandos alrededor
del metal cambia a lo largo de la reaccion, un cambio en el espin electréonico del
sistema puede tener lugar. No obstante, a pesar de que el concepto de TSR surge
para entender la reactividad en Quimica organometdlica, el objetivo principal de
esta Tesis es poner de manifiesto que, la reactividad quimica con mas de un estado
electronico, no sélo es un fendomeno exclusivo de la Quimica de metales de
transicion, y puede estar presente en mas areas en reactividad quimica. Los trabajos
expuestos a continuaciéon contemplan ejemplos de TSR en Quimica organica,
morganica y organometalica. Concretamente, en Quimica organometalica se han
estudiado ejemplos de TSR relacionados con la catalisis heterogénea.

En particular, el estudio realizado en Quimica organica corresponde a la
reaccion de apertura del biciclo 1H-biciclo[3.1.0]hexa-3,5-dien-2-ona para dar 4-
oxociclohexa-2,5-dienilideno. El estudio contempla:

- Analisis de las PES para los estados electronicos que participan en la
reaccion.

- Caracterizacion de los puntos estacionarios tanto para el estado
fundamental como los excitados.

- Localizacion de los puntos de cruce entre las PESs (MECP y CI).

- Comparacion entre las diferentes metodologias de calculo utilizadas.
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- Proyecciones de energia para las especies Open Shell Singlet.
- Calculo del SOC.

- Analisis de las densidades de espin y de la aromaticidad de los
productos.

En catilisis heterogénea, se ha llevado a cabo el estudio teérico de la
oxidacion selectiva de metanol a formaldehido mediante 6xidos de vanadio.
Basandose en observaciones empiricas, se han utilizado dos clusteres de 6xidos de
vanadio para representar a la superficie en condiciones hidratadas y bajo el efecto
de un soporte de TiO.. Diferentes caminos de reaccion fueron explorados para
establecer el comportamiento a nivel molecular de las superficies metilicas de
oxidos de vanadio, descifrando aspectos mecanisticos y cinéticos respecto a los
caminos de reaccion explorados y a su vez, realzar el potencial reactivo de algunas
especies no consideradas antes en la literatura. Adicionalmente, se han tenido en
cuenta los efectos de hidratacién y como estos afectan a la actividad catalitica y/o la
cinética de la reaccion. El estudio abarca:

- Exploracion de varios caminos de reacciéon para la formacion de
formaldehido.

- Analisis de las PESs para los estados electronicos que participan en la
reaccion: Competicion de posibles mecanismos.

- Comparacion entre las diferentes metodologias de calculo utilizadas
(BSLYP y BHandLLYP) en el sistema en condiciones soportadas.

- Proyecciones de energia para las especies Open Shell Singlet.

- Localizacién de los puntos de cruce entre las PESs (MECP) para el
sistema en condiciones hidratadas.

- Cdlculo de los parametros cinéticos de la reaccion de oxidacion de
metanol-formaldehido utilizando la TST.

- Comparacion entre las condiciones soportadas e hidratadas del sistema.

También dentro del contexto de catilisis heterogénea, se ha estudiado la
reaccion de deshidrogenacion de metanol a través de un modelo de 6xido de
vanadio soportado en Ti0., teniendo en cuenta su estado de oxidacion. Los
productos obtenidos por reacciéon de metanol con un vanadio dependen del estado
de oxidacion del centro metdlico™ En este trabajo de Schwarz se observa que la
reaccion de VO + CH:OH favorece la formacion principalmente de H. y CH.O;
sin que el vanadio cambie su carga formal. Sorprendentemente, y a pesar de la
extensa aplicacion de los 6xidos de vanadio soportados en catalisis con metanol
como molécula sonda,"” la formacion de H. no es reportada en la literatura. Poder
obtenerlo a partir de catalizadores de vanadio, inicialmente no previstos para ello,
puede abrir nuevas vias en la produccion de H: para aplicaciones diversas tales
como las pilas de combustible. En esta Tesis mostramos que la formacion de
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hidrogeno a partir de metanol es favorable cuando el vanadio se presenta con
estado de oxidacion +3. En colaboracion con el grupo experimental del Prof.
Banares (CSIC, Madrid), se han podido corroborar nuestras hipotesis 1) es posible
obtener H. a partir de catalizadores basados en oxidos de vanadio y 1) esta
formacion de hidrégeno estd asociada a la presencia de vanadio reducido. En el
presente trabajo examinamos ademas el papel de los intermedios hidruros a lo
largo de la reaccion, que mvolucran mversion de espin.

Los ejemplos de TSR en Quimica morganica contemplan el estudio de la
reaccion de oxidacion de hidrogeno molecular por medio de dioxidos del grupo IV

(MO., M="T1, Zr, y Hf) mediante la siguiente reaccion MO. + H. — MO + H.O. El

estudio de esta reaccion contempla la exploracion de mecanismos de adicion-
eliminaciéon. Una primera etapa del mecanismo considera la activacion del
hidrogeno molecular por medio del enlace M=0, para luego dar paso a la
formacion de intermedios hidruros del tipo O=MH(OH). Posteriormente, la
segunda etapa considera dos rutas con el fin de obtener los correspondientes
productos: 1) pasar por intermedios M(OH). para obtener productos 6 1i)
formacion directa de productos a partir del intermedio O=MH(OH). La
importancia de este tipo de reacciones ha sido realzada debido a la aparicion de
dos articulos recientemente publicados por Zhou y col.”™ " en donde se reporta la
activacion de hidrogeno molecular por medio de diéxidos del grupo V. Estos
estudios tedrico-experimentales ponen de manifiesto la importancia catalitica de
este tipo de especies. De esta forma, en el presente trabajo se ha querido estudiar la
reactividad que presentan la serie de dioxidos del grupo IV, asi como también
compararla con la reactividad de los dioxidos del grupo V. El estudio abarca:

- Analisis de las PES para los estados electronicos que participan en la
reaccion.

- Analisis vibracional y de los principales parimetros geométricos de
reactivos y productos. Comparacion con datos experimentales
disponibles.

- Caracterizacion de los puntos estacionarios tanto para el estado
fundamental y excitado (en los casos que corresponda).

- Localizacion de los puntos de cruce entre las PESs (MECP).

- Analisis de la reactividad respecto al centro metilico.
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Resultados

4.1 Caso de Two State Reactivity en Quimica Organica

Los casos de TSR en Quimica organica son menos comunes. Muchas de las
reacciones prohibidas por espin ocurren principalmente en reacciones donde estin
presentes metales de transicion, ya que el campo de ligandos puede dar paso a
configuraciones de alto y bajo espin alrededor del centro metilico. Esto conlleva
cambios en la multiplicidad de espin, que pueden estar “avalados” por el SOC. No
obstante, los efectos relativistas son menos significativos cuando intervienen atomos
livianos en la reaccion. En Quimica organica (salvo en reacciones fotoquimicas),
existe un paradigma de conservacion de la multiplicidad de espin, pero en algunos
casos particulares, como puede ser la ruptura de un enlace carbono-carbono, se
puede producir una reestructuraciéon geométrica total de la molécula que conlleva
una redistribucion de la densidad electronica de espin, y que como consecuencia
tiene lugar un cambio en la multiplicidad de espin. En este tipo de casos, la
descripcion electréonica completa del sistema pasa por incluir a todos los estados
electronicos que pudiesen contribuir al sistema; y a la vez dar paso a posibles
acoplamientos entre los estados electronicos, permitiendo el cambio de un estado
electronico a otro.

En esta Tesis Doctoral, el estudio de mecanismos del tipo TSR en Quimica
organica corresponde al estudio teorico del mecanismo de apertura del biciclo 1H-
biciclo[3.1.0]hexa-3,5-dien-2-ona para dar 4-oxociclohexa-2,5-dienilideno.

4.1.1 Estudio teérico del mecanismo de apertura del biciclo 1H-
biciclo[3.1.0]hexa-3,5-dien-2-ona para dar 4-oxociclohexa-2,5-dienilideno

4.1.1.1 Introducciéon

En este trabajo se analiza el reordenamiento del 1F-biciclo[3.1.0]hexa-3,5-
dien-2-ona para dar 4-oxocyclohexa-2,5-dienilideno (ver Esquema 4.1). Aqui, la
presencia de ISC y CI son fundamentales tanto para la identificacion de los
mtermedios mvolucrados en el proceso quimico, como en el producto final
obtenido. Tanto el reactivo como el producto poseen estados de multiplicidad
diferentes, lo cual demuestra que la presencia de un mecanismo TSR es necesaria
para asi entender dicho proceso.
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Estudios cinéticos y computacionales previos muestran que esta reaccion es
exotérmica con una diferencia de energia de 7.1 kcal/mol y una barrera de
activacion de 2.6 + 0.2 kcal/mol. La reaccién presenta un valor del factor pre-
exponencial de Arrhenius bastante bajo, lo cual es una indicacion de que es un
proceso prohibido por espin. Los estudios teoricos previos fueron realizados por
Solé vy col."™ utilizando métodos multiconfiguracionales (MCSCF)"", asi como
también métodos perturbativos y de interaccion de configuraciones (IC),"”" donde
se analiza el transcurso de la reaccion, asi como la estructura electréonica de las
especies involucradas.

P

Esquema 4.1 Estudio tedrico del mecanismo de apertura del biciclo  1H-biciclo[3.1.0]hexa-3,5-
dien-2-ona para dar 4-oxociclohexa-2,5-dienilideno

4.1.1.2 Metodologia de cilculo

Debido a las caracteristicas del sistema estudiado, es necesario la utilizaciéon
de un método de cilculo multiconfiguracional capaz de representar el proceso
reactivo. De esta forma, el método de calculo CASSCF ha demostrado ser eficiente
en el estudio de este tipo de sistemas. Este método considera de forma adecuada
los efectos de la correlacion estitica, pero falla en la descripcion de la correlacion
dindmica. Una variante que mejora al método anterior, es el protocolo
CASSCF//CASPT?2, el cual trata el efecto de la correlacion dindamica a través de la
teoria de perturbaciones de segundo orden. Este procedimiento ha dado buenos
resultados en la descripcion de sistemas donde los estados electronicos de diferente
naturaleza estan mvolucrados y en donde aparecen efectos diabaticos. Se han
optimizado todos los puntos criticos de las PESs involucradas utilizando el método
de cilculo CASPT?2, con un espacio activo que abarca todos los orbitales Ty ocho
electrones (CASPT2(8,8)). Todos estos calculos han sido realizados con el
conjunto de bases ANO-S [4s3p1d/2s1p]"™ y el programa MOLCAS 6.""

La utihizacion del DFT en la descripcion de la reactividad quimica esta
respaldada por los buenos resultados obtenidos en una gran cantidad de trabajos
realizados; en particular en mecanismos de reaccion donde hay mas de una PES
involucrada, debido a su bajo coste computacional.” ™ " A pesar de que la
utilizacion del DFT en estados de bajo espin de biradicales es a veces problematico,
este tipo de sistemas ya ha sido previamente estudiado y discutido por Cremer y
col."” """ utilizando los funcionales UB3LYP y ROSS-B3LYP. En particular, se
obtuvieron buenos resultados entre las diferencias de energia singlete-triplete
utilizando proyecciones de energia en las especies biradicalareas. Por tanto, se ha
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elegido el funcional hibrido BSLYP junto con la base 6-311+G(2df,2d),"" y se ha
aplicado una proyeccion de la energia a las especies singletes de bajo espin con
contaminaciéon de espin.

Los resultados BSLYP han sido comparados a los obtenidos con CASSCF 'y
CASPT?2. Sin embargo, se ha visto recientemente que el funcional BSLYP"" da
una sobreestimacion en las barreras y en las energias en procesos de apertura de
estructuras ciclicas,"” es por eso que se ha utilizado de forma complementaria el
funcional M05-2X,"" puesto que mejora la descripcion de este tipo de procesos.

Todos los cilculos DFT fueron realizados utilizando el programa
GAUSSIAN 03."" Los puntos estacionarios correspondientes a las PESs
mvolucradas fueron calculados utihizando B3LYP, M05-2X y CASPT2. Los TSs
fueron conectados con sus respectivos minimos utilizando el algoritmo IRC
(Intrinsic Reaction Coordinate)"" para M05-2X y B3LYP, mientras que para los
métodos multiconfiguracionales, el algoritmo MEP (Minimum Energy Path)
mmplementado en MOLCAS fue utihizado a nivel CASSCF. Los MECPs fueron
localizados a nivel CASSCF y CASPT?2 utilizando MOLCAS, mientras que para los
métodos DFT, el algoritmo de Harvey fue utilizado.™ Para cuantificar las
probabilidades de paso a través del ISC, se realizaron calculos del SOC.""

La evaluacion de la aromaticidad ha sido realizada utihzando los indices
NICS, propuestos por Schleyer y colaboradores" en las estructuras obtenidas con
el funcional B3LYP.

4.1.1.3 Resultados y discusion

Tres estados electréonicos estan mvolucrados en el proceso de apertura del
biciclo: el estado electronico CCS (closed shell singlete), el estado triplete (T) y el
estado OSS (open shell singlet). Las energias relativas calculadas usando DFT y
CASPT2 para todas las estructuras relevantes en las diferentes PES han sido
reportadas en la Tabla 4.1. En la PES-CSS fue posible encontrar dos minimos y
dos estados de transicion, los cuales corresponden al reactivo, R('A), un estado de
transicion, TS1('A), un producto con simetria C. P('A’) y finalmente otro estado de
transicion de simetria C.. TS2('Au). Se puede apreciar que BSLYP presenta valores
de energias relativas levemente mas bajos que CASPT2 mientras que las energias
reportadas para M05-2X se encuentran por encima de los resultados obtenidos con
B3LYP.

Es posible encontrar algunas diferencias en la estabilidad de ciertas especies,
en particular, P('A’) es el minimo absoluto de la superficie CSS a nivel BSLYP y
CASPTZ2, mientras que a nivel M05-2X el minimo absoluto de esta superficie es
R('A), siendo este 1.44 kcal/mol mas estable que P('A’). Por tanto, para establecer
la estabilidad de esta especie se han realizado calculos puntuales single-point a nivel
CCSD(1)/6-311+G(2df,2p) en las estructuras obtenidas a nivel CASPT2 para
determinar la estabilidad de estas especies. Los resultados muestran que la especie
mas estable corresponde a R('A), siendo los resultados obtenidos con el funcional
MO05-2X los que estan concordancia con los obtenidos a nivel CCSD(T).
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Tabla 4.1. Energias relativas (kcal/mol) de todas las estructuras en las diferentes PESs calculadas a
nivel CASPT2/ANO-S [4s3pld/2slpl, DFT (BSLYP y M05-2X) y CCSD(T) utilizando el conjunto
de bases 6-311+G(2df,2p)

Superficie Estructura AL
B3LYP MO05-2X CASPT2 CCSD(T)
R('A) 0.00 0.00 0.00 0.00
TS1(A) 5.47 9.83 6.81
CSS .
P('A’) -6.10 1.44 -5.38 0.07
TS2('A) 8.39 13.07 11.40
. -17.76 -12.02 -
OSS P(B) (13.73) (6.87)° -4.45
R(A) 35.96 39.57 37.56
T TS1(A) 39.69 46.34 49.99
P(B) -21.88 -17.87 -15.10
CSS-T ISC -6.06 1.52 -4.93
CSS-0SS Cl 11.40

‘Energia espin-proyectada

En la PES-OSS es posible encontrar una tnica especie la cual posee
simetria C., que corresponde a P('Bi), con un valor del operador de espin <S§>~1,
debido a los efectos de contaminacién de espin generados esencialmente por la
presencia del estado triplete. Es posible mejorar el valor de la energia de esta
especie usando una expresion para proyectar la energia en funcion del valor de
<§>. Posterior a la proyeccion, los valores de energia relativa (respecto a R('A)) de
P(B)) han sido -13.73 kcal/mol (BSLYP) y -6.37 kcal/mol (M05-2X), estando este
ultimo en concordancia con el valor obtenido con CASPT2 de -4.45 kcal/mol. Las
diferencias mas grandes que hay entre DFT y CASPT?2 surgen en las especies P('A')
vy P(B), ya que en la PES-CASPT2 P(A’) esta levemente por debajo de P(B),
mientras que en las PESs-DFT muestran una tendencia opuesta, estando P('A’) a
7.63 kcal/mol (B3LYP) y 7.81 kcal/mol (M05-2X) por encima de P(B),
respectivamente.

La PES-T presenta tres puntos estacionarios, R('A), TS1('A) y P('B)). Las
dos primeras especies se encuentran mucho mas altas en energia en comparacion
con la PES-CSS, mientras que P('B.) pasa a ser la especie mas estable de todos los
productos obtenidos. Luego le sigue en estabilidad P('B.), siendo el estado OSS el
estado excitado singlete mas estable.

1) Energias y MECP

La identificaciéon de los puntos de cruce entre las tres PESs involucradas es
fundamental para la determinacion del (o los) camino(s) de reaccion que
conduzca(n) de reactivos a productos. En este caso, los puntos de cruces se
encuentran localizados entre TSI y los correspondientes productos. Mientras
CASSCF y CASPT2 permiten la determinacion de ISCs y de CIs debido a su

caracter multiconfiguracional, DFT debido a su cardcter monoconfiguracional, no
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permite la localizacion de puntos de cruce cuando los estados electronicos
mvolucrados poseen la misma multiplicidad de espin. La exploracion de las PESs
singlete y triplete conduce a un ISC, en las cercanias de P('A’) entre las superficies
CSS y T. Los resultados muestran que BSLYP sobreestima la estabilidad de ISC (-
6.06 kcal/mol) mientras que M05-2X se encuentra por encima en energia (1.52
kcal/mol) respecto a los resultados CASPT2 (-4.93 kcal/mol). Las geometrias
obtenidas en B3LYP estian en correspondencia con las conseguidas en CASPT2.
Una CI entre las PESs CSS y OSS fue localizada a nivel CASPTZ2, la cual se
encuentra a 11.40 kcal/mol respecto del valor de referencia. La energia de la CI es
mas alta que TS1('A) (6.81 kcal/mol) asi como también el ISC (-4.93 kcal/mol),
mientras geométricamente ésta es una estructura intermedia entre TS2 (A) vy
P(B)) (ver Tabla 4.2). De esta forma, aunque las transiciones entre PESs a través de
la CI son procesos relativamente rapidos, el alto valor de energia de la CI y su
geometria lejos de conectar con TS1 o P parecen indicar que el estado electronico
OSS no participa dentro del proceso térmico de apertura del biciclo, lo cual
contradice el trabajo previo de Solé y col."™ en donde se postula la participacion del
estado electronico OSS dentro del proceso térmico. Una representacion completa
del mecanismo incluyendo puntos estacionarios y puntos cruces se puede apreciar
en el Esquema 4.2. En resumen, el reactivo presenta un estado electrénico CSS,
mientras que el producto corresponde a un carbeno, el cual presenta un estado
electronico triplete junto con dos estados electronicos singletes cercanos en energia.

TS1(A)

3
RCA) 0ss

TS2('A))
TS1('A)

Energia

R('A)
P('A)

p(By

P(B))

Coodenada de reaccion

Esquema 4.2 Representacion de las superficies de energia potencial involucradas en la reaccion
11) Camino de reacciéon y SOC

Los cruces entre las PESs estin controlados por el SOC que presentan los
estados electronicos en la zona de cruce, de manera que para validar el mecanismo
es necesario determinar la magnitud del SOC responsable de la transicion singlete-
triplete. Aunque solo un tratamiento desde el punto de wvista de la dindamica
molecular es capaz de dar una descripcion certera, la formula de Landau-Zener"™ ™
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permite obtener la probabilidad de transicion del ISC. Esta puede ser descrita de la
siguiente manera:

- (wi|IqSOC|qu)|2

PISC =1- PLZ =1- eTijT’ (4.1)

en donde (‘Pilﬁ soc |LP]-) es el término de SOC, gj; es la diferencia de gradiente que
representa el comportamiento local de ambas PES en la region del ISC y ¥ es un
vector asociado a las velocidades de los modos vibracionales de las moléculas
cercanas al ISC. Para esta reaccion, hemos obtenido una estimacion del SOC de
2.61 cm' utilizando un nivel de calculo CASPT2/CASSCF. Para pequenos
biradicales organicos, la magnitud del SOC ronda cerca de los 0.1 cm'y especies
similares a esas no exceden este valor en unos pocos cm'. Nuestros resultados
muestran que el SOC en la regiéon de cruce es capaz de conducir de reactivos a
productos a bajas temperaturas y estin en concordancia con los resultados
propuestos por Sander y colaboradores,”" en donde el ISC ocurre antes de la
formacion del producto final. La eficiencia del SOC permite concluir que el
producto P('B)) no forma parte del proceso térmico.

ach-cl-c2: (122.7°) ae5-c6-cl: (113.8°)
[121.4°] [113.4°] {121.5°}
{116.8} {1171} 124.5°
123.9° 114.5° .

(1397)

(2.315)
[2.306]
{2.386}
2.347

{1.222}
1.232

2181
2
2t 3568 (118.4%)
[1:355] J . 113.4
1367
1.393J J
tcl-c2-c3-c4: (-15.9°) Tc6-c2-c3-c4: (1.7°) tcl-c2-c3-c4: {0.0°}  1eb-c2-¢3-c4: {0.0°}
[17.3°] [2.2°] 0.0° 0.0°
{-16.0} 3.0
-13.3° 1.5

Figura 4.1a. Geometria del ISC calculado a nivel Figura 4.2b. Geometria de la CI calculada a nivel
(B3LYP), [N{O5-2X], {CASCF} y CASPT2. {CASCF}y CASPT2. Distancias en A y angulos

Distancias en A y angulos en grados. en grados.
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Tabla 4.2. Pardmetros geométricos mas relevantes para las diferentes estructuras localizadas en las PESs
utilizando DFT (BSLYP y M05-2X) y los métodos multiconfiguracionales CASSCF y CASPT2.

Superfice Estructura deser deser deo deses deio Olscic: Olescser Teocreser  Tercucscs

B3LYP  1.506 1.298 1.344 1.530 1206 1424° 64.4° 18.1° 1.6°
M05-2X  1.496 1.292 1337 1501 1.199 142.3° 64.2° 18.8° 2.4°

R(A) CASSCF  1.532 1.314 1348 1.493 1200 135.8° 65.8° 21.3° 3.0°
CASPT2  1.520 1.322 1359 1.523 1.218 138.8° 64.1° 19.9° 2.1°
B3LYP 1.788 1.306 1.344 1.440 1.215 140.0° 81.0° 13.5° 0.0°
TSI(A) MO05-2X  1.843 1.307 1.339 1.428 1211 137.8° 84.6° 12.8° -1.2°
CASSCF  1.832 1.319 1345 1.447 1203 137.2° 82.8° 18.1° 7.6°
css CASPT2 1.853 1.328 1355 1.456 1.225 137.3° 83.3° 17.6° 5.7
' B3LYP 2319 1.39 1367 1367 1229 123.1° 114.1° 1.8 -15.1°
P(A) MO05-2X 2311 1.402 1356 1356 1217 121.9° 113.8° 2.5 -16.0°
CASSCF 2380 1.408 1377 1377 1.228 121.3° 117.3° 1.9° -11.1°
CASPT2 2359 1393 1394 1394 1260 1252° 115.6° 1.1° -9.7°
B3LYP 2485 1.467 1345 1345 1216 1144° 124.1° 0.0° 0.0°
TS2(A) M05-2X 2477 1467 1337 1337 1208 114.6° 123.9° 0.0° 0.0°
CASSCF 2501 1.479 1350 1350 1.210 113.4° 1242° 0.0° 0.0°
CASPT2 2515 1479 1360 1360 1232 113.3° 1245° 0.0° 0.0°
B3LYP 2348 1.380 1.381 1.381 1.256 127.3° 116.4° 0.0° 0.0°
0SS P(B) MO05-2X 2338 1.377 1377 1377 1250 127.7° 116.1° 0.0° 0.0°
CASSCF 2368 1.382 1395 1395 1.262 126.2° 116.9° 0.0° 0.0°
CASPT2 2366 1386 1399 1399 1269 116.2° 1274° 0.0° 0.0°
B3LYP 1475 1.511 1358 1.511 1209 122.0° 59.6° 248° -3.0°
RCA) M05-2X 1473 1464 1347 1504 1201 118.7° 59.4° 275° -14°
CASSCF  1.532 1.458 1346 1503 1.200 119.5° 62.2° 27.4° 0.0°
CASPT2  1.519 1451 1359 1.537 1.220 120.7° 61.0° 26.2° -1.8°
B3LYP 1.712 1.385 1.401 1.418 1.223 146.2° 752° 15.5° 5.5°
Triplet TS1(A) MO05-2X  1.708 1.384 1.395 1.415 1215 146.8° 75.1° 15.6° 5.8°
CASSCF 1904 1.472 1353 1415 1205 125.8° 824° 23.6° 5.2°
CASPT2 1.831 1452 1392 1421 1229 136.3° 79.1° 18.9° 5.3°
B3LYP 2353 1385 1376 1376 1.249 126.7° 116.8° 0.0° 0.0°
P(B) M05-2X 2343 1.384 1370 1370 1.241 127.0° 116.5° 0.0° 0.0°

CASSCF 2383 1.407 1371 1371 1225 1244° 118.1° 0.0° 0.0°
CASPT2 2375 1400 1385 1.385 1.253 126.1° 117.0° 0.0° 0.0°

B3LYP 2315 1.397 1366 1366 1228 122.7° 113.8° 1.7° -159°
M05-2X 2306 1.403 1.355 1355 1216 121.4° 1134° 22° -17.3°
CASSCF 2386 1.428 1367 1367 1218 116.8° 117.1° 3.0° -16.0°
CASPT2 2347 1396 1393 1.393 1.257 123.9° 1145° 1.5° -13.3°

CSS-Triplet ISC

CASSCF 2446 1.438 1365 1365 1222 1184° 121.5° 0.0° 0.0°

C55-O55 ¢l CASPT2 2.514 1479 1360 1.360 1.232 113.4° 124.5° 0.0° 0.0°
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1) Andlisis de aromaticidad de los diferentes carbenos como productos de la
reaccion

La complejdad de este sistema estudiado radica en la presencia de
multiples estados electronicos que participan en la ultima parte del camimo de
reaccion. Por tanto, se ha realizado un andlisis de los diferentes productos en sus
estados electronicos teniendo en cuenta su aromaticidad. Para cuantificar la
aromaticidad de los diferentes estados electronicos de los productos obtenidos se
realizo un andlisis de aromaticidad utilizando el indice NICS.

Estudios previos mostraron un clerto caracter aromatico de P('B)) y P('B))
mientras que P('A)) presentarfa un cardcter anti-aromatico. En la Tabla 4.3 se
pueden apreciar los diferentes valores de NICS(0) y NICS(1) calculados a nivel
B3LYP en sus estructuras optimizadas. En ella se puede apreciar que valores
negativos de  NICS(1) confirman la aromaticidad de las especies P('B) y P(B.),
mientras que valores positivos para la especie 'A: explican la presencia de una
conformacion plegada del anillo en estado CSS. Por lo tanto, los productos mas
estables con multiplicidades triplete y singlete corresponden a P('B)) y P('B.) (con
simetria C.), respectivamente. De i1gual manera, estas especies no corresponden a
especies con un preponderante caricter carbeno con un par de electrones en el
mismo atomo de carbono, pero si a moléculas aromaticas con un electron
desapareado en el plano de la molécula y el otro localizado principalmente en el
carbono C1, en posicion para respecto al oxigeno.

Tabla 4.3. Diferencias de energia (kcal/mol) para los tres
productos calculados a nivel B3SLYP/6-311+G(2df,2p) con sus
respectivos indices NICS(0) y NICS (1) en el punto del anillo

B41).
. B3LYP
arbeno AE NICS(0) NICS(1)
P(B) 0.00 1.46 5.39
P(B) 7.05 7.39 6.99
P(A) 30.98 992.05 10.43

4.1.1.4 Conclusiones

Los caminos de reaccion asociados al reordenamiento térmico de la especie
singlete 1 FH-biciclo[3.1.0Jhexa-3,5-dien-2-ona para  dar  4-oxocyclohexa-2,5-
dienilideno fueron investigados usando la teoria del funcional de la densidad
(BSLYP y M05-2X) vy los método ab mutio multiconfiguracionales CASSCF vy
CASPT2. El producto de la reaccion es posible encontrarlo en tres estados
electronicos bien definidos P('B)), P(B) y P(A'), los cuales estidn asociados a sus
respectivas PESs. De acuerdo con todos los puntos estacionarios junto con los ISC
y CI encontrados entre las superficies, es posible obtener las siguientes
conclusiones: 1) el mecanismo de reaccion ocurre a través de las superficies CSS y
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T. Después de la barrera del estado de transicion (1'S1), asociado a la apertura del
biciclo, el sistema llega a una zona de degeneracion de los estados CSS y T donde
puede ocurrir un proceso de transicion no-radiativo inducido por el SOC. El ISC
esta localizado en las cercanias del producto CSS para conducir al producto triplete
mas estable; 1) el valor del SOC parece indicar que el proceso térmico procede de
un acoplamiento singlete-triplete; 1) el alto valor en energia que presenta la CI
entre los estados CSS-OSS permite descartar la participacion del producto P('B))
dentro del proceso térmico; 1v) el uso de indices NICS permite justificar la
estabilidad y la aromaticidad/anti-aromaticidad de los tres productos con simetria
idéntica, pero en estados electronicos diferentes; v) el presente caso puede ser
considerado como un ejemplo tipico de TSR.
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4.2. Casos de Two State Reactivity en Catalisis Heterogénea

Las reacciones TSR son mds comunes en quimica organometilica y
procesos cataliticos de oxidacion. Asi, las reacciones a continuacion estudiadas
contemplan procesos de oxidacion; en particular la oxidacion selectiva de metanol
a formaldehido por medio de oxidos de vanadio en diferentes condiciones de
entorno y estados de oxidacion, poniendo de manifiesto la importancia de los
mecanismos T'SR en catdlisis heterogénea.

4.2.1 Oxidacion selectiva de metanol a formaldehido en 6xidos de vanadio
en condiciones hidratadas y soportadas

4.2.1.1 Introducciéon

En catalisis heterogénea se emplea una extensa gama de superficies solidas
(6xidos metilicos, metales, sulfuros metdilicos) que permiten acelerar un amplio
rango de reacciones quimicas de mterés industrial y tecnologico. Estas superficies
presentan una amplia variedad de sitios reactivos, incluyendo defectos y
coordinacion variable alrededor de los atomos metilicos. Sin embargo, la
naturaleza de la superficie puede cambiar bajo determinadas condiciones de
reaccion, y como consecuencia la caracterizacion de su estructura es muy
complicada cuando se utilizan técnicas espectroscopicas.”™” Asi, la determinacién
de los sitios activos es por tanto un reto cientifico por resolver."™ "™ No obstante,
aunque la actividad y selectividad sean altas y los productos obtenidos puedan ser
facilmente separados del catalizador, existe una pérdida de selectividad conforme
transcurre la reaccion, y por tanto, es en este campo en donde los métodos y
técnicas de la TCC juegan un papel fundamental para desarrollar nuevos
catalizadores con el fin de mejorar su eficiencia y selectividad."™

Por otro lado, los catalizadores de monocapas, en los cuales un oxido
reactivo (como V.0;) estd soportado en otro material (como TiO., CeQ., Si0., etc),
presentan una alta actividad catalitica en reacciones de oxidacion selectiva de
hidrocarburos, eliminacion de NOx o en la reaccion de oxidacion de metanol a
formaldehido. Sin embargo, es interesante analizar esto dentro de un contexto mas
detallado y verificar algunas ideas que han conducido a establecer algunos
postulados en la literatura. De esta forma, el grupo de Wachs"" ha contribuido al
entendimiento de este tipo de sistemas estudiando el efecto del soporte (tales como
Si0., ALQOs, ZrQ., TiO. y CeO. en catalizadores de o6xidos de vanadio,
demostrando que existe un mncremento no lineal de la actividad catalitica desde
S10: hasta CeQO.. El efecto estd asociado a la electronegatividad del centro metilico
del soporte, el cual juega un papel fundamental en el proceso. También en el grupo
de Wachs se ha desarrollado la utilizacion del metanol como molécula sonda en la
caracterizacion de los sitios cataliticos."” Los productos obtenidos dependen de los
sitios expuestos: sitios acidos generan dimetil-éter, sitios basicos COs, sitios redox
formaldehido. Asi, con este tipo de informacién y combinando esfuerzos tanto
teoricos como experimentales los grupos de Sauer y Bell, han mvestigado estos
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[145-147, 1

sistemas usando diferentes modelos. SR Dichos modelos estan disenados a
partir de datos experimentales de los sitios reactivos y son adaptados para
representar lo mas fielmente posible al sistema catalitico. Ademads, poseen la ventaja
de que pueden ser caracterizados de tal manera que su comportamiento catalitico
pueda ser correlacionado con parametros estructurales (tales como distancias de
enlace, distribucion espacial del sitio reactivo) y espectroscopicos de la superficie.

En particular, las reacciones quimicas en las que participa el metanol son
importantes en Biologia y la catilisis, entre otras. Asi, la molécula de metanol ha
sido ampliamente utilizada como sonda para verificar las propiedades de
superficies cataliticas como expuesto precedentemente,"” y en particular, la
adsorcion de metanol en 6xidos metalicos soportados ha sido utilizada para la
cuantificacion de sitios activos de las superficies."™ Esto permite entender su
comportamiento a nivel molecular en condiciones cataliticas y los factores de
control que conducen a los productos deseados. Asi, una de las reacciones mas
ampliamente estudiadas corresponde a la oxidacion selectiva de metanol a
formaldehido en superficies de 6xidos de vanadio soportados.”™ ™" En estos
experimentos, el metanol es disociado en la superficie y luego oxidado a
formaldehido a altas temperaturas. Dos especies juegan un papel fundamental en la
conversion metanol-formaldehido en 6xidos de vanadio: la primera corresponde a
una molécula de metanol coordinada a sitios acidos (de Lewis) de la superficie y la
segunda corresponde al metanol disociado permitiendo la formacion de grupos
metoxidos (-OCH:) enlazados a la superficie."™ Se estima que el 109 de las
especies encontradas en la superficie corresponde a metanol en forma molecular,
mientras que el 90% restante corresponde a la forma disociada (-OCHs). El
metanol en formas molecular y disociada son las principales especies que han sido
detectadas por diferentes técnicas experimentales,"” las cuales son el origen de la
oxidacion selectiva a formaldehido. Sin embargo también pueden conducir a
productos no deseados por recombinacién, como es el caso del dimetil-éter.

Los aspectos mecanisticos y cinéticos de la oxidacion de metanol sugieren
que la reaccion ocurra en dos etapas."”" """ " "™ No obstante, en el contexto de
la conversion de metanol a formaldehido surge una cuestion mecanistica que
imncumbe al paso inicial de la reaccion y es si la activacion de metanol ocurre a
través de los enlaces O-H 6 C-H. Asi, varios estudios habitualmente acompanados
de calculos teoricos y empleando diferentes modelos cataliticos (como 6xidos
metalicos) han demostrado que ambos caminos de reaccion son posibles (ver
esquema 4.3). Sin embargo, la activacion selectiva del metanol a través de los
enlaces O-H 6 C-H depende especificamente del metal de transicion."™ "™ En el
caso de los 6xidos de vanadio, la activacion de metanol ocurre a través de la
activacion de los enlaces O-H. Estudios experimentales"™ " han determinado que
la actividad especifica del vanadio, el cual es afectado por la composicion del
soporte, juega un rol fundamental en el equilibrio de adsorcion del metanol para asi
formar intermedios metoxilados en la superficie debido a la basicidad de los sitios
V-O-M.porie."™ ™ ™ El mecanismo asumido para la oxidaciéon de metanol contempla
en una primera etapa, la disociacion de metanol en uno de los enlaces V-O-Mpone
para formar especies V-OCH: y M-OH. El paso lmitante de la reaccion
corresponde a la transferencia de hidrogeno desde el grupo CH: hacia un atomo de
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oxigeno del catalizador, que generalmente corresponde al dtomo de oxigeno del
enlace vanadilo (V=0).

CH;0H

N

(M ]-OCHj [M]-CH,OH

'

CH,O
Esquema 4.3 Posibles caminos de adsorcion de
metanol en 6xidos metdlicos mediante activacion del

enlace O-H (1) 6 C-H (2).

Estudios de la cinética de esta reaccion han demostrado que en el limite de
bajas conversiones de metanol-formaldehido, la formacion de este altimo es de
primer orden respecto al metanol, de orden cero respecto a la presion parcial del
oxigeno e mdependiente de la composicion del soporte. De esta forma, la
expresion para la formacion de formaldehido puede ser descrita como el producto
entre la constante de equilibrio para la adsorcion del metanol, K4, v la constante
cinética para el paso limitante de la reaccion, k,.;g, como muestra la ecuacion,

Ren,o = KaaskrisPueon 4.2)

Estudios teoéricos han dado indicios mmportantes a nivel molecular del
mecanismo de la oxidaciéon de metanol en sistemas de 6xidos de vanadio
soportados para dar respuestas a evidencias experimentales. Recientemente,
vanadatos aislados han sido modelados con soportes de 6xidos de silicio, titanio y
zirconio."” " Pambién clusters neutros y cargados han sido utilizados para
entender la reactividad intrinseca de los principales intermedios."™"™ Sin embargo,
se ha dedicado poca atencion al papel que juegan los grupos hidroxilos en sistemas
cataliticos en condiciones hidratadas."”*" El efecto de la hidratacién en este tipo de
sistemas podria cambiar dramdticamente la estructura molecular de los oxidos de
vanadio soportados.”**" Especificamente, la hidrataciéon aumenta la polimerizacion
y la acidez de Brgnsted debido a la presencia de grupos V-OH. Tales grupos
también estan presentes en clusters en fase gas expuestos a metanol o agua. Por
tanto, surge una persistente nquietud respecto a la estructura/estabihdad y
reactividad quimica de los grupos metal-oxo (M=0) en presencia de agua. Por esta
razon, en el presente trabajo hemos analizado tanto el efecto de la presencia de
grupos hidroxilos como del soporte, utihizando 6xidos de titanio. En concreto, se
han estudiado y caracterizado las etapas asociadas a la adsorcion/disociacion y
oxidacion del metanol utihizando DFT, empleando dos modelos que representan el
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sistema catalitico. El primero corresponde al modelo O=V(OH)s, el cual representa
explicitamente las condiciones hidratadas del sistema. Kl segundo modelo
corresponde al cluster O=V(OTiO:H)s, el cual es utiizado para representar el
proceso catalitico bajo el efecto de un soporte de T10..

4.2.1.2 Metodologia de cilculo y modelos

Todos los céalculos fueron realizados utilizando el programa GAUSSIAN
03,"" empleando DFT, junto con el funcional BSLYP ***"y el conjunto de base 6-
311G(2d,p)*" para todos los atomos. Esta metodologia ha sido anteriormente
utilizada con buenos resultados en cilculos de mecanismos moleculares de
reacciones del VO. con hidrocarburos saturados e insaturados.™ """

A todos los puntos obtenidos en las diferentes PESs se hizo un andlisis
vibracional para comprobar la existencia de minimos y estados de transicion a lo
largo de la coordenada de reaccion. Para los cilculos de las estructuras de los
estados de transicion de especies radicalarias singletes se utilizo la aproximacion
broken-symmetry (BS), como una aproximacion a un tratamiento
multiconfiguracional. Debido a la contaminaciéon de espin, se ha proyectado la

21

energia de estas especies con la siguiente féormula:

_ [Ebs_Et]
Eis =B+ 252550 4.3)

en donde Ejg corresponde a la energia proyectada en funcion de la contaminacion
de espin de la especie singlete de bajo espin; E; es la energia single-point en estado
electronico triplete de la estructura BS obtenida; y 5" es el valor propio del
operador de espin de la especie radicalaria.

Las propiedades termodinamicas fueron obtenidas para todas las especies
de los diferentes mecanismos de reaccion estudiados. Las energias libres de Gibbs
fueron calculadas utilizando las ecuaciones estindar de mecdnica estadistica.”™ *”
Todos los cilculos incluyen las correcciones de punto cero (ZPE), incluso en
aquellos casos donde hay correcciones BS a la energia

Esta bien establecido que las superficies de oxidos de vanadio soportadas
presentan una estructura piramidal con un enlace vanadilo (V=0) y tres enlaces V-
O-Msomore equivalentes. Respecto a las condiciones hidratadas, estructuras diferentes
como O=V(OH)(OM). y O=V(OH):(OM) han sido propuestas basadas en
espectros IR y Raman. ***" Un estudio tedrico reciente en superficies de 6xidos de
vanadio soportados en silica”" muestra que todas estas especies podrian ser estables
dependiendo de las condiciones externas tales como la temperatura o la presion de
vapor del agua. Por tanto, la principal caracteristica de estos sistemas en
condiciones hidratadas podria estar relacionada con la presencia de grupos V-OH
en la superficie, que provienen de la hidroxilacién de los grupos V-O-M. Asi el
claster O=V(OH); utilizado en nuestros cdlculos, efectivamente, representa las
condiciones hidratadas y puede estar correlacionado con la siguiente ecuacion:

V.0; + 3H:O = 2VO(OH)s (4.4)
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Cilculos teoricos previos muestran que este tipo de clusteres se estabilizan
en presencia de moléculas de agua."” Asi, este modelo contiene las principales
caracteristicas de los sistemas cataliticos de este tipo, es decir, un entorno
tetraédrico, un grupo vanadilo V=0 y tres grupos hidroxilos OH.

El modelo soportado en TiO: es representado con un grupo mono-oxo
terminal (V=0) y tres enlaces V-O-T1 equivalentes. Cada dtomo de titanio contiene
un grupo hidroxilo terminal y un oxigeno puente entre dos atomos de titanio.
Ambos modelos poseen un entorno tetraédrico y un estado de oxidaciéon (+5) para
el vanadio. En la Figura 4.2 se representan ambos modelos.

Figura 4.2 Geometrias v sus principales parametros geométricos obtenidos a nivel BSLYP/6-
311G(2d,p) de ambos modelos utilizados para la oxidaciéon selectiva de metanol a formaldehido:
modelo hidratado (izquierda), modelo soportado (derecha). Distancias en angstrom. En color
amarillo: vanadio. En color azul: titanio.

En el modelo soportado, la TST fue utilizada para obtener las constantes
cinéticas para la oxidaciéon de metanol. Un factor de escala de 0.96 fue utilizado
para calcular las funciones de particion para las especies participantes. Para la
determinacion de los pardmetros cméticos se han realizado algunas
aproximaciones. De esta forma, para el modelo catalitico soportado y sus
respectivas especies adsorbidas solo las contribuciones vibracionales fueron
asumidas en la funcion de particiéon, mientras que para el metanol en estado
gaseoso, se consideraron las contribuciones vibracionales, rotacionales 'y
traslacionales.

De esta manera, la constante cinética aparente, kapp, para la reaccion de
oxidacion puede ser expresada de la siguiente manera:

kapp = Kaaskris (4.5)

donde k, ;s es la constate cinética del paso limitante de la reaccion y K4, es la
constante de equilibrio para la adsorcion del metanol. La constante de adsorcion
del metanol y la constante cinética del paso limitante pueden ser expresadas de la
siguiente manera:
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dads -
Kads = Ouds m exp(PV/RT) exp( AEqqs/RT) (4.6)
kgT Qris —_AEt
krls = Opis IZ :a‘lis exp( ETlS/RT) (4-7)

En estas ecuaciones g; es la funcion de particion para las correspondientes especies
y a; son los factores de simetria para cada etapa de la reaccion. AE ;45 v AE:IS son
los valores de la energia de adsorcion y la barrera del paso limitante,
respectivamente. El término exp (PV /RT) asume que el metanol es un gas ideal.
De esta manera K gy, puede ser expresada de la siguiente manera:

kapp = kgppexp(_AEapp/RT) (4.8)

siendo,
AEqpp= AEqqs + AE) 4.9)

en donde AE g, es la barrera aparente de la reaccion.

4.2.1.3 Resultados y discusiéon

Fl estudio selectivo de la oxidacion de metanol a formaldehido ha sido
realizado mediante la exploracion de varios caminos de reaccidon en ambos
modelos. Como previamente se ha mencionado, el mecanismo de oxidacion consta
de dos etapas: la primera corresponde a la adsorcion de metanol. Dicha adsorcion
puede ocurrir en varios sitios de la superficie, sin embargo en este estudio hemos
considerado solo dos sitios reactivos. La adsorcion puede ocurrir en los enlaces
V=0 o bien en el sitto V-O-M.i, €n condiciones soportadas. Del mismo modo en
el modelo hidratado, la adsorcion puede llevarse a cabo por medio del enlace
V=0, no obstante esta también puede ocurrir en los sitios V-OH. La disociacion
del metanol en el catalizador trae como consecuencia la formaciéon de grupos
metoxidos (-OCH:) unidos a la superficie. De esta forma, la segunda etapa del
mecanismo de oxidacion corresponde a la activacion de uno de los enlaces C-H del
grupo CH; transfiriendo un atomo de hidrogeno hacia el catalizador. Como se vera
a continuacion, la formacion de formaldehido es un proceso de 6xido-reduccion
que involucra una transferencia de un par de electrones desde el metanol hacia el
catalizador, especificamente hacia el vanadio, en donde éste cambia su estado de
oxidacion de V7 a V™,

1) Adsorcion de metanol
Estudios previos han determinado que existe una interacciéon favorable

entre la superficie y el metanol."™™ "™ De esta forma, la primera etapa del proceso
corresponde a la formacion de aductos entre el metanol y el catalizador, en donde
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el tipo de interacciones que gobiernan la formacion de estos complejos pueden
estar asociadas a interacciones electroestaticas débiles, las cuales ocurren entre el
vanadio y el oxigeno del metanol. Sin embargo los resultados en condiciones
hidratadas muestran que la presencia de puentes de hidrogeno es la responsable de
la formacion de tales aductos. De esta forma, las interacciones por puentes de
hidrogeno ocurren entre el oxigeno del grupo vanadilo y el hidrogeno del grupo
OH del metanol o bien por la interaccién entre los grupos hidroxilos del sistema
catalitico y el grupo OH del metanol. El modelo hidratado con su estructura
piramidal mmpide la formaciéon de aductos en donde la interaccion estabilizante
ocurre entre el vanadio y el oxigeno del metanol, por tanto la estabilizacion de
dichos aductos s6lo se consigue a través de puentes de hidrogeno. La formacion de
estos aductos, AHI, y AH2, es favorable en 10.9 y 7.7 kcal/mol respecto a
reactivos por separado, respectivamente. Se puede apreciar que la formacion del
aducto a través del enlace vanadilo es mds favorable que aquella que ocurre por la
mteraccién entre los grupos hidroxilos, a pesar de que en este Glimo exista una
doble interaccion por puente de hidrogeno entre el catalizador y el metanol.
Posterior a la formacién de los aductos, el metanol es disociado mediante la
activacion del enlace O-H; por tanto dos posibles disociaciones del metanol son
factibles, esto es: activacton mediante la transferencia del proton acidico del
metanol hacia el atomo de oxigeno del enlace V=0, o bien transferencia de proton
hacia uno de los atomos de oxigeno de los grupos V-OH. Las barreras de
activacion para la disociacion de metanol obtenidas fueron de 32.7 kcal/mol y 14.0
kcal/mol, respectivamente. Aqui se puede apreciar claramente una preferencia del
sistema por la disociacion de metanol a través de los sitios V-OH, puesto que
superar la barrera de activacion a través de los grupos vanadilo representa mas del
doble de energia. Consecuentemente, la disociacién de metanol en ambos sitios
reactivos de la superficie trae como consecuencia la formacion de intermedios-
metoxidos en la superficie, lo que en este modelo hidratado se traduce en la
formacion de dos especies: (OH)V(OH):(OCH:) y OV(OH).(H.O)(OCH:) (IMH1
v IMHZ2, respectivamente). Asi, la formacion del primer intermedio-metoxido
corresponde a una especie penta-coordinada donde el atomo de vanadio posee a su
alrededor 4 grupos OH (uno de ellos proviene de la disociacion del metanol) y un
grupo OCH:s a su alrededor. Esta especie fue encontrada 9.7 kcal/mol menos
estable que los reactivos. El segundo intermedio-metéxido corresponde a una
especie tetraédrica donde el enlace vanadilo permanece y alrededor del vanadio es
posible encontrar 2 grupos OH y una molécula de agua coordinada al sitio
metalico. La formacién de este intermedio es exotérmica con una energia de
estabilizacion de -10.5 kcal/mol. La presencia de una molécula de agua coordinada
al catalizador estabiliza el sistema en 8.7 kcal/mol, lo cual es coherente con cdlculos
tedricos previos que muestran que este tipo de clusters son estabilizados en
presencia de moléculas de agua."” La pérdida de la molécula de agua de este
mtermedio permite la formacién de la especie OV(OH).(OCH:), IMHS. De esta
forma, las energias de adsorcion del metanol en ambos sitios reactivos son: 9.7
kcal/mol (adsorcion en sitios vanadilos) y -1.8 kcal/mol (en sitios V-OH) (ver Figura
4.3).
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< IMS1 IMS2
IMHI IMH3 + H,0
AE 45 = 5.0 kcal/mol AE,4s = -17.1 kcal/mol
AE 4, = 9.7 keal/mol AE 45 = -1.8 kcal/mol AG =23.4 keal/mol AG = -3.5 keal/mol

Figura 4.3 Estructuras y energias para la adsorcion de metanol en condiciones hidratadas a) y en
condiciones soportadas b) AG calculado a 450 °K.

Por otro lado, en el modelo soportado solo es posible encontrar un tnico
aducto (AS1) que conduzca a la posterior disociacion del metanol. En este caso,
ASI se forma debido a interacciones electroestiticas dcido/base entre el oxigeno del
metanol y el dtomo de vanadio. La formacion de este complejo es exotérmica
respecto a los reactivos con una energia de estabilizacion de -7.0 kcal/mol. De la
misma forma, la activacion del enlace O-H del metanol la puede generar el oxigeno
del enlace V=0 mediante una transferencia de protéon desde el metanol hacia el
catalizador con una barrera de activacion de 25.2 kcal/mol. La disociacion de
metanol en este sitio conduce a la formacion de una especie penta-coordinada
endotérmica (IMS1), la cual se encuentra 5.0 kcal/mol por encima de los reactivos.
IMS1 posee un grupo OH, tres enlaces V-O-M.e equivalentes y un grupo -OCH;
coordinado alrededor del dtomo de vanadio. Asimismo, la disociaciéon de metanol
por medio de los sitios V-O-M.ue €s mas factible con una barrera de activacion de
10.7 kcal/mol, donde el proton acidico del metanol es transferido a uno de los
atomos de oxigeno de los sitios V-O-Mue. Esto da paso a la formacion de un
intermedio-metoxido, IMS2, con una energia de estabilizacion de -17.1 kcal/mol
respecto a los reactivos, siendo considerablemente mas estable que aquella penta-
coordinada. En esta especie el enlace V=0 permanece y dos enlaces V-O-M.pore SON
los encargados de mantener el atomo de vanadio ligado al soporte del catalizador.
De esta forma las energias de adsorcion del metanol en ambos sitios reactivos son:
5.0 kcal/mol (adsorcién en V=0) y -17.1 kcal/mol (adsorcion en sitios V-O-M) (ver
Figura 4.3). Adicionalmente, considerando la temperatura de 450 °K, la formacién
de IMS2 puede ser asumida como un proceso de quasi-equilibrio con un valor de
AG =-3.5 kcal/mol, mientras que la formacién del mtermedio-metéxido penta-
coordinado resulta ser un proceso altamente endergonico con un valor de AG =
23.4 kcal/mol.

En sintesis, la disociacion de metanol que da paso a la formacion de
mtermedios metoxidos penta-coordinados representa un proceso endotérmico
asociado a barreras de activacion altas. Esto es posible encontrarlo tanto en
condiciones soportadas como hidratadas. Por el contrario, la disociacion de
metanol a través de los sitios V-OH 0 V-O-M. €s un proceso exotérmico que
permite la formacion de mtermedios metoxidos tetraédricos con barreras de
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activacion considerablemente mas bajas que las anteriores. De esta forma, la
disociacion de metanol por medio de enlaces vanadilo podria resultar
termodinamicamente y cinéticamente menos favorable. Por otro lado, si bien en
condiciones hidratadas los aductos formados por puentes de hidrégeno son mas
estables que bajo el efecto de un soporte, esto traerd como consecuencia barreras
de disociacion del metanol mas altas. Sin embargo el principal efecto de la
hidratacion es la desestabilizacion de los intermedios metoxidos tanto especies
penta-coordinadas como tetraédricas (ver Figura 4.3).

11) Analisis vibracional

Con el objeto de caracterizar los posibles intermedios que participan en la etapa de
disociacion del metanol se ha realizado un andlisis vibracional de todas las especies
que participan en la adsorcién/disociacion, tanto en condiciones soportadas como
hidratadas. Los resultados de las principales frecuencias de vibracion y sus
respectivas asignaciones se pueden apreciar en la Tabla 4.4. Como reporta la
bibliografia, los calculos DFT sobreestiman el valor de las frecuencias,
especialmente los modos de vibracion stretching. Por esta razon hemos aplicado un
factor de escala de 0.96 a los valores de las frecuencias obtenidas. Asi, los aductos
AHI1, AH2 y AS1 muestran bandas asociadas a los modos stretching ven del grupo
CH: del metanol en la region de los 2887 cm™ y 2911 em™ (simétrico) hasta los 2966
cm’ y 2978 cm’ (antisimétrico) para AS1 y AH2, respectivamente, lo cual es
coherente con resultados experimentales obtenidos en o6xidos de vanadio
soportados (ver Tabla 4.4). La posicion de las bandas observadas
experimentalmente oscila entre los 20-30 c¢m” dependiendo del soporte. La
diferencia entre los modos vibracionales antisimétrico y simétrico es de 80 cm’, lo
cual estd en concordancia con los datos experimentales obtenidos, 100 cm”. Los
modos de vibracion bending dcu fueron obtenidos en la region de los 1446 cm™ y
1435 cm” (antisimétrico) y 1420 cm” y 1410 cm” (simétrico) para el modelo
hidratado y soportado, respectivamente. Kl bending  don del metanol fue
encontrado a 1359 cm” y 1351 cm’”, lo cual estd en correspondencia con los datos
obtenidos por Burcham y col.”™ (1870 cm’). Los valores obtenidos para el
stretching C-O aparecen a 1042 cm” and 1022 cm” para el modelo hidratado y
soportado, respectivamente. Estos valores son mas bajos que los reportados por
Burcham (1065-1124 cm’). Por esta razon no hemos aplicado el factor de
correccion a este valor.

Por otro lado, las especies que consideran al metanol disociado en el
modelo hidratado corresponden a los intermedios IMH1, IMHZ2, y IMHS3. En el
modelo soportado estas corresponden a IMS1 e IMS2. El grupo metéxido muestra
vibraciones de 15 cm’ mads bajas que las correspondientes a las del metanol
molecular en los respectivos aductos. Asi, el stretching ven aparece a 2958 cm’
(hidratado) y 2963-2913 cm” (suportado), lo cual estd en acuerdo con los valores
experimentales de 2975-2935 cm’ y 2939-2833 cm” reportados por Burcham"” y
Bronkema™’, respectivamente. Un comportamiento similar se observa para los

bending dcu, con una disminuciéon de 10 cm” respecto a los valores del metanol
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molecular adsorbido. La banda stretching C-O aparece en nuestros calculos a 40-
60 cm”' mas alto en energia que las especies moleculares, lo cual corresponde al
rango de los picos observados y reportados por Burcham."”

Una caracteristica de los oxidos de vanadio soportados corresponde al
stretching del enlace V=0 que es encontrada a 1050 cm’”. En nuestros modelos,
esta banda aparece con valores mas bajos en los aductos (1085 cm™ para AH2, 1056
cm’ para AH1 y 1098 cm’ ASI) que en las especies disociadas (1131 e¢m” para
IMHI1, 1126 cm™ para IMH2 y 1112 ecm” para IMS2), lo cual indica que existe un
reordenamiento electronico inducido por los grupos ~-OCHe.

En resumen, el analisis vibracional es concordante con los datos
experimentales y permite confirmar las asignaciones previas de las bandas basadas
en calculos DFT. De esta manera, las principales caracteristicas vibracionales
pueden ser reproducidas con modelos que representan un sistema catalitico en
condiciones hidratadas y soportadas.
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4. Resultados

11) Andlisis ELF

El analisis de las 1sosuperficies de la ELF fue realizado tanto para los
aductos como para los intermedios-metoéxido en condiciones hidratadas, como
muestra la Figura 4.4. La ELF es una herramienta que aporta una mformacion
valiosa a cerca de la naturaleza del enlace quimico. De esta forma, en la base de la
topologia de la ELF, todos los enlaces V-O carecen de naturaleza covalente debido
a la ausencia de cuencas dismapticas V(V,0), lo cual nos permite considerar una
mteraccion 16nica entre el oxigeno y el vanadio, pero que no excluye un
componente covalente. En otras palabras, los resultados muestran que todos los
enlaces V-O presentan principalmente un caracter ionico.”" Las distancias de
enlace obtenidas para el enlace V=0 no corresponden a un enlace covalente, sino
mas bien a un enlace 16nico fuerte estabilizado por la ausencia de repulsion de los
pares libres del oxigeno.”™” Como se puede apreciar en la Tabla 4.5, el dtomo de
oxigeno en el grupo V=0 presenta una poblaciéon mayor que en los grupos OH. El
metanol posee un enlace covalente entre el dtomo de carbono y el de oxigeno
debido a la presencia de una cuenca disinaptica V(C,0;). Los enlaces C-H y O-H
son covalentes, pero no presentan cuencas disindpticas entre sus centros. Esto se
debe a la ausencia de los electrones de core en los ditomos de hidrogeno.

V(C,06) V(CHg)

C(C)

V(CHg)

V(O,H,)

VG, v(0,)

AH2 IMH2

V(C.He)  V(C,Hq)

V(O1) 6 O(/C’H4)
4 V(C,0g)
Q ...
5.7, V(O
V(O,H,) ‘ V(O,H,) ©) V(O,4H,)
V(O,

V(OH,)

V(O,)
Figura 4.4 Isosuperficies ELF para las especies AHI, AH2, IMHI ¢
IMH2. n=0.81

La interaccion molecular del metanol con el modelo hidratado (AHI1 vy
AH2) es débil y de caricter electroestatico. En la Figura 4.4 se puede apreciar la
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ausencia de cuenca entre ambos fragmentos. Existe una minima transferencia de
carga desde el catalizador hacia el metanol (-0,03e) en la etapa micial de la
adsorcion. Posteriomente, los intermedios-metoxidos estan caracterizados por una
transferencia de densidad de carga dq de -0.37¢ (AH2), -0.37¢ IMH2) y -0.41e
(IMHI) respectivamente cuando el grupo OCH: esti enlazado al datomo de
vanadio.

La protonaciéon en el oxigeno del enlace V=0 para formar IMH1 implica
que la poblacién de V(O)) en el aducto anterior, es decir 7.04e, disminuya a 5.86
debido a la aparicion de una cuenca disinaptica V(O,,H;). Consecuentemente,
IMHZ2 posee un comportamiento similar, ya que la poblaciéon de V(O.) disminuye a
4.52¢, respecto a AHZ2, 5.89¢, producto de la aparicion del basin disinaptico.

En todas las especies, la carga del atomo de vanadio oscila ligeramente entre
las especies disociadas y moleculares, sin embargo se observa un incremento de las
cuencas de core de -0.21 electrones entre IMH2 y IMHS3 debido a la salida de una
molécula de agua.

Tabla 4.5 Poblacién de las cuencas Ny transferencia de carga (5q)
desde el catalizador hacia el metanol en el modelo hidratado,
calculados en las correspondientes geometrias optimizadas al nivel

BSLYP/6-311G(2d,p).

Cuenca, N AH2 IMH2  IMHS3 AH1 IMH1

C (V) 19.62 19.66 19.87 19.84 19.81
V(O) 7.18 6.97 6.97 7.04 5.86
V(O,) 6.01 5.89 5.89 5.87 5.87
V(O)) 5.99 5.90 5.90 5.87 5.81
V(O) 5.89 4.52 - 5.84 5.81
V(O: H) 1.68 1.70 1.68 1.68 1.70
V(O: H) 1.70 1.75 1.68 1.68 1.70
V(O: Hy 1.69 1.66 - 1.70 1.71
V(C H) 2.03 1.99 2.03 2.03 2.03
V(C H)) 2.03 1.99 2.03 2.05 2.03
V(C Hy) 2.05 2.03 2.04 2.04 2.03
V(O; ©) 1.22 1.28 1.27 1.22 1.32
V(O 4.68 6.18 6.10 4.69 5.97
V(Os HY) 1.76 - - 1.73 -
V(O. H) - 1.72 - - -
V(O Hy) - - - - 1.67
8q -0.03 -0.37 -0.34 -0.03 -0.41
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1v) Obtencion de formaldehido a través de caminos de reacciéon con cruces de
estado

A continuacién, los siguientes caminos de reacciéon contemplan la
exploracion de la oxidacion selectiva de metanol a formaldehido con participacion
de cruces de estados electronicos. En este proceso, el mtermedio-metoxido
transfiere un atomo de hidrégeno al catalizador para dar paso a la elimmacién de
formaldehido junto con una reduccion del estado de oxidacion del vanadio de +5 a
+3.

a) Condiciones Hidratadas: Como previamente se ha visto, la disociacion de
metanol en condiciones hidratadas da paso a la formaciéon de intermedios-
metoxidos. De esta forma, a partir de la especie penta-coordinada IMH1, uno de
los enlaces C-H del grupo CHs es activado por uno de los atomos de oxigeno de los
grupos OH, transfiriendo un atomo de hidrogeno hacia el catalizador (Camino 1).
La activacion del enlace C-H pasa por el estado de transicion TS1. La energia de
activacion para esta especie encontrada en el estado triplete es de 41.2 kcal/mol y
para el estado CSS es de 28.3 kcal/mol. No obstante, la barrera broken-symmetry
es considerablemente mas baja, de 24.7 kcal/mol. El valor del operador de espin
<§"> obtenido para esta ultima especie es de 0.49 y la barrera de activacion
posterior a la proyeccion de espin usando la ecuacion (4.3) es 20.0 kcal/mol (ver
Tabla 4.6). Estos resultados demuestran que la activacion del enlace C-H via T'S1
corresponde a una especie radicalaria con un estado open shell singlet (OSS).
Ademas, confirman que una descripcion restricted-B3LYP (RBSLYP) no puede
ser aplicada"” a este tipo de especies. En esta etapa del mecanismo, el atomo de
vanadio posee un estado de oxidacion intermedio V' (d') debido a la naturaleza
radicalaria de este estado de transicion. Posterior a la activacion del enlace C-H, el
hidrogeno es transferido al sistema catalitico y un intermedio triplete es formado,
IH1 (encontrado a 11.8 kcal/mol por debajo de OSS-TS1). De esta forma un
MECP conecta TS1 con el intermedio triplete mas estable IH1. La especie que
conecta ambas superficies de energia potencial, MECPI, fue localizada a 5.8
kcal/mol por encima de TH1 (sin considerar las correcciones de punto cero) entre
los estados OSS vy triplete. En el mtermedio triplete IHI1, tanto el formaldehido
como una molécula de agua estan ligados al catalizador mediante interacciones
electroestaticas  débiles. Una elimmacion posterior de la molécula de agua
desestabiliza el sistema en 12.2 kcal/mol para formar el imtermedio triplete IH2.
Tanto IH1 como IH2 muestran una fuerte interaccion electroestitica debido a la
mteraccion entre el orbital de tipo d del vanadio y un orbital ™ del formaldehido.
Por ultimo, la eliminacion de formaldehido conduce a la formacion del producto
final V(OH)s, el cual se encuentra 22.3 kcal/mol por encima de IH2. El oxido de

vanadio posee tres grupos OH coordinados alrededor del dtomo de vanadio con

distancias V-OH ~1.790 A. De esta forma V(OH). podria participar en la
reoxidaciéon y regeneracion del catalizador O=V(OH):s
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Tabla 4.6 Energias relativas (kcal/mol) a mivel BSLYP/6-311G(2d,p) correspondiente al
Camino 1 en condiciones hidratadas.

Estructura OV(OH); +

Metanol IMH1I TS1 MECPlI IHI" IH2® V(OH)!
Energia 8.1 0.0 23.6" 17.2 11.4  27.0 50.7
Energia + ZPE 9.7 0.0 20.0" 9.2 214 43.7
CCSD(T) 0.0 292.5 11.5

‘Energia espin-proyectada; "Energias en el estado triplete; ‘Energias single-pornt de las
geometrias BSLYP.

Por otro lado, la disociaciéon de metanol por medio de los sitios OH del
catalizador permite que el grupo V=0 permanezca en el sistema catalitico. De esta
forma el enlace C-H del grupo CH; es activado por dicho enlace (Camino 2). Tras
la elminacién de una molécula de agua del mtermedio IMHZ2, este da paso a la
formacion del intermedio tetraédrico IMHS. Asi, el grupo CH: de IMHS transfiere
un atomo de hidrégeno al dtomo de oxigeno del enlace V=0, via T'S2. Las energias
del estado de transicion TS2 en estado triplete y CSS fueron encontradas a 64.8
kcal/mol y 48.9 kcal/mol por encima de IMHS3, respectivamente. No obstante, la
energia de TS2 utihizando la aproximacion broken-symmetry fue encontrada a 45.3
kcal/mol por encima de IMHS. El valor de expectacion del operador de espin <S>
obtenido para esta especie es 0.41 y la barrera de activacion posterior a la
proyeccion de espin empleando la ecuacion (4.3) es 40.3 kcal/mol (ver Tabla 4.7).
En esta etapa del mecanismo también se puede apreciar un estado de oxidacion
parcial del dtomo de vanadio pasando de V7 a V". Consecuentemente, se forma un
nuevo grupo OH coordinado al dtomo de vanadio. Esto trae como consecuencia
que la etapa final de este mecanismo se corresponda con la etapa final del
mecanismo de adsorcion de metanol a través del siio V=0O. Asi, la formacion de
IH2 en estado triplete pasa a ser una especie que conecta ambos caminos de
reaccion para llegar a productos 1dénticos. La formacion de IH2 a partir de T'S2
también trae como consecuencia un cambio en la multiplicidad de espin del
sistema, asi un nuevo punto de cruce se ha localizado, MECPZ2, el cual también
conecta las PESs triplete y OSS. De esta forma, MECP2 fue localizado a 3.3
kcal/mol (sin considerar las correcciones de punto cero) por encima del intermedio
triplete IH2.

1.323

235 182
7508V 1 1.802
(¥

v

MECP1 MECP2

Figura 4.5 Estructuras correspondientes a los puntos de
cruce, MECP1 y MECP2 encontradas a nivel B3LYP/6-
311G(2d,p).
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Finalmente, resulta interesante resaltar que ambos caminos de reacciéon
presentan un caracter radicalario en el momento de la activacion del enlace C-H
(TS1 y TS2). No obstante, la transferencia de hidrogeno ocurre en diferentes sitios
del catahizador (grupo OH para TS1 y enlace V=0 para TS2), atn asi sus
correspondientes estados de transicion poseen una estructura electréonica con las
mismas caracteristicas. in otras palabras, el caricter radicalario del estado de
transicion no es exclusivo del enlace V=0 como podria deducirse en principio.

Tabla 4.7 Energias relativas (kcal/mol) a mivel BSLYP/6-311G(2d,p) correspondiente al
Camino 2 en condiciones hidratadas.

Estructura OV(OH); +

Metanol IMH2 IMH3 TS2° MECP2 IH2® V(OH)Y
Energia 12.2 0.0 11.2 559 50.6 47.3 71.0
Energia + ZPE 10.5 0.0 8.7 49.0 41.7 63.9
CCSD(T)* 0.0 114  51.8 58.6

‘Energia espin-proyectada; "Energfas en el estado triplete; ‘Energias single-point de las
geometrias BSLYP.

b) Condiciones Soportadas: La adsorcion de metanol en los sitios reactivos V=0
y V-O-M.e permite la formacion de dos intermedios-metoxidos anteriormente
mencionados. Asi, a partir de IMSI1 la activacion del enlace C-H del grupo CH:
ocurre a través del sito V-O-M.u via TS1s (Camino 1) Dicha transferencia de
hidrogeno fue calculada en tres estados electronicos de igual forma que en
condiciones hidratadas (triplete, CSS y OSS). El estado de transicion mas estable
fue encontrado en la superficie broken-symmetry. De esta forma, en condiciones
soportadas el sistema catalitico también presenta el mismo caracter radicalario en la
etapa de activacion del enlace C-H. La barrera de activacion calculada para TS1s es
de 25.3 kcal/mol. El valor del operador de espin (S?) obtenido para esta especie es
0.60. Posteriormente, la proyeccion de espin utilizando la ecuacion (4.3) hace que
la barrera de activacion disminuya a 20.1 kcal/mol. De igual forma, las barreras de
activacion calculadas en los estados triplete y CSS fueron encontradas mas altas en
energia: 34.1 kcal/mol y 30.2 kcal/mol, respectivamente. El producto mas estable
después de TS1s corresponde al intermedio IS1, el cual esta situado en el estado
triplete a 10.5 kcal/mol por encima de IMSI1. En este intermedio, el formaldehido
y el grupo OH recientemente formado mteractian débilmente con el atomo de
vanadio, el cual ahora se encuentra en estado de oxidacion V”. Finalmente, la
eliminacion de formaldehido es exotérmica con valor de AG =-10.6 kcal/mol y
una diferencia de energia de 4.0 kcal/mol. La eliminacion de formaldehido da paso
a la formacion del catalizador en su forma reducida (IS2) con dos grupos OH
coordinados a la superficie (ver Tabla 4.8)

Cuando la adsorciéon de metanol es a través del sitio V-O-Muor, €ésta
permite la formacion del mtermedio IMS2. La adsorciéon de metanol en este caso
mantiene el enlace V=0 y a su vez, dos sitios V-O-Muue estan disponibles. Por
tanto, la activacion del enlace C-H del grupo CH:s es posible tanto por el atomo de
oxigeno del enlace V=0 como por el sitio V-O-M.ne (ver Figura 4.6 y 4.7). Asi, la
activacion del enlace C-H por el siio V=0 (Camino 2) y su correspondiente estado
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de transicion, TS2s fue encontrado en la superficie broken-symmetry, con una
barrera de activacion de 45.7 kcal/mol y un valor del operador de espin <S> de
0.44. Utilizando la ecuacion (4.3), la barrera de activacion se reduce a 41.0 kcal/mol
(ver Tabla 4.9). Las barreras obtenidas en los estados triplete y CCS fueron 65.0
kcal/mol y 49.9 kcal/mol, respectivamente, las cuales son considerablemente mas
altas que aquellas encontradas con la aproximacion broken-symmetry. La activacion
del enlace C-H conduce a la formacion del intermedio IS1 y posteriormente, a 1S2
de 1gual forma que en el camino de reaccién anteriormente descrito.

Tabla 4.8 Energias relativas (kcal/mol) a nivel B3LYP/6-311G(2d,p)

correspondiente al Camino 1 en condiciones soportadas.

Estructura OV(OTiO:H); +

Metanol IMS1 TSIs' ISI" 1IS2'
Energia -3.7 0.0 239 13.0 182
Energia + ZPE -5.0 0.0 20.1 10.5 14.5
AG 450 K -23.4 0.0 214 65 4.1

‘Energia espin-proyectada; "Energias en el estado triplete.

En daltimo lugar, la formacion de formaldehido obtenida mediante la
transferencia de hidrégeno del grupo CHs hacia el atomo de oxigeno del sito V-O-
Mo @ partir de IMS2 via TS3s, es lograda con una barrera de activacion de 51.2
kcal/mol utilizando la aproximacion broken-symmetry. ¥l valor del operador de
espin <§ para esta especie es de 0.53, y utilizando la ecuacion (4.3) la barrera
obtenida se reduce a 46.4 kcal/mol (ver Tabla 4.10). Las barreras de activaciéon
obtenidas en los estados triplete y CSS fueron: 65 kcal/mol y 55.6 kcal/mol,
respectivamente. Posterior a T'S3s, el producto mas estable fue encontrado en el
estado triplete, el cual corresponde a 1S3, y fue encontrado a 42.7 kcal/mol por
encima de IMS2. En esta especie el grupo V=0 permanece en el catalizador y dos
grupos OH estan coordinados alrededor del vanadio. S6lo un sitio V-O-M.e €5 el
encargado de mantener el atomo de vanadio ligado al soporte. Adicionalmente, el
formaldehido sigue ligado al catalizador mediante la interacciéon entre el atomo de
oxigeno y el atomo de vanadio. Asi, la eliminacion de formaldehido es un proceso
endotérmico con valor de AG = 3.4 kcal/mol y un coste energético de 19.1
kcal/mol. La estructura final del catalizador sin formaldehido, 1S4, representa al
catalizador reducido, el cual conserva la estructura piramidal del sistema catalitico
en condiciones iniciales y el sitio V=0.

Tabla 4.9 Energias relativas (kcal/mol) a nivel B3LYP/6-311G(2d,p)

correspondiente al Camino 2 en condiciones soportadas.

Estructura OV(OTiO:H); +

Metanol IMS2 TS2s' IS1" 1S2
Energia 17.8 0.0 45.2  34.6 39.7
Energia + ZPE 17.2 0.0 41.0 326 36.7
AG 450 K 3.5 0.0 42.6  33.5 229

‘Energia espin-proyectada; "Energias en el estado triplete.
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Tabla 4.10 Energias relativas (kcal/mol) a nivel B3LYP/6-311G(2d,p)
correspondiente al mecanismo de activacion del enlace C-H por el sitio
V-O-M.,... en condiciones soportadas

Estructura OV(OTiO:H); +

Metanol IMS2 TS3s* 1S3" 1S4’
Energia 17.8 0.0 50.7  44.1 64.6
Energia + ZPE 17.2 0.0 46.4  42.7 61.8
AG 450 K 3.5 0.0 48.3  44.0 47.4

‘Energia espin-proyectada; "Energias en el estado triplete.

Por otro lado, asumiendo que la adsorcion de metanol en los sitios V-O-
M. €s la mas favorable, se puede afirmar que el paso limitante de la reaccion
corresponderia a la transferencia de hidrogeno del grupo CHs hacia el catalizador.
Sin embargo, los resultados anteriores muestran una diferencia de energia de solo
~5 kcal/mol entre la transferencia de hidrogeno hacia los sitios V=0 y V-O-M.nc
en la etapa limitante. Esta diferencia de energia es relativamente pequena y podria
ser el resultado de una mala descripcion de la metodologia utilizada. Por tanto, para
comprobar la precision de los calculos B3LYP, se ha utilizado el funcional
BH&HLYP con el mismo conjunto de bases. Con este funcional, se han
recalculado las especies IMS2, TS2s, T'S3s, IS1, 1S2, 1S3 y 1S4. No obstante, a
pesar de una disminucion de las barreras de activacion asociadas a TS2s y TS3s en
~10 kcal/mol, la diferencia de ~5 kcal/mol a favor del siio V=0 permanece (ver
Tabla 4.11 y 4.12), lo cual corrobora que el paso limitante de la reaccion es a través

del enlace V=0.

Tabla 4.11 Energias relativas (kcal/mol) a nivel BH&XHLYP/6-311G(2d,p)
correspondiente al Camino 2 en condiciones soportadas.
estructura OV(OTiO:H); +
Metanol IMS2 TS2s IS1"® 1IS2

Energia 18.5 0.0 344 292 1.9
Energia + ZPE 18.0 0.0 30.1 265 -1.9
AG 450 K 3.6 0.0 32,5 254 -16.0

‘Energia espin-proyectada; "Energias en el estado triplete.

Finalmente, cabe destacar que debido a las caracteristicas de la estructura
electronica de los estados de transicion en la etapa limitante, éstas corresponden a
especies biradicalarias en estado electronico singlete. No obstante, una tnica
descripcion espacial del espin-orbital para el espin alfa y beta no representa
correctamente al sistema. Esto queda demostrado al calcular estos estados de
transicion utilizando las ecuaciones RKS (restricted Kohn-Sham), al obtener
barreras de activacion considerablemente mas altas. La utilizacion de la
aproximacion broken-symmetry rompe la simetria espacial, lo cual permite la
localizaciéon de dos centros con densidades de espin opuestas. En particular, esto
demuestra que la ruptura del enlace C-H es homolitica con dos centros de espin
opuestos localizados principalmente en el dtomo de carbono y vanadio. Asi, el

82



4. Resultados

progreso de la reaccion consiste en la reordenacion de la estructura electronica del
sistema, de manera que conduzca al sistema a un estado electrénico triplete con un

par de electrones de espin a localizados en el atomo de vanadio.

Tabla 4.12 Energias relativas (kcal/mol) a nivel BH&HLYP /6-
311G(2d,p) correspondiente al mecanismo de activacion del enlace C-H
por el sitio V-O-M.,... en condiciones soportadas.

Estructura OV(OTiO:H), +

Methanol IMS2 TS3s' 1S3" IS4’
Energia 18.5 0.0 41.3 262 31.7
Energia + ZPE 18.0 0.0 36.6 24.7 28.3
AG 450 K 3.6 0.0 37.8 257 13.6

‘Energia espin-proyectada; "Energfas en el estado triplete.

v) Impacto del método usado

El funcional BSLYP ha sido amplhamente utihzado puesto que arroja una
buena prediccion para geometrias correspondientes a minimos de energia en la
PES, sin embargo éste no posee la misma precision para los estados de transicion.
Por tanto, se han realizado calculos single-point CCSD(T)."™ *" Estos calculos
adicionales han sido realizados para comprobar la precision de las barreras
obtenidas a nivel BSLYP en la etapa que concierne la activacion del enlace C-H, la
cual ha sido calculada previamente con la aproximacion broken-symmetry. Asi, en
condiciones hidratadas las barreras de activacion del enlace C-H mediante célculos
single-point CCSD(T) fueron estimadas en 22.5 kcal/mol y 40.4 kcal/mol cuando
ésta ocurre a través de los siios OH y V=0, respectivamente. Estas barreras son
mas bajas que aquéllas encontradas en el estado CSS e incluso mas bajas que
aquellas encontradas mediante la proyeccion de espin, lo cual demuestra una
sobreestimacion de las barreras a nivel BSLYP. Este resultado también ha sido
encontrado por Sauer y col."” en el estudio de la oxidacion de metanol a
formaldehido empleando el modelo cataliico O=V(CH:)s Cabe destacar que en
estudios previos el funcional BSLYP es conocido por arrojar barreras de activacion
considerablemente mds bajas respecto a aquellas obtenidas por el método
CCSD(T) en sistemas cataliticos responsables de la deshidrogenacion oxidativa de
metano.”"*"
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Figura 4.6 Perfil de energia a nivel BSLYP/6-311G(2d,p) para la formacion de
formaldehido a partir de IMS2 mediante la activacion del enlace C-H por el
sitio V=0. "Energia espin-proyectada. CS: closed shell.

vi) Efectos del spin-crossing en la cinética de la reaccion

En condiciones hidratadas, dos MECPs fueron localizados. Estas especies
son importantes porque permiten conectar las PESs involucradas dentro de un
proceso reactivo. Ademas permiten dar explicacion a aspectos mecanisticos de la
reaccion. En particular en nuestro sistema, la intersecciéon ocurre entre los estados
OSS vy triplete. Los principales parametros geométricos se pueden apreciar en la
Figura 4.5. En este caso, los MECPs fueron localizados después de sus respectivos
estados de transicion, ambos asociados con la activacion del enlace C-H del grupo
OCH.. De esta forma, el cruce entre las PESs no afectarfa a la cinética de la
reacciéon y solo tendria un rol termodinamico explicando la distribucion de los
productos con diferente multiplicidad de espin. Sin embargo, tanto el SOC como la
probabilidad de cruce serian necesarias para determinar si el cruce entre las PESs
es el paso determinante de la reaccion. Recientemente Goodrow y col."™ han
calculado la probabilidad térmica de la transicion de espin en sistemas de oxidos de
vanadio soportados en TiO:. y S10. para la oxidacién selectiva de metanol a
formaldehido. Los autores han demostrado que la transicion de espin es mucho
mas rapida que el paso lmitante correspondiente a la abstraccion de hidrogeno del
grupo CHs del grupo metoxido y por tanto, no seria cinéticamente relevante.

84



4. Resultados

90 - CS
= =Trip
80 ! = Broken-Symm
70 +
= 6
3 60 A
geo \
£ 50 - 512 (46.4) \
m —
8 40 - 42.7
N
e o
30 4 o
20 +
10 A
O J
IMS2 TS3 IS3 1S4

Figura 4.7 Perfll de energia a nivel BSLYP/6-311G(2d,p) para la
formacion de formaldehido a partir de IMS2 mediante la activacion
del enlace C-H por el sitio V-O-M.e. ‘Energia espin-proyectada.

CS: closed shell.
vi1) Comparacion entre caminos de reaccion

Con el fin de analizar la adsorcién en los sitos V=0, V-O-M.a 6 V-OH, se
han comparado ambas rutas de obtencion de formaldehido, puesto que la etapa
micial (reactivos) y final (ehminacion de formaldehido) de ambos mecanismos de
reaccion son idénticos tanto en condiciones hidratadas como soportadas (ver Figura
4.8 y 4.9). La diferencia surge en la formacion del intermedio-metoxido y la etapa
de activacion del enlace C-H. Para identificar ambos caminos de reaccion, se
denominard Camino 1 a aquel en donde la adsorcion de metanol ocurra en los
sitios V=0, mientras que el Camino 2 correspondera a aquel en donde la adsorcion
de metanol ocurra en los sitio V-O-M... (en el modelo soportado) o V-OH (en el
modelo hidratado). De esta forma se puede apreciar que en el Camino 1 de
reaccion la activacion del enlace C-H es considerablemente mas baja que en el
Camino 2 (20.0 v/s 40.3 kcal/mol y 20.1 v/s 41.0 kcal/mol en condiciones
hidratadas y soportadas, respectivamente), lo cual indica que si los intermedios
IMHI1 6 IMSI se forman, evolucionaran rapidamente hacia los productos. Estas
especies penta-coordinadas no poseen enlaces V=0, las cuales podrian ser
formadas en el medio mediante migracion de grupos ~-OCH;s hacia sitios V-OH de
la superficie, ya que su formacién directa a partir de los enlaces V=0 no es
probable que ocurra (barrera de disociacion de metanol de 32.7 kcal/mol y 25.2
kcal/mol para el modelo hidratado y soportado, respectivamente). Incluso en el
caso desfavorable de la formacion directa de estas especies penta-coordinadas
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(IMH1 y IMS1), la energia involucrada en el mecanismo del Camino 1 seria de
40.6 kcal/mol y 82.1 kcal/mol para el modelo hidratado y soportado,
respectivamente. Esta diferencia de energia se obtiene restando la energia mas alta
del Camino 1 con el punto de menor energia. Este valor para el Camino 2 es de
49.0 kcal/mol y 41 kcal/mol para el modelo hidratado y soportado,
respectivamente. Lsto significa que energéticamente podria ser factible para el
sistema proceder a través de dos pequenas barreras (Camino 1) en vez de una gran
barrera (Camino 2). Ademas, las especies penta-coordinadas podrian ser formadas
en condiciones hidratadas. Recientemente, se ha demostrado que un intercambio
entre los oxigenos del catalizador y moléculas de agua puede ocurrir rapidamente.
Esto ha sido demostrado experimentalmente®™ mediante marcaje isotopico en
mecanismos donde podrian existir especies penta-coordinadas alrededor del atomo
de vanadio.

Disociacion de Metanol
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Figura 4.8 Comparacion de los perfiles de energia entre el Camino 1 y Camino 2 a nivel BSLYP/6-
311G(2d,p) en condiciones hidratadas, tomando como referencia de energia a OV(OH): + CH.OH.
‘Estados de transicion broken-symmetryy energias espin-proyectadas. "Energias de intermedios en
estado triplete.

viil) Formacion simultinea de H. y formaldehido

La formacion de formaldehido también es posible a través de
deshidrogenacion de metanol (ver Figura 4.10 y 4.11). Sin embargo tanto en
condiciones hidratadas como soportadas, este proceso no contempla una
transferencia de electrones desde el metanol hacia el catalizador. De esta forma un
par de electrones son transferidos desde el metanol hacia la molécula de H.. Por
tanto, el dtomo de vanadio permanece con su estado de oxidacion V7. Asi,
considerando la adsorciéon de metanol a partir de los intermedios IMHZ2 y IMS2, la
formacion de H. se logra mediante la recombinacion del grupo metoxido y uno de
los grupos OH coordinados al dtomo de vanadio. Este paso tiene asociadas una
barrera de activacion de 57.4 kcal/mol y 52.8 kcal/mol via TS4s y TS3 en
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condiciones soportadas e hidratadas, respectivamente (ver Tabla 4.13 y 4.14). Estas
barreras de activacion son considerablemente mas altas que en los caminos de
reaccion previamente estudiados.

¢
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Camino 2 | Camino 1
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~ 10 - :
g ;
= 97 410! 41.0 37 -
] . -
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Figura 4.9 Comparacion de los perfiles de energia entre el Camino 1 y Camino 2 a nivel
B3LYP/6-311G(2d,p) en condiciones hidratadas, tomando como referencia de energia
a OV(OTiO:H): + CH:OH. ‘'Estados de transicion broken-symmetry y energias espin-
proyectadas. "Energias de intermedios en estado triplete.

Posterior a los estados de transicion, se puede apreciar la formacion de los
mtermedio TH3 y IS, correspondiente a las condiciones hidratadas y soportadas,
respectivamente. Estas especies se encuentran a 27.4 kcal/mol y 32.2 kcal/mol por
debajo de sus respectivos estados de transicion en condiciones soportadas e
hidratadas, respectivamente. La elminacion de formaldehido e hidrogeno
molecular da paso a la regeneracion del catalizador con un costo de energia de 4.1
kcal/mol y 6.9 kcal/mol en condiciones soportadas e hidratadas. L.a formacion
simultinea de formaldehido e hidrogeno se ve mas favorecida en condiciones
hidratadas que soportadas. En consecuencia, el catalizador en este caso tendria
primero la funcién de disociar la molécula de metanol y en segundo lugar, mejorar
el mecanismo en fase-gas al estabilizar el correspondiente estado de transicion
reduciendo su barrera. Sin embargo, al comparar los mecanismos anteriores donde
existe una transferencia electronica entre el metanol y el catalizador, reduciendo el
atomo de vanadio de V7 a V", la formacion simultinea de H. y formaldehido no
seria competitiva.
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Figura 4.10 Perfil de energia a nivel BSLYP/6-311G(2d,p) para
la formacion simultinea de hidrogeno molecular y formaldehido
en condiciones hidratadas a partir del mtermedio IMH2.

COV(()H)&

Tabla 4.13 Energias relativas (kcal/mol) a mnivel B3LYP/6-311G(2d,p)
correspondiente al mecanismo de formacion simultinea de formaldehido e
hidrégeno molecular en condiciones hidratadas.

Estructura OV(OH); +

Metanol IMH2 IMH3 TS3 IH3 OV(OH):
Energia 12.2 0.0 11.2 574 27.9 38.3
Energia + ZPE 10.5 0.0 8.7 52.8 20.6 27.5

Tabla 4.14 Energias relativas (kcal/mol) a mnivel B3LYP/6-311G(2d,p)
correspondiente al mecanismo de formacion simultinea de formaldehido e
hidrégeno molecular en condiciones soportadas.

Estructura OV(OTiO:H), + S+CH.O+H.
Metanol IMS2 TS4 1S5
Energia 17.8 0.0 61.2 36.6 43.8
Energia + ZPE 17.2 0.0 57.4 29.9 34.1
AG 450 K 3.5 0.0 639 27.2 10.5
‘OV(OTiO.H):
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Figura 4.11 Perfil de energia a nivel B3LYP/6-311G(2d,p) para la formacion
simultinea de hidrégeno molecular y formaldehido en condiciones soportadas a

partir del intermedio IMS2. S:OV(OTiO.H):.

1x) Cinética y comparacion entre resultados experimentales y tedricos para

catalizadores VO./T10:

Como se ha mencionado previamente, la formacion mas factible de
formaldehido corresponde al Camino 2. Por tanto, hemos utilizado la TST para
este camino de reacciéon asumiendo un mecanismo que involucra un paso limitante
precedido por la adsorcion de metanol en equilibrio. La Tabla 4.15 resume todos
los pardmetros cinéticos obtenidos a 450 °K, temperatura en la cual la reaccion de
oxidacion de metanol fue llevada a cabo experimentalmente"”, comparada con
resultados previos tanto teoricos' como experimentales."™ ™™

Los resultados B3LYP de la energia de adsorcion para el metanol
corresponden a -17.1 kcal/mol. Goodrow y Bell'” reportan una energia de
adsorcion de -15.7 kcal/mol para un modelo-catalizador similar. Las diferencias con
nuestro modelo podrian surgir por una diferencia en el conjunto de bases utilizado
para calcular estas estructuras. Sin embargo, estudios previos'” han estimado que
las especies adsorbidas mas factibles corresponden a aquellas donde existe una
fuerte interaccion por puente de hidrogeno entre el enlace V=0 y el entorno. Pero
este tipo de interaccion no es posible en nuestro modelo catalitico, mientras que en
el modelo utilizado por Goodrow y Bell considera tal interaccion. Por otro lado, los
valores experimentales de adsorcion de metanol arrojan valores menores de la
energia de adsorcién (-14.5 kcal/mol y -13.0 kcal/mol; ver Tabla 4.15)
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La constante de adsorcion obtenida a 450 °K fue de 226 atm”. No obstante,
todos los valores calculados previamente subestiman los valores experimentales
reportados para la constante de adsorcién y nuestro resultado se encuentra en el
rango de los obtenidos tedricamente.

En lo que respecta al paso limitante de la reaccion, la barrera de activacion
obtenida fue de 41.0 kcal/mol, la cual es muy cercana a la reportada por Goodrow
v Bell y ciertamente sobreestima los valores experimentales obtenidos que rondan
los 30.6 kcal/mol. La constante cinética obtenida para el paso limitante de la
reaccion fue de 6.83 x 107, la cual es altamente subestimada respecto a los valores
experimentales (ver Tabla 4.15). Finalmente, la barrera aparente AEgy, calculada
en B3LYP sobreestima los valores experimentales. Sin embargo, cuando el efecto
de vacante de oxigeno es incluido, estos resultados mejoran considerablemente
respecto a los datos experimentales.™”

Debido a que la barrera de activacion del paso hmitante de la reaccion es
crucial para el cilculo de las constantes cinéticas, hemos utilizado el funcional
BH&HLYP, el cual considera un intercambio y correlacion diferente al utilizado
por el funcional BSLYP. Los resultados arrojan que ciertamente la energia de
adsorcion de metanol es mas exotérmica con BH&HLYP (-18.0 kcal/mol) que con
B3LYP (-17.1 kcal/mol), lo cual demuestra que BSLYP es mds apropiado para la
descripcién de minimos de energia en la PES. No obstante, la barrera de activacion
calculada con BH&HLYP fue de 30.1 kcal/mol, lo cual esti en excelente
concordancia con los valores experimentales (~30.6 kcal/mol; ver Tabla 4.1)5),
mejorando considerablemente los valores obtenidos por BSLYP. Los parimetros
cinéticos obtenidos con BH&HLYP son mas coherentes que aquellos obtenidos
con B3LYP, siendo del mismo orden de magnitud para las constantes cinéticas k

pero subestimando la barrera aparente AEgy,;, (12.1 kcal/mol v/s 16 kcal/mol 6 21.0
kcal/mol)

Por ultimo, se puede concluir que los resultados BSLYP obtenidos son
consistentes con trabajos teoricos previos, mostrando una buena descripcion para
aquellas especies que representan minimos en las PESs, mientras que el funcional
BH&HLYP arroja mejores resultados para los estados de transicion.
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4.2.1.4 Conclusiones

En el presente trabajo se ha estudiado la oxidacién selectiva de metanol a
formaldehido mediante 6xidos de vanadio soportado en TiO. y en condiciones
hidratadas. Los mecanismos de reaccion explorados mmplican una descripcion del
sistema en donde varios estados electronicos estan mvolucrados en el proceso
reactivo. Los siguientes items resumen las principales conclusiones que se pueden
recoger de los resultados previamente expuestos.

a) La disociacion de metanol en condiciones hidratadas y soportadas varia
considerablemente. Por lo que la formacion de aductos entre el metanol y la
superficie al micio de la reaccion ocurre por dos tipos de interacciones. En
condiciones hidratadas, los puentes de hidrogeno gobiernan la formacion de dichos
aductos, mientras que en condiciones soportadas existen interacciones acido/base
entre el dtomo de vanadio y el grupo OH del metanol. La ausencia de cuencas
disindpticas de la ELF entre el metanol y la superficie muestra que no hay presencia
de enlaces covalentes entre superficie-sustrato. Adicionalmente, la disociacion de
metanol por los sitios V-OH 6 V-O-M.we €s termodinamicamente favorable,
mientras que la disociacion a través de los sitios V=0 resulta un proceso
endotérmico.

b) El espectro vibracional calculado para las especies moleculares y disociadas
permite confirmar la asignacion previa de los modos de vibracion en trabajos
experimentales. Los grupos metoxidos son encontrados a 10 ecm™ mas bajos que las
correspondientes  especies  moleculares  siendo  posible  discriminar
experimentalmente las dos especies. La presencia de grupos metoxidos en el
catalizador genera que la vibracién del enlace V=0 se desplace a frecuencias mas
altas.

¢) Los mtermedios-metoxidos (IMH1, IMHZ2, IMH3, IMS1, IMS2) son las
principales especies que participan en la reaccion. Las especies mas estables
corresponden a IMHS3 y IMS2, las cuales provienen de la disociaciéon de metanol
en los siios V-OH y V-O-M, respectivamente. Estas especies poseen un entorno
tetraédrico alrededor del atomo de vanadio con un grupo V=0, un grupo metoxido
y dos sitios V-O-Muwe (en condiciones soportadas) y dos grupos V-OH (en
condiciones hidratadas). Los intermedios-metoxidos penta-coordinados podrian ser
potencialmente iteresantes en condicion catalitica debido a su rapida conversion
del grupo metoxido en formaldehido.

d) Un escenario completo del mecanismo de oxidacion puede ser dado. El paso
limitante de la reaccion corresponde a la activacion del enlace C-H del grupo
metoxido por parte del dtomo de oxigeno del enlace V=0O. Esto ocurre tanto en
condiciones hidratadas como soportadas. Las barreras de activacion en ambos
casos es de ~40 kcal/mol, lo cual indica que el efecto de la hidratacion no afectaria
al paso lmitante de la reaccion. No obstante, en condiciones soportadas podria
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existir una competicion por el sitio, el cual activa el enlace C-H, es decir, los sitios
V=0 6 V-O-M.. Una diferencia de ~5 kcal/mol en favor del sito V=0 podria

disminuir al considerarse un modelo mas realista del sistema catalitico.

e) Los estados de transicion asociados a los caminos de reacciéon con intercambio
de espin (T'S1,TS1s, TS2, TS2 y TS3s) son especies biradicalarias y necesitan ser
descritas por la aproximacion broken-symmetry. Sin embargo, el cardcter biradical
para estos estados de transicion no esta asociado a la presencia de los grupos V=0.

f) El principal efecto de la hidratacion en estos sistemas cataliticos se ve reflejado en
la desestabilizacion de los mtermedios-metoxidos. Energias de adsorcion de
metanol de -1.8 kcal/mol v/s -17.1 kcal/mol en condiciones hidratadas y soportadas,
respectivamente, demuestran que en condiciones hidratadas el proceso esta en un
cuasi-equilibrio, mientras que en condiciones soportadas la adsorcion de metanol
es un proceso plenamente exotérmico. El paso limitante de la reaccion no se veria
afectado por el efecto de la hidratacion, lo cual provocaria un aumento en la
barrera en condiciones soportadas deshidratadas.

g) El mecanismo favorable energéticamente en la oxidacion selectiva de metanol a
formaldehido corresponde a un mecanismo del tipo TSR, en donde reactivos en
estado singlete pasan a productos en estado triplete a través de un estado de
transicion biradical singlete. El intercambio de espin estd asociado a un cambio en
el estado de oxidacion del vanadio de V’ a V™. Por otro lado, los mecanismo de
reaccion que contemplan la formacion simultinea de H. y formaldehido son
procesos SSR con barreras de activacion mas altas. De esta forma, la formacion de
H. no deberia ser observada cuando el vanadio se encuentra en estado de
oxidacion V7,

h) Los parametros cinéticos obtenidos en condiciones soportadas para el camino
de reaccion mas favorable (Camino 2) son consistentes con estudios previos. Sin
embargo, el método de cilculo posee un fuerte impacto en los valores obtenidos en
las barreras de activacion del enlace C-H. El funcional BH&HLYP mejora
considerablemente la descripcion de los estados de transicion y conduce a
parametros cinéticos mas coherentes en comparacion con datos experimentales.
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4.2.2 Estudio tedrico de la deshidrogenacion de metanol en 6xidos de
vanadio reducido, soportados en TiO: (Trabajo en Preparacion)

4.2.2.1 Introducciéon

Los metales de transicion han sido ampliamente utilizados como
catalizadores y soportes de materiales cataliticos, los cuales juegan un rol importante
en catalisis heterogénea, principalmente por su uso en reacciones de oxidacion. En
los ultimos anos, ha surgido un marcado interés por entender la reactividad de
utilizados en la deshidrogenacién e isomerizacion de olefinas, deshidrogenacion de
alcoholes, oxidacion de alquenos, reduccion de NO, etc.” ™"

La deshidrogenacion de metanol ha sido foco de interés tanto desde el
punto de vista académico como industrial gracias a sus multiples aplicaciones. Por
ejemplo, el metanol ha sido utilizado amphamente como un combustible, solvente
y en sintesis de otros materiales quimicos. Por tanto, la obtencion de hidrogeno a
partir de metanol podria ser considerada como una alternativa renovable a los
combustibles derivados del petréleo.”" Es asi como esfuerzos tanto teéricos como
experimentales han estado enfocados en la busqueda de nuevos catalizadores que
mejoren el proceso quimico."”*" Consecuentemente, los experimentos en fase gas
combinados con estudios tedricos han contribuido notablemente en lo que respecta
a las etapas elementales y los principales mtermedios de muchas reacciones
cataliticas.""™"*"

Por otro lado, a pesar de la importancia y la complejidad de las reacciones
de los 6xidos de vanadio soportados aun existen muchos detalles que no han sido
del todo esclarecidos. Por ejemplo, los 6xidos de vanadio soportados han sido
utiizados como catalizadores activos en la oxidacion selectiva de metanol a
formaldehido. Una ampha gama de trabajos teéricos y experimentales han sido
realizados con el fin de cuantificar el nimero de sitios activos, entender la
correlacion entre su estructura/reactividad y conocer algunos aspectos sobre la
cinética de la reaccion,"*™" W

Alternativamente, la deshidrogenacion de metanol por medio de VO’ ha
sido previamente estudiada. En este trabajo de Schwarz se observa que la reaccion
de VO + CH:OH favorece la formacion principalmente de H. y CH.O, sin que el
vanadio cambie su carga formal."”"*" Ademas el canal de entrada de esta reaccion
da paso a varios tipos de intermedios (alcoxidos, hidruros metalicos, etc) que juegan
un rol fundamental a lo largo de la reaccion.” *” Sin embargo, la influencia de la
carga formal y la reactividad de los grupos funcionales atin no han sido exploradas
en oxidos de vanadio soportados. Para ello, es mmportante entender algunos
aspectos que conciernen tanto la estructura espacial como electronica por medio de
estudios tedricos. De esta forma, el presente estudio se enfocard en la reactividad
del proceso de deshidrogenacion de metanol en 6xidos de vanadio reducidos
soportado en T10. Ademds se comparara con los resultados obtenidos en
catalizadores de vanadatos soportados, los cuales destacan el rol de los parametros
geometricos y de la estructura electronica en la reactividad. La teoria del funcional
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de la densidad ha sido utilizada como una herramienta teérica que nos ha
permitido llegar a resultados satisfactorios.

4.2.2.2 Metodologia y modelo

Todos los calculos mecanico-cuanticos han sido llevados a cabo con la
misma metodologia descrita anteriormente para la oxidacion selectiva de metanol a
formaldehido. Sin embargo, los cédlculos de la energia libre de Gibbs han sido
realizados a 373 °K, temperatura en la que la deshidrogenacion de metanol ha sido
estudiada experimentalmente.

Basandose en un modelo similar al utilizado en la oxidaciéon de metanol a
formaldehido, la representacion catalitica corresponde a un oxido de vanadio
soportado en TiO. que contiene un enlace vanadilo y un atomo de oxigeno que
conecta al grupo V=0 con el soporte TiO: (sitio V-O-T1). Ademas dos grupos OH
estan enlazados a sus respectivos atomos de titanio formando los sitios V-OH-T1.
Cada atomo de titanio contiene adicionalmente un grupo hidroxilo terminal y un
oxigeno puente entre dos atomos de titanio. En este modelo, el atomo de vanadio
se encuentra en su estado de oxidacion V' con una distribucion tetraédrica y con
un estado electronico fundamental triplete, ver Figura 4.12.

Figura 4.12. Modelo catalitico para 6xidos de
vanadio reducido soportado en TiO.. Distancias
en angstroms.

4.2.2.3 Resultados y Discusion

Varios caminos de reaccion han sido explorados con el fin de esclarecer los
aspectos mecanisticos de la deshidrogenacion de metanol en 6xidos de vanadio
soportados. Los productos principales obtenidos en todos los mecanismos
explorados han sido H: y formaldehido. En el presente trabajo se han considerado
diferentes sitios de adsorcion del metanol, asi como también la presencia de
mtermedios hidruros a lo largo del proceso reactivo. En este ultimo aspecto, los
estudios mostrados anteriormente han demostrado que la obtencién simultinea de
H. y formaldehido en vanadatos soportados se logra con un alto coste energético.
Por tanto, en este estudio comparamos la reactividad de estos sistemas cataliticos e
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investigamos el rol de la carga formal del vanadio (V?/V”) en los mecanismos de
deshidrogenaciéon de metanol.

1) Disociacion y adsorcién de metanol

Como bien se sabe la interaccion entre una molécula de metanol y la
superficie catalitica es un proceso favorable,”™ ™ el cual podria estar asociado a
interacciones electroestaticas débiles entre el vanadio (acido) y el oxigeno del
metanol (bdsico). De esta forma, en nuestro modelo la interaccién metanol-
superficie da paso a la formaciéon de dos tipos de aductos, MO y M3. Esta
mteraccion ocurre principalmente entre el grupo OH del metanol y el sitto V-O-T1
para MO, y el enlace V=0 para M3 (ver Figura 4.14 y 4.15). La formacién de los
aductos es favorable en 19.0 y 16.3 kcal/mol, respectivamente. Para la activaciéon
del enlace O-H del metanol, se lleva a cabo una transferencia de protén hacia los
sitos V-O-T1 y V=0, via TSI y TS2, con barreras de activacion de 6.8 y 13.2
kcal/mol, respectivamente. De esta forma, la disociacion de metanol da paso a la
formacion de especies V-OCH: en la superficie y que en nuestro modelo estin
representadas por los intermedios M1 y M4. Las energias de adsorcion de dichas
especies son de -15.2 y -32.5 kcal/mol, respectivamente (ver Figura 4.13).
Considerando el efecto de la temperatura, los valores de AG obtenidos a 373 °K
para la formacion de las especies M1 y M4 son de -1.2 y -19.4 kcal/mol,
respectivamente. Cdlculos tedricos previos reportan energias de adsorcion
exotérmicas de ~16.0 kcal/mol, en vanadatos aislados soportados en TiO,""™ ™
mientras que en nuestro sistema con V" el rango oscila entre 15-32 kcal/mol,
dependiendo del sitio de adsorcion. Adicionalmente, las barreras de disociacion del
metanol en V” son considerablemente mas bajas (6.8-13.2 kcal/mol) que aquellas
calculadas en vanadatos aislados (10.7-25.2 kcal/mol)."" Por lo tanto, la adsorcion
de metanol varia considerablemente en funcion de la carga formal del vanadio.
Mientras que la adsorcion de metanol es un proceso termodinamicamente
favorable tanto en los sitios V-O-T1 como V=0, en vanadatos soportados ésta s6lo
ocurre en los sitios V-O-T1."" ™ ™ La disociacion de metanol en sitios V=0 en
aquellos casos ha sido descartada puesto que es un proceso endotérmico que da
paso a la formacion de un intermedio V-OCH: penta-coordinado.™" Sin embargo,
en nuestro trabajo sobre la oxidacion selectiva de metanol a formaldehido hemos
demostrado que estos intermedios penta-coordinados son potencialmente de
interés catalitico."™ De esta forma, la formacion de intermedios metoxidos en
catalizadores de 6xidos de vanadio reducidos podrian ser un proceso cinética y
termodinamicamente posible con el fin de obtener formaldehido e hidrogeno. No
obstante, debido a la alta estabilidad de las especies metoxiladas, éstas podrian dar
paso a productos no deseados como dimetil-éter.

Por otro lado, una tercera posibilidad de adsorcion de metanol ha sido
considerada, la cual contempla la formacion de intermedios hidruros, M7 (ver
Figura 4.20). Este proceso se lleva a cabo mediante la transferencia de protéon del
grupo OH del metanol hacia el atomo de vanadio. Asi, un grupo hidruro aparece
formalmente enlazado al atomo de vanadio con una distancia de 1.633 A. La
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formacion  del mtermedio  hidruro, M7, también es un proceso
termodinidmicamente posible con un valor de la energia de adsorcion de -20.4
kcal/mol y un valor de AG =-6.7 kcal/mol a 373 °K (ver Figura 4.13). La formacién
de estos mtermedios hidruros ocurre mediante un cambio en la multiplicidad de
espin, ya que la especie mas estable es encontrada en el estado singlete como
consecuencia de un cambio en el estado de oxidacion del vanadio, de V' —=V”,
siendo un caso tipico de TSR. La barrera de disociacién del metanol asociada a la
formacion de M7 es estimada en 32.4 kcal/mol, la cual es significativamente mayor
que los casos anteriormente vistos (disociaciéon de metanol por sitios V-O-Ti 6
V=0). Sin embargo, la estabilidad relativa de las especies M1 y M7 se encuentra en
un mismo rango de energia, siendo M7, 5.7 kcal/mol mas estable. Los intermedios
hidruros podrian ser considerados cuando el proceso catalitico se lleva a cabo en
oxidos de vanadio reducidos. Recientemente, la importancia de las especies
hidruro ha sido demostrada gracias a un trabajo realizado por Zhou y col.”" en
donde se muestra que la deshidrogenacion espontinea de metanol pasa a través de
mtermedios hidruros a temperaturas criogénicas.

1

<
Adsorcion de Metanol

sitio V-O-Ti sitio V=0 sitio V/

| | |

a)
}x

e

<

Ml M4
AE =-15.2 keal/mol AE =-32.5 kcal/mol AE =-20.4 kcal/mol
AG =-1.2 keal/mol AG =-19.7 kcal/mol AG =-6.7 keal/mol
AET=6.8 keal/mol AET=13.2 keal/mol AET=32.4 keal/mol

Figura 4.13 Estructuras calculadas a nivel BSLYP/6-311G(2d,p) para la

adsorcion de metanol en: a) sitios V-O-T1 b) sitios V=0 ¢) sitios V. Los

valores de AG estan calculados a 373 °K.
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Figura 4.14 Estructuras calculadas a mivel BSLYP/6-311G(2d,p) para el mecanismo A.
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Figura 4.15 Estructuras calculadas a mivel BSLYP/6-311G(2d,p) para el mecanismo B1.
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En resumen, la disociacién de metanol en los sitios V-O-T1 y V=0 es

,
energéticamente factible y por tanto podrian ser consideradas como posibles etapas
en el proceso de deshidrogenacion de metanol en 6xidos de vanadio reducidos
Incluso la formacion de intermedios hidruros podria ser considerado como un
posible canal de reaccion debido a la estabilidad de estas especies. Si1 bien la
formacion de hidruros en la superficie es menos factible por de medio de la
disociacion de metanol, estos podrian formarse mediante migracion de grupos

hidruros en la superficie.
’

+Metanol

1) Exploracion de los caminos de reaccion

Ez&Jb&ﬂL

Superficie2 +H,+
CH,0

Superf icie M3‘
Figura 4.16 Estructuras calculadas a nivel BSLYP/6-311G(2d,p) para el mecanismo B2

Para obtener una vision global del proceso de la deshidrogenacion de
metanol en oxidos de vanadio reducidos, se han explorado 3 mecanismos de
reaccion: A, Bl y B2, tomando como referencia el valor de energia de los reactivos.
Como se ha discutido anteriormente la disociacion de metanol puede ocurrir de

tres maneras diferentes, como muestra la Figura 4.13
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Superficie +Hy+
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Figura 4.17 Perfil de energia potencial calculado a nivel BSLYP/6-311G(2d,p) para el mecanismo A.

El mecanismo A contempla dos etapas. La primera corresponde a la

adsorcion de metanol y la segunda permite la formacion de H. mediante
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recombinacién de hidrogeno entre el grupo OH que pertenece al soporte y del
grupo CH.. Asi, dos electrones son transferidos desde el metanol hacia la molécula
de H...De esta forma, el dtomo de vanadio no cambia su estado de oxidacién vy el
sistema permanece en el estado triplete. Asimismo, el segundo paso del mecanismo
A se lleva a cabo via TS1 con una barrera de activacion de 36.4 kcal/mol. TS1
conecta al mtermedio M1 con el complejo producto M2. Este udlimo fue
encontrado a 17.2 kcal/mol por debajo de T'S1. En su estructura se puede apreciar
que tanto H: como CH.O estan débilmente enlazados al catalizador. En particular,
H. mteractia con el dtomo de oxigeno del enlace vanadilo, mientras que el
formaldehido mteractia principalmente con el atomo de oxigeno del enlace
carbonilo. El mtermedio M2 presenta dos grupos OH alrededor del dtomo de
vanadio los cuales estin enlazados a sus respectivos dtomos de titano, ademas un
oxigeno-puente conecta al soporte con el enlace vanadilo. Finalmente, H. y CH.O
son eliminados con un coste energético de 13.0 kcal/mol y un valor de AG = -7.1
kcal/mol. Asi, en el curso del camino de reaccion como muestra la Figura 4.17, el
sistema catalitico correspondiente a productos es el mismo que en reactivos.

25 1 21.0
20 - — 17.0
15 -

10 - .
40

0.0

45 " 163

E+ZPE (kcal/mol)
3

30 1 325!

7 S f- . . .
40 upt:r_ icle M3 TS2 Md TS3 M2 Supelggleo+H2+
Metanol ’

Figura 4.18 Perfil de energia potencial calculado a nivel BSLYP/6-311G(2d,p) para el mecanismo B1.

Respecto al mecanismo B1, éste contempla la disociacion de metanol en el
sitio V=0 para luego formar el intermedio M4. Luego, la formacion de H. y CH.O
se logra mediante la transferencia de hidruro desde el grupo CHs hacia el protén
del grupo OH recientemente formado por la adsorcion de metanol, via TS3. Este
ultimo paso tiene asociada una barrera de activacion de 53.5 kcal/mol. De esta
forma, se da paso a la formacion de los productos recuperando el enlace V=0
original del catalizador. TS3 da paso a la formacion del complejo producto M2,
siendo esta ultima etapa del mecanismo 1déntica a la obtenida en el mecanismo A.
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En este caso, M2 es calculado a 17.0 kcal/mol mas estable que TS3. Sin embargo,
s1 se compara la estabilidad relativa de T'S3 y TS1 (ver Figura 4.17 y 4.18), se puede
apreciar que éstas presentan el mismo rango de energia a pesar de que poseen
estructuras geométricas diferentes. Por tanto, la formacién simultanea de H. y
CH:O podria ocurrir de forma independiente tanto por el mecanismo A como Bl.
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Figura 4.19 Perfil de energia potencial calculado a nivel BSLYP/6-311G(2d,p) para el mecanismo B2.

En el mecanismo B2, la disociacion de metanol ocurre de la misma forma
que en el mecanismo B1. Sin embargo, la obtencion de H: y formaldehido se logra
mediante la transferencia de hidruro desde el grupo CH: hacia uno de los
hidrogenos de los grupos OH del soporte (ver Figura 4.16) via TS4, con una
barrera de activaciéon esimada en 36.0 kcal/mol. TS4 es localizado a 3.5 kcal/mol
mas estable que la linea de reactivos, lo cual indica que ambas etapas del
mecanismo B2 serfan tanto cinética como termodinamicamente favorecidas
respecto al resto de mecanismos estudiados y por tanto este mecanismo de
reaccion podria tener una relevancia considerable, ya que desde el punto de vista
termodinamico no necesitaria ninguna contribucion energética adicional para llevar
a cabo la reacci6n. Posteriormente, T'S4 da paso a la formaciéon del complejo
producto Mb. Su estructura muestra que el formaldehido mteractia débilmente
con el catalizador, mientras que la molécula de H: se encuentra alejada de los sitios
reactivos, mnteractuando con uno de los grupos OH terminales enlazados a los
atomos de titanio. M) es significativamente mas estable que M2 (32.5 kcal/mol mas
estable) con claras diferencias geométricas (ver Figura 4.17 y 4.19). De esta forma,
el grupo V=0 ya no estd presente en el sistema catalitico. Posteriormente, la
eliminaciéon de CH-O y H: se logra con un coste energético de 20.2 kcal/mol y un
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valor de AG = -15.9 kcal/mol. La formaciéon de productos mediante el mecanismo
B2 es un proceso exotérmico de -8.3 kcal/mol.

Superficie M6 TS5

+Metanol triplete triplete singlete

30 -
20
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-20 1

E+ZPE (kcal/mol)

-30 4

40 Supeifme Ms TS5 M7

Metanol

Figura 4.20 Perfil de energia potencial calculado a nivel 6-311G(2d,p) para la la formacién de
mtermedios hidruro.

4.2.2.4 Conclusiones preliminares

Los caminos de reaccion explorados para la deshidrogenacion de metanol
en oxidos de vanadio reducidos soportados en TiO. muestran que la adsorcion de
metanol es un proceso espontineo cuando ésta ocurre en los sitios V-O-T1y V=0.
A su vez, la adsorcién es un proceso termodinamicamente favorable en ambos
sitios reactivos, a diferencia de vanadotos soportados en 110, en los cuales la
adsorcion de metanol ocurre preferentemente en los sitios V-O-Ti. La disociacion
de metanol da paso a la formacion de especies metoxiladas tales como V-OCHs, las
cuales son fundamentales para una posterior formacion de productos tales como
CO, CO., H. y formaldehido. La adsorcion de metanol que da paso a la formacion
de mtermedios hidruros es un proceso cinéticamente menos favorable, sin embargo
la alta estabilidad de los intermedios hidruros permite considerarlos como especies
de mterés catalitico. Adicionalmente, el mecanismo B2 muestra que la formacion
simultinea de H. y formaldehido podria llevarse a cabo de manera espontinea o
bien con un muy bajo coste energético. Para confirmar nuestras predicciones
tedricas, se estd llevando a cabo una colaboracion con el grupo del Profesor
Banares (CSIC, Madrid) en donde se han podido corroborar algunas de nuestras
hipotesis: 1) es posible obtener H. a partir de catalizadores basados en 6xidos de
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vanadio y 11) esta formacion de hidrogeno estd asociada a la presencia de vanadio
reducido. Sin embargo, la finalizacion de este trabajo ain requiere de pruebas
empiricas mas rigurosas que permitan confirmar y demostrar nuestras hipotesis.
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4.3 Casos de Two State Reactivity en Quimica Inorganica

4.3.1 Estudio teérico de la reaccién de hidrogenacién de clusters MO: (M=
T, Zr y Hf) en fase gas

4.3.1.1 Introducciéon

La mmportancia de los metales de transicion radica en su habilidad para
catalizar numerosas reacciones de oxido-reduccion y en su amplio uso como
material de soporte”" en numerosas reacciones quimicas comercialmente
relevantes.””*" En particular, la activacion de H: por medio de centros metalicos es
un aspecto fundamental a considerar en reacciones de hidrogenacion catalitizadas
por metales.””*" De esta forma, las reacciones de moléculas que contienen metales
de transicion con hidrégeno podrian ser utilizadas como modelos para entender los
aspectos mecanisticos de procesos cataliticos y bioquimicos.”” De la misma forma,
estudios tedricos y en fase-gas pueden ser utilizados como una herramienta atil para
obtener una perspectiva complementaria sobre el mecanismo de reaccion
molecular y su reactividad mtrinseca. Ademds, aportan un escenario ideal para
experimentos especificos que conciernen aspectos cinéticos y termodinamicos
asociados a la formacién y/o ruptura de enlaces quimicos a nivel molecular."” Asi,
los trabajos teéricos han contribuido fundamentalmente a establecer los principios
fundamentales que gobiernan las reacciones de 6xidos de metales de transicion.

Por su inmensa aplicacion, los oxidos metdlicos del grupo IV han sido
ampliamente estudiados tanto de forma te6rica como experimental.”™ Por ejemplo,
TiO: es uno de los materiales tecnologicamente mas importantes que ha sido
estudiados debido a su estructura electronica relativamente sencilla.”™ Gracias a
sus propiedades fotocataliticas, TiO. ha sido utihizado en la produccion de
hidrogeno por fotoelectrolisis de agua®"*" y por conversion de CO: a metanol en
medio acuoso.”™ Aunque son considerados menos importantes para la catdlisis (en
comparacion al TiO»), ZrO., HfO. y algunos materiales que usan estos oxidos son
conocidos por su actividad catalitica. En el caso de ZrQO., éste es ampliamente
conocido por ser un catalizador-acido®” y que al mezclar 6xidos de TiO-ZrO.
poseen excelentes propiedades cataliticas. A su vez han demostrado tener
mteresantes  propiedades acido-base en superficies metdlicas, entre otras
propiedades.”™ Adicionalmente, HfO: ha sido recientemente utilizado debido a su
alto valor de constante dieléctrica con el fin de miniaturizar microcomponentes
electronicos en semiconductores de oxidos metalicos.”” *" Asi, TiO., ZrO:. y HfO.
han sido utilizados para catalizar la aromatizaciéon de alcanos C..””

Por otro lado, las reacciones quimicas de cationes de 6xidos de metales de
transicion con H: poseen una relavancia considerable,” *"* mientras que aquellas
con 6xidos neutros no han sido foco de interés.””" Sin embargo, recientemente,
Zhou y col."” han llevado a cabo un estudio teérico-experimental sobre reacciones
de hidrogenacion en didéxidos metdlicos del grupo V. Sus resultados muestran una
reaccion termodinamicamente favorable para el proceso de activacion de
hidrogeno por VO., mientras que para NbQO. y TaO. la reaccion da paso en una
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primera etapa a la formacion de aductos del ipo NbO:(n*-H.): y TaO.(n*~H>). para
luego dar paso a la formaciéon de productos O=NbH(OH) y O=TaH(OH),
respectivamente, via fotoisomerizacion bajo exicitacion de UV-visible.

En el presente trabajo, se ha estudiado el mecanismo de reaccion para el
proceso de activacion y oxidacion de hidrogeno por medio de dioxidos metalicos
(MO. M="T1, Zr, Hf) del grupo IV de acuerdo a la siguiente reaccion:

MO: + H: = MO + H.O (4.10)

El primer paso de la reaccion contempla la formacion de aductos del tipo MO»(H>).
Posteriormente, la activacion de hidrogeno es promovida por los enlaces M=O para
dar paso a la formacion de los intermedios hidruros O=MH(OH). Luego, dos rutas
reactivas han sido exploradas: 1) un mecanismo de dos pasos el cual consiste en
pasar previamente por intermedios del tipo M(OH). y luego mediante una
migracion de protén obtener los complejos producto MO(H-O) (Mecanismo 1) 11)
formacion directa de los productos por medio de una transferencia de proton
desde el centro metilico hacia el grupo OH para luego dar paso a la formacion de
las especies MO(H:O) (Mecanismo 2, ver esquema 4.4) El proceso completo
mvolucra una reduccion del estado de oxidaciéon del metal de (IV) a (II), y
dependiendo del centro metilico, un intercambio de espin podria llevarse a cabo
controlando la reactividad del proceso.

MO, + H,

'

MO,---H,

lTSO

O=MH(OH)

Mecanismo 2y Q& Mecanismo 1

MO(H,0) <22 M(OH),

MO + H,0

Esquema 4.4
4.3.1.2 Metodologia de célculo

Mediante la utilizacion del codigo Gaussian 03,"" se han optimizado las
geometrias de los reactivos, productos, estados de transicion e intermedios
utilizando la teoria del funcional de la densidad y su funcional hibrido BSLYP. Los
reactivos, productos e intermedios estan caracterizados con todos los valores de sus
frecuencias de vibracién positivas, mientras que los estados de transicion poseen
una unica frecuencia con valor imaginario. Las conexiones entres los estados de
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transiciéon y sus correspondientes minimos en las PESs han sido confirmadas
mediante la utilizacion del método IRC" (intrinsic reaction coordinate)
mmplementado en Gaussian 03. Para los atomos de oxigeno e hidrogeno se ha
utilizado el conjunto de bases 6-311++G(2df,2pd), mientras que para los dtomos de
Ti, Zr y Hf se ha utilizado el pseudo-potencial de Stuttgart™ (lamado SSD en
Gaussian 03). Los modos vibracionales de cada una de las especies calculadas
fueron obtenidos mediante una aproximacion armoénica. Del mismo modo, estas
frecuencias fueron obtenidas mediante el calculo de las segundas derivadas.

El concepto de punto de cruce entre las PESs de diferente multiplicidad de
espin ha sido utihizado para caracterizar los MECPs. El algoritmo matematico
desarrollado por Harvey y col.” ha sido utilizado para la localizacion de los puntos
de cruce, para caracterizar los diferentes MECPs entre las PESs singlete y triplete
mvolucrados en los respectivos mecanismos de reaccion.

4.3.1.8 Resultados y discusion
1) Validacion de la metodologia

Con el fin de comprobar que la metodologia utilizada en el presente trabajo es
la apropiada, se ha hecho un andlisis de las geometrias y de los modos vibracionales
de las especies MO y MO:. a partir de los resultados obtenidos con la metodologia
B3LYP/6-311++G(2df,2pd)/SDD. Posteriormente, dichos resultados han sido
analizados y comparados con sus respectivos valores experimentales.

De esta forma, el estado fundamental para las geometrias de las especies TiO.,
7rQO: y HIO: es encontrado con una simetria C.. Las longitudes de enlace M-O, los
angulos <OMO vy los modos vibracionales de las moléculas de MO, estan
resumidos en la Tabla 4.16 Asi, los valores obtenidos por el funcional BSLYP para
las distancias M-O son estimadas en 1.787 vy 1.799 A para ZrO. y HfO.,,
respectivamente, las cuales estin en concordancia con los valores experimentales.
La distancia de enlace Ti-O de 1.639 A es subestimada en 0.002 A respecto al valor
reportado por Grein™" utilizando la metodologia BPW91/6-311G(3df). Asimismo,
los angulos <KOMO obtenidos son: 111.5°, 107.4° y 107.4°, los cuales estin en
excelente concordancia con los valores experimentales®™™ de 111-115+3-4°,

108.11+0.08° y 107.51£0.01° para ThO., ZrO. y HfO,, respectivamente.

Tabla 4.16 Distancias M-O (A), angulos KOMO (grad) y frecuencias de vibracion (em?) calculadas (a
nivel BSLYP/6-311++G(2df,2pd)/SDD) y observadas para dioxidos de metales de transicion MO.
Cu('A))'.

Molécula M-O <OMO v, Vv, V3 M-O™, < OMO™ vib freq from matrix
IR(cm")"

TiO. 1.639  111.5  1.008 347 985 No, 111-115" 946.9(v, ), 917.1(v5)

7xr0O; 1.787 1074 918 304 860 1.7710, 108.11° 881.3(v, ), 818.0(V5)

HtO. 1.799 1074 889 292 820 1.7764, 107.51" 883.4(v, ), 814.0(v5)

‘v, stretching simétrico, v, bending and Vv, stretching  asimétrico. "Valores observados
correspondientes a las moléculas de TiO., ZrO. y HIO:: Ref. 287 Ref. 286; ‘Ref. 289.
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Tabla4.17 Distancias M-O (A) v frecuencias de vibracion (cm') calculadas (a nivel
B3LYP/6-311++G(2df,2pd)/SDD) y observadas para méxidos de metales de transicion.

Molécula Estado M-O v M-O™ v "(cm’)
TiO A 1.612 1047 1.6203" 1009.18"
71O Iyt 1.735 988 1.712 970"
HIO Iyt 1.750 954 1.7231° 974.09°

"Ref. 292; "Ref. 286; ‘Ref. 289.

Por otro lado, la teoria del funcional de la densidad es conocida por
sobreestimar el valor de las frecuencias de los modos vibracionales, especialmente
del modo stretching. A pesar de esto, no se aplicaron factores de correccion para
mejorar tales valores numéricos. De esta forma, para las especies T10: y ZrO., los
valores del stretching simétricos v, y antisimétrico v, estan sobreestimados en el
rango de 56-33 cm’ y 67-42 cm’, respectivamente (ver Tabla 4.16). Para la molécula
de HfO., las bandas stretching en la region de los 889 cm’ (simétrico) y 829 cm’”
(antisimétrico) estin en excelente concordancia con los valores reportados por
Lesarri y col.”™ La diferencia entre las bandas simétricas y asimétricas para las
moléculas de MO: se encuentra en el rango de 18-69 cm’, valor que es consistente
con el valor experimental de 29-69 cm’. La frecuencia de vibracion asociada al
modo vibracional bending para la molécula de ZrO: es estimada en 304 cm’. Este
valor es corroborado por el valor experimental de 290 ¢cm™.*"

Para las moléculas de TiO, ZrO y HfO, sus estados electrénicos
fundamentales son ‘A, Iy y IZ+, respectivamente. Las distancias de enlaces M-O
obtenidas y las frecuencias de vibraciéon asociadas a este enlace aparecen en la
Tabla 4.17. La longitud de enlace obtenida para TiO es subestimada en 0.008 A
respecto al valor experimental, mientras que para las moléculas de ZrO y HfO,
estos valores son sobreesimados en 0.023 y 0.027 A, respectivamente. Las
frecuencias calculadas para las moléculas MO estan desplazadas hacia el azul en
37.8 y 18 cm' para TiO y ZrO, respectivamente, respecto a los datos
experimentales.”” Sin embargo, para HfO la frecuencia de vibracion estd
desplazada hacia el rojo en 20 cm'(ver Tabla 4.17). Asi, las distancias M-O vy las
frecuencias de wvibracion poseen una buena correspondencia con los datos
experimentales.

Estudios teodricos previos han descrito la estructura electronica de los
dioxidos de los metales del grupo IV, los cuales han sido reportados incluyendo
avanzadas metodologias ab mitio y calculos DFT." "7 #0525 A pesar de la buena
precision de los métodos ab mitio, los resultados DFT presentados en el presente
trabajo han sido capaces de proporcionar razonables parametros geométricos y
frecuencias de vibracién. Por lo tanto, la metodologia utilizada es consistente con
los trabajos tedricos y experimentales previos.

1) Activacion de hidrogeno molecular

Recientemente, Zhou y col."” han reportado la reaccion espontdnea entre
dioxidos metilicos del grupo V con H. para formar especies O=MH(OH).
También las reacciones con oxidos de tantalio en diferentes estados de oxidacion a
temperaturas criogénicas han sido estudiadas."” Los resultados indican que la
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reactividad de los oxidos de tantalio depende del estado de oxidacion del metal, la
cual se Incrementa de la siguiente manera: Ta'O>Ta"O>Ta"0O. Nuestros
resultados para los dioxidos del grupo IV presentan una reactividad similar al grupo
V, sin embargo la estabilidad de las especies O=-MH(OH) dependeria del centro
metilico. De esta forma, todos los mecanismos de reaccion estudiados contemplan
la formacion espontinea y exotérmica de las especies O=MH(OH), donde la
primera etapa de la reaccién transcurre en un unico estado electronico de
multiplicidad singlete. Los perfiles de reaccién para la primera etapa de activacion
de hidrogeno se pueden apreciar en la Figura 4.21. La reaccion procede a través
del canal MO,('A)) + H, mediante la formacion de aductos MOsx(H.,). Los aductos
de Ti, Zr y Hf son 10.1, 7.5 y 10.2 kcal/mol mads estables que sus respectivos
reactivos en estado singlete, respectivamente. Las geometrias de estos aductos no
estin asocladas a ningun grupo puntual de simetria. Las estructuras y los
parametros geométricos mds importantes asociados a la activacion de hidrogeno
molecular estin representados en la Figura 4.22. De esta manera, a partir de los
aductos MO.(H>), la activacién de hidrogeno ocurre a través de la transferencia de
proton desde el centro metilico hacia uno de los atomos de oxigeno del enlace
M=0, via TS0. El proceso de activacion de hidrogeno esta asociado a una ruptura
heterolitica del enlace H-H. Los estados de transicién, TS0, corresponden a
estructuras de cuatro centros y son mas estables que sus correspondientes reactivos.
Esta es una clara diferencia respecto a los dioxidos del grupo V, ya que en algunos
casos se requiere de energia de activacion para llevar a cabo la ruptura del enlace
H-H."" " Asi, las barreras de activacion calculadas fueron estimadas en 6.8, 5.7 y
2.2 kcal/mol para TiO,, ZrO. y HfO., respectivamente. Consecuentemente, la
activacion de hidrégeno por medio de dioxidos del grupo IV podria tener una
dependencia del centro metilico, siendo cinéticamente mas favorable conforme el
tamano del enlace M=0O aumenta. La formacion de las especies O-MH(OH)
corresponde a un proceso exotérmico con energias de 39.4, 42.8, y 54.0 kcal/mol
para los oxidos de Ti, Zr y Hf, respectivamente. Asi, la exotermicidad de estas
especies aumenta de forma nversa a las barreras de activacion de hidrogeno. Por
tanto, la energia de activacion mads baja y la estabilidad mas alta de la especie

O=HfH(OH) implica que la etapa correspondiente a HfO. + H. — O=HfH(OH)
sea tanto cinética como termodinamicamente la mas favorable comparada con el
resto de moléculas de MO..
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Figura 4.21 Perfiles de energia potencial para el paso MO: (‘A)) + H. = O=MH(OH) calculados a
nivel BSLYP/6-311++G(2df,2dp)/SDD.

111.7°

Ti-TS0 ('A)

107.3°

ZrO,(Hy) ('A)

HIO,(H,) ('A) Hf-TSO ('A) O=HfH(OH) ('A)

Figura 4.22 Geometrias optimizadas a nivel B3LYP/6-311++G(2df,2pd)/SDD de las especies
mvolucradas en el paso de la reaccion MO.('A)) + H. = O=MH(OH). Distancias en angstrom y

angulos en grados.
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1) Competicion entre mecanismos

La formacién de los productos ha sido considerada mediante dos rutas
reactivas, Mecanismo 1 y Mecanismo 2, en donde el estado electronico triplete ha
sido considerado en algunos casos para describir el escenario completo del proceso
reactivo. Como previamente ha sido mencionado, el Mecanismo 1 considera la
formaciéon de los productos pasando previamente por intermedios M(OH). para
luego dar paso a la formacién del complejo producto MO(H:O). El Mecanismo 2
estd asoclado a la formacion directa de los productos a partir de la especie
O=MH(OH) vy luego dar paso al complejo producto MO(H.O). Los perfiles de
energia de todos los mecanismos de reaccion estudiados estin explicados a
continuacion y aparecen representados en la Figura 4.23.

Ti. El intermedio O=TiH(OH) presenta un estado fundamental ‘A,
mientras que el estado triplete, "A”, es encontrado a 62.4 kcal/mol por encima del
singlete. De acuerdo con el Mecanismo 1, la especie singlete-O=TiH(OH)
transfiere un proton desde el dtomo de titanio hacia el dtomo de oxigeno del enlace
Ti=O para formar el intermedio Ti(OH)., via TS1. Las barreras de activacion
calculadas son de 39.8 y 0.2 kcal/mol para los estados singlete y triplete,
respectivamente. A pesar de que la barrera de activacion de singlete-TS1 es alta,
estd especie es encontrada a solo 0.4 kcal/mol por encima de sus respectivos
reactivos. Por otro lado, la migracion del protéon en el estado triplete seria
cinéticamente mas favorable puesto que ocurre casi sin barrera de activacion. No
obstante, la especie triplete-TS1 es considerablemente menos estable que la especie
singlete. Posteriormente, la formaciéon de los mtermedios Ti(OH). muestra un
orden de estabilidad energética inversa respecto a los reactivos. De esta forma, la
especie Ti(OH). fue encontrada con una geometria lineal y en el estado
fundamental 3Ag. El intermedio singlete-Ti(OH). posee una simetria C. y estado

electronico 'A.. La especie triplete es exotérmica en 27.0 kcal/mol, mientras que la
especie singlete se encuentra a 16.7 kcal/mol por encima del intermedio triplete
(ver Figura 4.23). La formaciéon de Ti(OH). requiere de un cambio en la
multiplicidad de espin del sistema. Esto conlleva un cruce de entre los estados
singlete y triplete. Asi, MECP1 fue localizado a 7.5 kcal/mol por encima de la
especie singlete-T1(OH).. En la zona de cruce de MECPI1, el sistema cambia su
multiplicidad de espin de singlete a triplete y a partir de esa zona el sistema se
desplaza en la PES triplete conforme la reaccion procede. La geometria de MECP1
es muy similar a singlete-T'S1 (ver Figura 4.24 y 4.25). Por lo tanto, MECPI1
establece una correlacion respecto a la estabilidad relativa de las especies Ti(OH). y
singlete-1'S1. Posteriormente, la formaciéon del complejo producto TiO(H.O)
ocurre mediante migracion de protéon hacia uno de los grupos OH del intermedio
Ti(OH)., via TS2. La barrera de activacién asociada a TS2 es estimada en 36.3
kcal/mol y 34.7 kcal/mol para el estado triplete y singlete, respectivamente. Tales
estados de transicion fueron localizados a 24.4 (singlete) y 9.3 kcal/mol (triplete)
por encima de los reactivos. A continuacion, la especie triplete es localizada a 3.1
kcal/mol por debajo de los reactivos, mientras que el itermedio singlete se
encuentra a 8.0 kcal/mol por encima del complejo triplete. En ultimo lugar, la
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eliminaciéon de agua estd asociado a un proceso endotérmico de 16.5 kcal/mol. En
1296] . ., , . . .
este aspecto, Shao y col.”™ han estudiado la reaccion de oxidos de titanio con agua

y en particular, la reaccion "TiO + H.O — "Ti(OH).. Nuestros resultados son

concordantes. Sin embargo, la barrera de activacion asociada a la especie triplete-
TS2 es considerablemente mas baja que aquella obtenida por Shao y col. El origen
de esta diferencia radica en la diferencia de la metodologia utilizada.

Un analisis del Mecanismo 2 muestra que la formacion del complejo
producto TiO(H:O) ocurre a partir del intermedio O=TiH(OH) mediante la
transferencia de protéon desde el atomo de titanio hacia el grupo OH adjunto, via
TS8. Este estado de transicion posee una barrera de activacion de 55.1 kcal/mol en
estado singlete. La especie triplete-TS3 se encuentra considerablemente alta en
energia respecto a singlete-1S3 (42.1 kcal/mol por encima). Luego, una vez que el
sistema pasa por la zona de T'S3, un segundo MECP es localizado, el cual permite
la formacion de la especie triplete-T1IO(H-O). Asi, la MECP2 es calculada en las
cercanias de la especie singlete-1'S3 y se encuentra a 14.2 kcal/mol por encima de
reactivos. MECP2 posee una estructura muy similar a la especie singlete-1'S3 (ver
Figura 4.24 y 4.25), y por tanto se correlaciona con las estabilidades relativas de sus
mtermedios adyacentes. Finalmente, nuestros calculos predicen para la reaccion

TiO:.('A) + H. = TiO ('A) + H:O un proceso endotérmico de 13.4 kcal/mol. La
energia de la especie TiO(A) es estimada en 5.4 kcal/mol por encima de la
correspondiente especie triplete. Este valor es subestimado respecto al valor
experimental que arroja una diferencia de energia triplete-singlet de 9.85 + 0.03
keal/mol.*™

En conclusion, la reaccion de oxidacion de hidrogeno por medio de Ti0O.
ocurre a través de un mecanismo TSR de adicion-eliminacion. La primera etapa de
la reaccion contempla la activacion de hidrogeno de forma espontanea. Luego, la
formacion de productos mas plausible se llevaria a cabo mediante el Mecanismo 1.
No obstante, no hay evidencias experimentales sobre la formacion de especies
Ti(OH).,”" lo cual descartaria la opcion del Mecanismo 1 a pesar de que nuestros
calculos quimico-cuanticos predicen esta ruta como la mas favorable.
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Zr. La especie O=ZrH(OH) presenta un estado fundamental 'A, mientras
que el estado triplete, "A”, se encuentra a 62.1 kcal/mol por encima de la especie
singlete. Asi, en lo que respecta al Mecanismo 1, TS1 presenta una barrera de
activacion de 43.4 y 9.8 kcal/mol en el estado singlete y triplete, respectivamente.
Singlete-TS1 estd localizado a 0.6 kcal/mol por encima de reactivos, mientras que
triplete-TS1 esta a 28.5 kcal/mol por encima de la especie singlete. Al igual en que
el caso anterior, el intermedio Zr(OH): cambia su estabilidad relativa. Asi, nuestros
resultados predicen que la especie triplete-Zr(OH): es 5.5 kcal/mol mas estable que
la singlete (ver Figura 4.23), lo cual es coherente con los cdlculos ab mitio
CCSD(T)/cc-pVTZ-DK reportados por Syzgantseva y col.”” quienes reportan una
diferencia de energia de 6.0 kcal/mol a favor de la especie triplete. Triplet-Zr(OH).
es obtenido con simetria C. y un estado electronico ‘Bi. Asimismo, el intermedio
triplete-Zr(OH). Iineal se encuentra a solo 0.2 kcal/mol por encima de la especie
triplete, sin embargo, tiene asociada dos frecuencias de vibraciéon imaginarias. En el
estado singlete, la especie Zr(OH). también posee simetria Cs. y se encuentra a 24.5
kcal/mol por debajo de los reactivos.

120.9°

0056 1SLI°
Ti(OH), ('Ay)

1.859 0.952

Ti(OH), CAy)

O=TiH(OH) (A")

Ti-TS2 ('A) TiO(H,0)('A")

1.627
1704 2.060

0.962

115.2° 0.967

1271 1.244
Ti-TS2 (CA) TiO(H,0)(CA"") Ti-TS3 (CA)

Figura 4.24 Geometrias optimizadas a nivel B3LYP/6-311++G(2df,2pd)/SDD para el
paso de la reaccion O=TiH(OH) — TiO + H20. Distancias en angstrom y angulos en
grados.
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MECP1 MECP2

Figura 4.25 Estructuras correspondientes a MECP1 y MECP2 calculadas a nivel
B3LYP/6-311++G(2df,2pd)/SDD localizadas en los mecanismos de reaccion de
Ti0.. Distancias en angstrom y angulos en grados.

Posteriormente, antes de la formacion de singlete-Zr(OH)., un MECP es
localizado. Asi, la especie MECP1 se encuentra en la cercanias de la especie
singlete-Zr(OH)., siendo sélo 0.2 kcal/mol menos estable que esta ultima. La
estructura de MECP1 arroja una geometria quasi-plana con un valor del dngulo
<OZrO de 118.2°, siendo este un valor intermedio respecto a los valores obtenidos
para singlete-Zr(OH). (124.1°) y singlete-TS1 (112.1°). Las distancias de enlace Zr-
OH son estimadas en 1.904 y 1.917 A para MECP1 vy singlete-Zr(OH).,
respectivamente (ver Figura 4.26 y 4.27). Por lo tanto, a pesar de ser muy cercano
en energia a singlete-Zr(OH).,, MECP1 se correlaciona con las estabilidades
relativas de los intermedios adjuntos y por tanto podria estar localizado en la region
de cruce. Posterior a la formaciéon de Zr(OH)., las barreras de activacion asociadas
a TS2 fueron estimadas en 50.3 y 47.8 kcal/mol para los estados triplete y singlete,
respectivamente (ver Figura 4.23). A continuacion, la formacion de los complejos
productos ZrO(H-O) es encontrada considerablemente menos estable que las
especies Zr(OH).. Nuestros cilculos DFT predicen que la especie triplete-
7ZrO(H:0) es la mas estable (0.3 kcal/mol), en contraste con los resultados ab mitro
CCSD(1)/ce-pVTZ-DK, los cuales predicen una diferencia de 2.9 kcal/mol en
favor de la especie singlete.” De esta forma, la metodologia DFT no es capaz de
estimar correctamente la estabilidad de los complejos producto ZrO(H-O). La
mversion de orden de los estados a partir de los calculos DFT puede ser atribuida a
una preferencia por la configuracion 4d'5s' sobre la configuracion 4d'5s’, lo cual
parece ser un hecho inherente a funcionales puros e hibridos.” ™" Este efecto ha
sido previamente discutido por Bauschlicher y Langhoff,”" ™" demostrando que un
nivel de teorfa mas alto se requiere para describir correctamente los estados
electronico de la molécula de ZrO debido a la mezcla de las configuraciones

n+l 1

electronicas d's*, d™'s', d"* en el atomo de circonio. Por tanto, el paso de la reaccion

OZrH(OH) — ZrO +H:O a través del Mecanismo 1 deberia ocurrir

necesariamente mediante un doble cruce entre las PESs singlete y triplete a lo largo
de la coordenada de reaccion para explicar la multiplicidad final de los productos.
En consecuencia, debido a la mcorrecta descripcion de uno de los centros de
intercambio en las configuraciones 4d" y 4d"", los cilculos DFT no son capaces de
estimar correctamente el segundo cruce en el canal de salida entre las especies TS2
y ZrO(H:O). Para corregir este hecho cualitativamente, la PES triplete puede ser
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desplazada hacia arriba en un valor constante de energia correspondiente al valor
experimental de la separacion 'Z-'A de los estados de la molécula de ZrO. El valor
corresponde a 4.3 kcal/mol. Este desplazamiento de la superficie no es un proceso
riguroso, sin embargo, podria ser utilizado debido a que el fallo de los calculos
DFT radica en uno de los centros de la molécula de ZrO(H.O) y por tanto no
afectaria a la interaccion que existe entre la molécula de agua y el atomo de
circonio. Esta aproximacion ha sido previamente realizada por Filatov y col.”” para
corregir la estabilidad de los estados sextuplete y cuadruplete de la molécula de
Fe(H:O) en el mecanismo de la reaccion ‘FeO + H. — ‘Fe' + H:O. De esta forma,

utilizando esta aproximacion, se puede esperar que el segundo cruce entre las PESs
singlete y triplete ocurra en las cercanias del canal de salida, especificamente en las
cercanias de los complejos producto. En lo que respecta a los complejos producto,
la geometria C: en el estado triplete fue calculada como la especie mas estable. Los
parametros geométricos mas relevantes aparecen en la Figura 4.26.

Zr(OH), ('A))

0.955
O=ZrH(OH) (*A")

155.8° 165.7°

Zr-TS1 (A) Zr(OH), (B)

Zr-TS2 ('A) ZrO(H,0) A" Zr-TS3 CA)

Figura 4.26 Geometrias optimizadas a nivel BSLYP/6-311++G(2df,2pd)/SDD
para el paso de la reaccion O=ZrH(OH) — ZrO + H.O. Distancias en angstrom

y angulos en grados.
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0.955 152,50 0.955

MECP1

Figura 4.27 Estructura correspondiente a MECP1
calculada a mnivel B3LYP/6-311++G(2df,2pd)/SDD
localizadas en el mecanismo de reacciéon de ZirO..
Distancias en angstrom y angulos en grados.

Hf. Como previamente se ha mencionado, la especie O=HfH(OH) es la
termodindmicamente mas estable en comparacion al resto de las especies
O=MH(OH). Aqui, la reaccion ocurre a través de un unico estado electronico
(singlete). Respecto al Mecanismo 1, la barrera de activacion asociada a TSI es
estimada en 36.6 kcal/mol. Este estado de transicion es encontrado a 17.7 kcal/mol
por debajo de sus respectivos reactivos, y por tanto, la formaciéon de Hf(OH).
corresponderia a un proceso espontineo. Hf(OH). es encontrada a 1.3 kcal/mol
por encima del intermedio del mtermedio O=Hf(OH), con un grupo puntual de
simetria C.. La migracion de protén entre ambos grupos OH del itermedio
Hf(OH)., via TS2, conduce a la formacién del complejo producto HFOH-O) con
una barrera de activacion de 52.8 kcal/mol. A pesar del alto valor obtenido en la
barrera de activacion de TS2, éste se encuentra a solo 0.1 kcal/mol por encima de
los reactivos. Por tanto la formacion del complejo HFO(H-O) podria ser un proceso
espontianeo. Por otro lado, la formaciéon del complejo HIO(H:O) es encontrada sin
simetria, ya que la correspondiente especie C. presenta una frecuencia imaginaria
asociada a la rotacion de la molécula de agua. Asimismo, la especie HFO(H.O) mas
estable es calculada a 11.5 kcal/mol por debajo de sus respectivos reactivos

Respecto al Mecanismo 2, la formacion directa de la especie HTO(H.O) via
TS3 posee una barrera de activacién de 56.0 kcal/mol. TS3 es 1.9 kcal/mol mas
alta en energia que la especie TS2, lo cual demuestra que a pesar de que el
Mecanismo 2 requiere sélo 2.0 kcal/mol para llevar a cabo el proceso completo
(ver Figura 4.23), tanto el Mecanismo 1 como el Mecanismo 2 podrian ser rutas
competitivas, debido a la cercania en energia de sus especies TS2 y T'S3. En este
aspecto, s1 existiesen evidencias experimentales de los intermedios presentes del
Mecanismo 1 y Mecanismo 2, se podria discernir la factibilidad de ambos
mecanismos.

Finalmente, el complejo producto HFO(H:O) puede disociarse facilmente
para formar los productos finales debido a que la reaccion es un proceso
exotérmico. El proceso de disociacion del complejo a productos tiene un coste
energético de 10.5 kcal/mol y la reaccion global muestra un cambio de energia de -

1.0 kcal/mol.
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Figura 4.28 Geometrias optimizadas a nivel BSLYP/6-311++G(2df,2pd)/SDD
para el paso de la reaccion O=HfH(OH) — HfO + H.O. Distancias en
angstrom y angulos en grados.

4.3.1.4 Conclusiones

En el presente trabajo se ha realizado un estudio computacional detallado
de las principales etapas del mecanismo de oxidacion de H. por medio de dioxidos
del grupo IV MO. (M= T Zr y Hf). Los parametros geométricos optimizados y el
analisis vibracional de las moléculas de MO y MO: son concordantes con los datos
experimentales, lo cual nos permite validar la metodologia B3LYP/6-
311++G(2df,2pd)/SDD utilizada en este estudio.

Aspectos relevantes que conclernen los mecanismos de adicién-eliminacion
explorados pueden ser obtenidos a partir de los parametros geométricos y energias
de las especies que participan en los correspondientes caminos de reaccion. De esta
forma, el primer paso de la reaccion para la activaciéon de hidrégeno es un proceso
tanto termodinamico como cinéticamente factible. Las barreras de activacion de
hidrogeno (respecto a los aductos MO:(H.) disminuyen conforme aumenta la
distancia del enlace M=0O. La exotermicidad de las especies O=MH(OH) aumenta
de forma inversa a las barreras de activacion.

La exploracion de rutas de reaccion a partir de la especie O=TiH(OH)
muestra que la obtencion de los productos se logra a través de un mecanismo TSR.
Asi, el Mecanismo 1 fue encontrado como la ruta termodinadmicamente mas
factible en donde el cruce entre las PES singlete y triplete ocurre en la canal de
salida de la reaccion. Sin embargo, la falta de evidencias experimentales de la
especie "TI(OH). descartaria esta ruta. Respecto a la formacion de productos a
partir de la especie O=ZrH(OH), ésta se espera que ocurra a través de un proceso
SSR sin cruce de estados y a través del Mecanismo 2, sin embargo el Mecanismo 1
podria ser una ruta competitiva. Finalmente, la formacién de productos a partir de
O=HfH(OH) transcurre por medio de un proceso exotérmico y espontineo a
través de mecanismos SSR y en donde los Mecanismos 1 y 2 podrian ser
competitivos.
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Aside from being a rather fascinating phenomenon for academic insight,
transitions at crossing points of PESs of electronic states with different spin
multiplicities are key elements in chemical reactivity, having a driving force at the
atomic level. This fact 1s related to the concept of two state reactivity (I'SR) brings
significant appeal to potential applications 1n materials science and catalysis.
Moreover, in most of these reactions there 1s at least one spin crossing, and thus,
depending on the spin state of the reactants, the chemical reactivity of the reaction
varies dramatically. TSR has a more mmportant role m Chemistry than was
previously recognized.

In view of enormous practical importance in industrial and environmental
processes, reactions catalyzed by transiton metal oxides have attracted great
mterest. But the chemistry of transition metals and their compounds 1s strongly
influenced by the availability of multiple low-lying electronic states in these species
and these reactions that involve transition-metal oxides in the presence of two spin
states, and the ground state 1s not necessarily the most reactive one. To classify
these reactions, which involve participation of more than a single spin surface, the
TSR paradigm has been mtroduced. More than one spin surface 1s admitted to
connect reactants and products, and TSR along the reaction coordinate occurs.
This means that the reactions involve several electronic states that may also have
different spins, and it should involve spin-conserving and spin-inversion processes.

In the present Ph.D., we have selected different cases of TSR in organic,
organometallic and morganic chemistry. Specifically in organic chemuistry, the study
of the thermal ring opening rearrangement of 1H-bicyclo[3.1.0]hexa-3,5-dien-2-one
has been carried out, while the examples in inorganic chemistry mvolve the reaction
of hydrogenation of MO: oxides (M=T1, Zr, Hf).

Heterogeneous catalysis 1s based on the generation and subsequent
combination of chemical species retained on the surface of a catalytic sold.
Elementary reaction steps, that 1s, the dissociation of reactants and association to
products, take place at the solid-gas or solid-liquid mterface. The use of
experimental surface science and catalysis techniques i conjunction with electronic
structure theory to elucidate principles with which one can design new catalysts with
desirable chemical properties has been a goal for decades. Rational catalyst design
would use these principles to tailor a catalyst for specific process conditions and
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needs, increasing the overall efficiency of the process. In addition, using rational
design may 1dentify novel catalysts and processes to carry out challenging chemical
transformations for new applications without extensive trial-and-error experimental
testing. One of the long-term targets of research in heterogeneous catalysis 1s to gain
an understanding of the processes of mterest on both atomic and molecular levels,
i order to discover general catalysis principles and/or to develop better catalysts
based on rational design. This 1s the main research field of the present Ph.D.

To this end, the studies in organometallic chemistry have focused on the
framework of the heterogeneous catalysis, in particular, on the selective oxidation of
methanol to formaldehyde on supported and hydrated vanadium oxides, and also
the dehydrogenation of methanol on supported reduced vanadium oxides. In this
respect, gas-phase experiments combined with theoretical works provide a wealth of
msight mto elementary steps and reactive intermediates for various catalytic
reactions. It 1s shown that models catching part of the complexity of the real system,
which 1s connected with the finite size of active components (cluster), the flexibility
of the arrangement and the electronic properties of atoms as well as cluster i the
active component, play an important role in determining the activity and selectivity
of the system (chemical reactivity). Clusters are good model systems that may be
used to mvestigate how factors such as size, stoichiometry and charge state influence
the activity of catalyst materials. Combined with theoretical calculations, gas-phase
cluster experiments provide insight mto the molecular-level details of catalytic
reactions and allow structure-reactivity relationships to be established that may aid
the design of improved catalyst materials. We have chosen several examples from
our own laboratory to elaborate the details and will put those into perspective with
respect to the literature.

It 1s mmportant to recognize that the present quantum mechanical
calculations are carried out mn gas-phase, and mainly in the framework of density
functional theory and they are based on the celebrated Born-Oppenheimer (BO)
approximation, in which nuclear motions are decoupled from electronic motions
and monitored on a single “adiabatic” PES. However, the nuclei follow non-BO or
nonadiabatic paths when electronic states exhibit a degeneracy (or quasi-
degeneracy), as it 1s the case in TSR processes. Our studies treat static aspects of
mtersections of PESs. Investigation of the nuclear dynamics is the next step, but it 1s
a challenging task and a central quest in the new vista of chemical dynamics 1s to
unravel the complex entanglement of electronic and nuclear motions. Further
advancements are desired to treat the molecular dynamics taking into account the
environment (solvent) and call for ab rmtio calculations, including the correlation
energy, to refine the results. This will allow the study of catalysis in more realistic
conditions.

On more fundamental aspects, theory brings important and new insights on
the elementary mechanisms explaining the reaction mechanisms. Large
perspectives are opened. The pertinence of the approach lies in the combination of
methods: theory, spectroscopy, structure and reactivity. The activity and selectivity
of these catalysts depend on the physical and chemical structure of the active
components. The structural characterization of catalysts can be carried out by using
several ex situ techniques; high resolution field-emission scanning electron
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microscopy (FESEM), transmission electron microscopy (TEM), X-ray diffraction
(XRD), conventional temperature-programmed reduction under H. (TPR-H.), X-
ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller (BET) method
for surface area determination, and 2 szt time-resolved X-ray absorption near-edge
structure (XANES) spectroscopy at the Cu K-edge during TPR under H.
experiments (XANES-TPR-H.).

A strong coupling with kinetics and with n situ spectroscopic techniques 1s
essential to understand such catalysts in conditions close to the catalytic ones.
Experiment and simulations could be extended to other spectroscopic techniques
such as Raman, able to probe the bonds between the complex and the surface. In
situ nuclear magnetic resonanace (NMR) 1s also a technique of choice. For the
simulation techniques, the presence of many degrees of freedom considerably
complicates computational treatment of the reaction process. In particular, the
energetics of the process has to be described in terms of free energies, which
require a significant amount of sampling of different environment configurations.
Direct quantum mechanical (QM) description is usually impractical and one of the
common  simplifications  consists  of utilizing the hybrid  quantum
mechanical/molecular mechanics (QM/MM) methodology. These methods will
certainly develop due to their ability to describe large systems from a combination
of two levels of theory, a precise one for the region of the breaking/forming
chemical bonds and a less accurate one for the environment and the rest of the
support. The QM description 1s applied only to the reactive region, and the rest of
the system is treated using molecular mechanics (MM) level theory. In addition
molecular dynamics (MD) simulation can be included to calculate the free energy
profiles.
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A DFT study of methanol dissociation on isolated vanadate groups

L. Gracia?®, P. Gonzilez-Navarrete 2, M. Calatayud ®*, J. Andrés?

2 Departament de Qufmica Fisica i Analftica, Universitat Jaume I, Castell6 de La Plana, Spain
® Laboratoire de Chimie Théorique LCT, UMR CNRS 7616, Univ. Paris 06, Case 137, 4, Place jussieu, 75252 Paris, France

ARTICLE INFO ABSTRACT

Article history: Molecular and dissociative adsorption processes of methanol on isolated vanadate groups have been
Available online 21 July 2008 studied by means of density functional theory calculation at the B3LYP computing level. The catalyst is

represented by an isolated vanadia unit in two envi hydrated and supp First, a OV(OH)3
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identifies the ionic character of catalyst-methanol interactions. A moderate charge transfer of —0.34

electrons to the methoxy group would result in a blue-shift of the vanadyl band.
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1. Introduction

Chemical reactions involving methanol are important in many
fields including biological processes, fuel cells and catalysis. This
molecule is often taken as a probe to map out the catalyst
properties on oxide catalyst surfaces [1]. The selective oxidation of
methanol to formaldehyde occurring on vanadium oxide sup-
ported catalysts is of special interest [2-5]. In these experiments,
the molecule first dissociates on the surface and oxidizes to
formaldehyde at higher temperatures. Two species, a methanol
molecule coordinated to a Lewis metal site, and a dissociated
surface methoxy, are found to play a crucial role in supported
metal oxide catalyzed reactions. It is estimated that 10% of the
surface species are in a molecular form, and 90% of methanal is
dissociated as methoxy groups [2,3].

Methanol molecules and methoxy groups are key intermediates
that have been detected by different experimental techniques
(see ref. [2] and references therein). They are at the origin of the
selective oxidation to formaldehyde, but also might lead to
undesired products such as dimethyl-ether by recombination.
Moreover, the adsorption of methanol on supported metal oxides

* Corresponding author. Tel.: +33 1 44 27 26 82; fax: +33 14427 41 17.
E-mail address: calatayu®@Ict.jussieufr (M. Calatayud).

0920-5861/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2008.05.033

might be used for the quantification of active sites on such
materials [3]. It is thus of great importance to understand their
chemical behaviour at the molecular level in catalytic conditions so
as to control the key factors leading to the selected products,

Theoretical studies provide relevant insights into the molecular
mechanism for methanol oxidation on vanadium-based systems.
In the Jast years the isolated vanadate species have been modelled
as supported on silica, titania and zirconia [6-9]. Also, gas-phase
neutral and charged clusters have been proven to bring funda-
mental understanding on the key intermediates and reaction
barriers for methanol transformation in oxidation/reduction
products [6,10-13]. However, little attention has been paid to
the role of the hydroxyl groups present in the real catalysts. For this
reason, the presence of hydroxyl groups will be explicitly included
in the present work, In addition, the support effect will be treated
by considering a titania-supported catalyst. We hope to contribute
to a better understanding of the structure, energetic and bonding
properties of vanadium oxide catalysts.

In this paper the molecular mechanism for methanol dissociation
will be investigated by means of density functional theory (DFT).
Two models are investigated to represent the adsorption process.
First, a OV(OH); model explicitly considers hydrated conditions
where surface hydroxyl groups are present. Second, a OV(OTiO,H)s
cluster is used to represent titania-supported catalysts. The
paths leading to methanol dissociation will be discussed for both
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situations. The possible intermediates will be characterized at 0 K
and 650 K. Calculated vibrational spectra for all the intermediates
will be reported and compared to available experimental results.
Finally, the nature of the chemical bonding in selected structures
will be described by means of the topological analysis of the electron
localization function (ELF) [14].

2. Computational details and model system

All calculations were performed using the Gaussian 03 package
[15]. DFT in its three-parameter hybrid unrestricted B3LYP
functional [16,17] together with the standard all electron 6-
311G(2d,p) [18] basis sets were used in the structural optimization
for stationary points. This methodology has been successfully
applied to calculate the complex molecular mechanisms asso-
ciated with the reactions of VO,* with saturated and unsaturated
hydrocarbons [19-22] providing accurate results for geometrical
and energetic values. The computed stationary points (minima and
TSs) have been characterized analyzing the vibrational normal
modes after diagonalization of the Hessian matrix, and employing
the Berny algorithm for the geometry optimizations [23]. The
intrinsic reaction coordinate (IRC) procedure [24,25] has been used
to describe minimum energy paths from TSs to the corresponding
minima along the imaginary mode of vibration using the algorithm
developed by Gonzilez and Schlegel [26] in the mass-weighted
internal coordinate system.

Free energy calculations were performed for each intermediate
using standard relationships from statistical mechanics [27-30].

(a)

215

These calculations were done at 650 K, the temperature at which
the selective oxidation of methanol to formaldehyde was studied
experimentally [8]. Calculations show that the processes are
endergonic. Free energy calculations at lower temperatures show
that the process is reversed. At 650 K, the adsorbed species of the
entrance channel lie above the reference systems. However, this
fact can be reversed at lower temperature. In this sense, we have
carried out preliminary calculations at 298 K and the results show
that at room temperature the adsorbed species and the separate
fragments have similar AG values.

Abonding analysis is carried out in order to elucidate the nature
of the chemical bonds present in the intermediates. Ionic and
covalent interactions can be unambiguously identified, and charge
transfer processes can be quantitatively determined. Such analysis
relies upon a gradient field analysis of the ELF function, »(r), of
Becke and Edgecombe [31], as proposed by Silvi and Savin [14].
This methodology allows a description of the chemical bond from a
rigorous mathematical point of view. An exploration of the
mathematical properties of the ELF function enables a partition
of the molecular position space in basins of attractors, which
present a one to one correspondence with chemical local objects
such as bonds and lone pairs. These basins are either core basins,
C(X), or valence basins, V(X,...), belonging to the outermost shell
and characterized by their coordination number with core basins,
which is called the synaptic order. From a quantitative point of
view the method allows the integration of the electron density
over the basins to provide the basin populations, N, allowing a
quantification of charge transfer phenomena, ELF calculations have
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been performed with the TopMod package [32] and isosurfaces
have been visualized with the program Amira [33].

Isolated vanadia units show a pyramidal VO, structure with a
short vanadyl VO and three equivalent V-O-Mgyppor sites. Two
models for isolated vanadia catalytic sites are proposed: (i) a
hydrated model, OV(OH )3, where the vanadium oxide contains one
terminal mono-oxo VO bond and three terminal hydroxyl groups
(representing real catalyst under wet conditions), and (ii) a TiO»-
supported vanadia model, where the vanadium oxide contains the
terminal Ve=O bond and three V-O-Ti, each Ti atom connected to a
hydroxyl group and to a bridging O atom between two Ti atoms.
The vanadium site possesses in these clusters an oxidation state of
V, in a tetrahedral environment which is the common situation in
dispersed catalysts. Although alternative models have been
proposed [34], the pyramid arrangement seems to be the most
generally assumed. The catalyst models are depicted in Fig. 1,
referred to in the following as (i) hydrated model (C), with Ve=O and
V-OH distances of 1.568 A and 1.774 A, respectively and (ii)
supported model (Cs), with Ve=O and V-O-Ti distances of 1.570 A
and 1.774-1.850 A, respectively.

3. Results and discussion

The main goal of the present work is to study and characterize
the first-stages associated to the interaction of methanol with the
catalyst to get fundamental insights into the main properties
controlling the reactivity. The stationary points on potential
energy surface have been characterized and the role of the vanadyl
V=0 and the V-OH/V-O-Ti sites is discussed below.

3.1. Reaction paths

There are two possible reaction pathways depending on the
adsorption mode of the methanol molecule to the catalyst: Path 1
involves interaction with the hydroxyl group or V-O-Ti site for the
hydrated and supported models, respectively, while in the Path 2
the interaction takes place with the vanadyl group. These two
alternatives are displayed in Fig. 1. Figs. 2 and 3 show the total
energy and free energy profiles at 650 K for the two pathways for
both models.

3.1.1. Methanol adsorption

The first step in the mechanism is the formation of a reaction
complex. It is well known that the interaction of one methanol
molecule with the catalyst surface is favourable [2,3] and it can be
associated to weak electrostatic interactions between the vana-
dium site (acidic) and the oxygen atom in the methanol molecule
(basic).

An analysis of the results shows that for the hydrated model the
presence of hydrogen bonds between the methanol and the
catalyst hydroxyls is responsible for the stabilization of the
adsorption process along Path 1; in this pyramidal model the
vanadium site is not accessible and the interaction is mainly via
hydrogen bonds (see M1). The formation process of this complex is
favourable by 9.6 kcal/mol, and endergonic at 650K (13.3 kcal/
mol). Along Path 2 the adsorption of methanol to the hydrated
cluster is stabilized by the formation of two hydrogen bonds
between the methanol OH group: one with the vanadyl fragment
and a second one with the catalyst hydroxyl group, forming the
reactive complex M4. This interaction is more stabilizing than in
Path 1 by ~3 kcal/mol for both total and free energy profiles.

In the case of the supported model, the interaction methanol-
catalyst takes place by an acid/base electrostatic interaction
between the methanol oxygen and the vanadium site (V-Omethanol
distance 0f2.322 A). The formation process of this complex, M1s, is
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Fig. 2. Total and free energy profiles in kcal/mol, relative to the reactants, at B3LYP/
6-311G(2d,p) level for the hydrated model. (a) Path 1, (b) Path 2. [n parentheses, the
values for the bartiers (total energy).

less exothermic compared to M1 (by 0.9 kcal/mol) and M4 (by
3.1 keal/mol) of the hydrated model; and it is an endergonic stage
at 650K (18.9 kcal/mol). The presence of molecular adsorbed
methanol has been reported on supported metal oxide catalysts. In
these experiments [3], the samples are exposed to methanol at a
temperature of 110 °C. At lower temperatures the methanol forms
strongly bound methoxy as well as weakly physisorbed molecules,
while at higher temperatures the methoxylated surface species
react to form formaldehyde and other products.

Therefore, while in the hydrated model the interaction mainly
takes place via hydrogen bonds, in the supported model case the
metal site is available favouring Lewis acid-base interactions [35].

3.1.2. Methanol dissociation

Subsequently, methanol dissociates into CH;0~ and H*;
methoxide group binds to the vanadium site and proton is
transferred to a catalyst oxygen site. Two alternatives are possible:
(i) H* transfer to an V-OH group giving a water molecule in the
hydrated model, and to an O-Tigyppert Site in the supported model
(Path 1) or (ii) H' transfer to the V==O group (Path 2), see Fig. 1.

In Path 1 for the hydrated model the transition state TS1 is
associated to both methanol OH group and the V-OH bond
breaking processes and the formation of V-OCH3 and H-OH bonds.
In this stationary point the vanadium atom is five-fold coordinated
with a V-OCH; distance of 2,018 A, and a H-OCH3 distance of
1.117 A. The total (and free) energy barriers for this process are
16.6 (17.9) kcal/mol. In an analogous way, methanol dissociation
along Path 1 in the supported model proceeds via TS1s, associated
to a V-Ogyppore breaking process and the formation of the V-OCH3
and H-Ogyppore bonds. As in TS1, the oxygen atom of vanadyl
fragment as well as the V-OCHj interaction are strengthened while
V-Qgupport bond is weakened to reach a distance value of 2.143 A
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along the proton transfer process. The total (and free) energy
barriers for this process are lower than for the hydrated model,
13.6 (10.7) kealfmol.

For the Path 2, the total (and free) energy barriers are higher
than in Path 1 regardless of the catalyst model: 35.3 (37.3) kcal/
mol and 28.6 (23.8) kcal/mol, for the hydrated and supported
models, respectively. The corresponding transition states TS2 and
TS2s involve the cl ge of the short dyl Ve=O bond and the
formation of V-OCH; and both show longer distances V-OCHj3
(2.144 A and 2.064 A, respectively) and H-OCH; (1.304 A and
1.287 A, respectively) compared to TS1 and TS1s, respectively.
The fact that the proton is transferred to the vanadyl group
destabilizes the structure compared to TS1 and TS1s, and
therefore the mechanism along Path 1 would be preferred to
Path 2 for both models.

3.1.3. Methoxy intermediates

From the transition states the methoxy intermediates are
reached in which this group is strongly bound to the vanadium site,
TS1 leads to the formation of a weakly bound water molecule,
while TS1s lead to the break of a V-Ogypport bond by the formation
of a HO-Tisypport fragment. Along Path 2, both TS2 and TS2s involve
the formation of hydroxyl groups.

In the Path 1, the hydrated M2 intermediate is highly stabilized
due to the formation of a water molecule that might desorb. The
supported M2s structure represents the hydroxylation of the
support. In both cases, the vanadium site preserves its initial
tetrahedral coordination. The methoxy containing species M2 and
M2s, are stabilized by -12.2kcal/mol and —17.8 kcal/mol,
respectively (9.3 kcal/mol and 2.6 kcal/mol at 650 K). This means
that the dissociation of methanol is thermodynamically favoured
with respect to the molecular interaction. In the hydrated model,
the loss of this water molecule to give M3 destabilizes the complex
by 10.6 kcal/mol at 0K (5.2 kcal/mol at 650 K).

Along Path 2 the proton transfer to the vanadyl oxygen leads to
the formation of M5 and M3s in the hydrated and supported
maodels, respectively. In these intermediates the vanadium site is
five-fold coordinated, which destabilizes the corresponding
complexes by 20.9 kcal/mol and 12.4 kcal/mol, respectively
(23.3 kcal/mol and 12.5 kcal/mol at 650 K) with regard to the
molecular adsorption.

These results show that the methanol interaction with the
catalyst is of different nature regarding the hydration conditions:
hydrogen bonding is preferred in hydrated catalysts while acid/
base interaction takes place in titania-supported systems. Tetra-
hedral environment is favoured with respect to five-fold coordi-
nated vanadium. The paths involving the vanadyl Va=O group are
clearly unfavourable as regards methanol dissociation. Titania-
supported model exhibit low barriers indicating a strong effect of
the support.

3.2. Vibrational spectra

In order to characterize the possible intermediates we have
calculated the harmonic vibrational spectra for all the species
considered. We will focus on the methanol fragment. The main
frequencies and the band assignment are shown in Table 1 for both
hydrated and supported models. As it is well known, density-
functional based calculations give overestimated frequencies,
especially for stretching modes, For this reason we have applied
a correction factor of 0.96 to the computed values, otherwise it is
specified in the text.

For the hydrated model, the molecular methanol species
(systems M1, M4) and for supported model (M1s) show bands
assigned to CH; stretching modes ucy in the region of 2966 cm™!
and 2978 cm™' (asymmetric) to 2887 cm~! and 2911 cm™!
(symmetric), for M1 and M1s, respectively, in agreement with

Table 1
Calculated and experimental vibrations (in cm™") for methanol interaction with isolated vanadates
Molecular Dissociated
Unsupported  Supported M1s  [3] [2] Unsupported  Supported M2s  Supported M3s  [3] 2]
Uy Asymmetric 2966 2978 2995-2965  2056-2945 2958 2963 2913 2975  2939-2929
Symmetric 2887 2911 2965-2953 2850-2833 2885 2895 2860 2935 2850-2833
8eu Asymmetric = 1446 1435 ~1450 1460-1463 1434 1431 1421 1415 1435
Symmetric 1420 1410 ~1430 1414 1412 1399
Son 1359 1351* 1370
Yo 1042* 1022* 1124-1065 1085* 1081* 1083*

The calculated values for the hydrated model correspond to the average of similar structures (M1 and M4 for molecular methanol and M2, M3 and M5 for the dissociated
methanol). Experimental results are given for supported catalysts. A correction factor of 0.96 is applied for the computed frequencies with the exception of all the vco and one

Sou Values labelled as (*).
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experimental data on supported oxides (see Table 1). Note that the
position of the bands observed experimentally oscillates 20-
30 cm ™! depending on the support used. The difference between
the asymmetric and the symmetric modes is calculated to be of
80 cm ! and is consistent with the experimental shift of 100 cm~.
Bending 8c; modes are calculated to vibrate at values of 1446 cm ™!
and 1435cm~! (asymmetric) and 1420cm~! and 1410cm™
(symmetric) for hydrated and supported models, respectively.
Burcham et al. [3] report values of 1450 cm™ and 1430 cm™.
Bronkema et al. [2] report similar values of 1435-1436 cm™'. The
methanol OH bending 8oy is found to vibrate at 1359 cm™! and
1351 cm™, respectively, in good agreement with the results of
Burcham et al. (1370cm™). The computed C-O stretching
vibration is 1042 cm™! and 1022 cm™! for the hydrated and
supported models, respectively. These values are lower than the
values reported by Burcham et al. (1065-1124 cm™"). For this
reason we have not applied any correction factor to this value,

Dissociated methanol is considered in structures M2, M3 and
MS5 (hydrated) and M2s M3s (supported). The methoxy fragment
shows vibrations ~15cm~! lower than the corresponding
molecular interaction. Thus, the methyl bending modes are found
to be 2958 cm™! (hydrated), 2963-2913 cm ™" (supported), con-
sistent with the experimental values of 2975-2935 cm ™" [3] and
2939-2833 cm™! [2]. The same behaviour is observed for the
bending modes 8¢y with a decrease of ~10 cm™" with respect to
the values of the molecularly adsorbed methanol. The C-O
stretching band appears in our calculations at 40-60 cm™" higher
in energy than the molecular species, which is in the range of the
observed peaks reported by Burcham et al [3].

Burcham et al, [3] and Bronkema et al. [2] report a band at
1612 cm™" and 1640 cm™, respectively, assigned to the bending

8(H-0-H) mode of strongly Lewis-bound water. Our results for
model M2, containing a water molecule interacting with the
vanadium site, predict a weak band for 1610 cm~? (corrected with
the 0.96 factor) thus confirming the nature of the species detected
in the experiments. Indeed, the band observed at 1612 cm™' is
present on the supported catalysts even at 200 °C, indicating a
strong interaction, although it is generally displaced by methanol.

A fingerprint of vanadium oxide-based systems is the stretching
of the vanadyl Ve=O group that occurs at 1050 cm™". In our models
this band appears at lower values of wavenumbers for the
molecular methanol complexes (1085 cm™! for M1, 1056 cm ™! for
M4 and 1098 cm™' for M1s) than for the dissociated systems
(1131 cm™! for M2, 1126 cm ™! for M3 and 1112 cm™' for M2s)
indicating an electronic rearrangement induced by the methoxy
groups (see below). Structures M5 and M3s do not show this
spectral feature as corresponding to the absence of vanadyl group.

In summary, the calculated frequencies are in agreement with
the experimental values and allow to confirm the previous
assignments on an ab-initio basis. The main features of the
vibrational spectra can be reproduced and explained with a simple
computational model for hydrated and titania-supported catalysts.

3.3. ELF analysis

ELF isosurface diagrams for the reactant complexes and methoxy
intermediates for the hydrated model are presented in Fig. 4. From
these diagrams the nature of the chemical bond can be visually
deduced: the presence of a disynaptic basin (green button labelled
V(C,05)) indicates a pair of electrons in this region, and thus a
covalent bond; its absence indicates a mainly electrostatic inter-
action. For a finer analysis, in Table 2 the topological population
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Fig. 4. ELF isosurfaces at 5 = 0.81 for M1, M2, M4 and M5.
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it is observed an increase in the core basin of —0.21 electrons
between M2 and M3, due to the release of the water molecule,

Methanol interaction with isolated vanadate groups has been
modelled by means of hybrid B3LYP calculations. Hydrated and
titania-supported vanadate groups are represented by a OV(OH)3
and OV(OTiO;H)s clusters that account for the tetrahedral
coordination and V oxidation state of vanadium in real catalysts.
Molecular and dissaciative adsorptions have been considered and
the intermediates have been characterized as regards geometry,
energetics, vibrational spectra and chemical bonding.

Our results show that methanol molecular adsorption depends
on hydration: it takes place mainly by hydrogen bonds invelving
vanady!l groups and hydroxyl species in hydrated conditions,
while an acid/base interaction between the vanadium center and
the methanol OH group is observed for the supported model.

Table 2

ELF basin populations N, and charge transfer (8q) from the catalyst toward the
methanol fragments in the hydrated model, at the cor ding B3LYP|
6-311G(2d,p) optimized geometry ac o
Basin, N M1 M2 M3 M4 M5
cw) 19.62 19.66 19.87 19.84 19.81
V(01) 7.18 6.97 697 7.04 5.86
V(0;) 6.01 5.89 5.89 5.87 5.87
V(0s) 5.99 5.90 590 5.87 5.81
V(04) 5.89 4.52 - 5.84 5.81
V(OzH,) 1.68 1.70 1.68 1.68 1.70
V(0sH>) 1.70 175 168 1.68 1.70
V(0,Hs) 1.69 1.66 - 170 171
V(CH,) 2.03 1.99 203 2,03 203
V(CHs) 2.03 199 2.03 2.05 203
V(CHg) 2.05 203 2.04 2.04 2.03
V(05C) 1.22 128 127 122 132
V(05) 468 6.18 6.10 469 597
V(OsH7) 176 - - 173 -
V(O H;) = 1.72 = = =
V(0H;) = = = = 1.67
8q —0.03 -037 -034 —0.03 -041

analysis data is presented, namely, the basin populations N, and the
net charge transfer (8q) from the catalyst toward the methanol
fragments.

On the basis of the topological ELF analysis, all V-O bonds
belong to the unshared-electron type dominated by the electro-
static interactions, and the lack of disynaptic V(V,0) basins allaws
us to consider an ionic interaction of vanadium and oxygen atoms
as in previous studies of VO, systems reported by Calatayud et al.
[36] In other words, all the V-0 bonds including the vanadyl Ve=O
species are mainly of ionic character. The shorter VO distance
does not correspond to a cavalent bond but rather to a stronger
ionic bond [37-39]. As can be seen in Table 2, the oxygen atom in
the vanadyl group presents higher population, ~7e, than those in
the hydroxyl groups, ~6e. The methanol molecule presents a
covalent bond between C and O (green basin V(C,05)) atoms. The
C-H or O-H bonds are covalent but no disynaptic basin is found
between the two centers. This is due to the absence of core
electrons in the hydrogen center.

The molecular interaction of methanol with the vanadate
substrate (structures M1 and M4) is weak and of electrostatic
character. This can be seen in Fig. 3 by the absence of disynaptic
basin between the two moieties (dashed line). There is a small
amount of charge density transfer from the catalyst to the
methanol (—0.03¢) in the initial stage of the adsorption for Path
1 and Path 2. The methoxy species are characterized by a charge
density transfer 8q of —0.37e (M1), —0.37¢ (M2) and —0.41e (M5)
respectively when the CH;0- fragment is bonded to the vanadium
center. Also, the vanadyl oxygen atoms possess higher density in
the molecular systems (7.18¢, 7.04e for M1 and M2, respectively)
than in the dissociated ones (6.97¢ for M2, M3 and 5.96e for M5)
due to the electron withdrawing effect of the methoxy group. As a
conseq e the jonic dyl bond is shortened and the
corresponding vibrational frequencies shift to higher wavenum-
bers.

Protonation on the vanadyl oxygen O, to form M5 implies that
the large population of V(0,) in the previous reaction complexes,
i.e. 7.18e, has decreased to 5.86e and 5.95e, respectively, by the
appearance of a new protonated valence disynaptic basin V(0,Hz).
A similar behaviour is found in M2 methoxy intermediates, where
the large population of V(04) decreases with regard to previous
reaction complexes to 4.52e and 4.56e, respectively, by the
appearance of a new protonated valence disynaptic basin V(O4H;).

In all systems the charge of the vanadium atom slightly
oscillates between the molecular and dissociated forms. However,

Dissociation is thermodynamically favoured in both cases and
takes place via a proton transfer to hydroxyl group or V-0O-Ti site
forming a V-OCH3 species, with barriers of 16.6 kcal/mol and
13.6 kcal/mol, respectively. The proton transfer to the vanadyl
bond presents a higher barrier of 35.3 kcal/mol and 28.6 kcal/mol,
respectively and they can thus be discarded. Neither the barriers
nor the relative stability are significantly affected by the
temperature.

Harmonic vibrational spectra have been calculated for the
molecular and dissociated species and a reasonable agreement
with previous experimental results is found. Methoxy groups are
found to vibrate 10 cm ™" lower than the corresponding molecular
species. On the contrary, in the presence of methoxy groups the
vanadyl vibrations are shifted to higher frequencies. This is
explained by the electron withdrawing effect of the methoxy
group: the value of transferred charge from the catalyst to the
methanol (methoxy) group is —0.03e (—0.34e).
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The molecular mechanism of the thermal rearrangement of singlet 1H-bicyclo[3.1.0]hexa-3,5-dien-
2-ome to give triplet 4-oxocyclohexa-2,5-dienylidene has been investigated using density functional
theory (B3LYP and M05-2X functionals) as well as ab initio CASSCF and CASPT2
multiconfigurational methods. The reactant has a singlet ground state while the product can be
found in three low lying electronic states PCB,), P('B;), and P('A’). Therefore, the molecular
mechanism of this ring opening rearrangement may involve up to three different potential energy
surfaces of two spin multiplicities: two singlet (closed shell, CS, and open shell, OS) and one
triplet. The stationary points on these surfaces have been characterized and two crossing regions
have been found: one intersystem crossing region, ISC, connecting the CS singlet and triplet
surfaces and a minimum energy conical intersection, CI, between both CS and OS singlet
surfaces. The results point out that the reaction mechanism starts on the CS singlet surface and,
after the transition structure is surmounted, the ISC takes place in the vicinity of the CS singlet
product leading to the more energetically favourable P(CB,) triplet product. A significant value
(4.76 ecm ™) of the spin orbit coupling term has been calculated at the point of the minimum
energy path (MEP) where the ISC can take place. This behaviour indicates that the reaction can

proceed through singlettriplet coupling. The high energy value obtained for the CI allows
discarding the participation of the OS singlet state in the thermal process. The reaction
mechanism can be rationalized if the aromaticities of the final products are considered. Using
NICS indexes it is shown that P(B;) and P('B;) are aromatic while the P('A;) presents a

puckered conformation due to its antiaromatic character.

1. Introduction

Many processes in chemistry, ranging from photochemistry
to charge tramsfer or spin-forbidden reactions,' involve
transitions between electronic states of different and/or same
spin multiplicities. The presence of close-lying electronic
states characteristic of non-radiative transitions produces a
‘breakdown of the Born—Oppenheimer (BO) approximation.
In order to get a full picture of this kind of processes, all the
near degenerate BO potential energy surfaces (PES) involved
must be considered simultaneously.

The regions of intersection between PESs display character-
istics that depend on the spatial symmetries and spin multiplicity
of the electronic states involved. Well known examples
comprise: (i) many photochemical processes controlled by
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Apartat 224, 12080, Castellon, Spain. E-mail: andres@gfa.uji.es

% Instituto de Ciencia Molecular (ICMOL), Universidad de Valencia,
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 Departamento de Quimica Organica y Quimica Fisica, Universidad
de Zaragoza, 50009, Zarageza, Spain

4 Instituto de Biocomputacién y Fisica de los Sistemas Complejos
(BIFI), Edificio Cervantes, Corona de Aragon 42, Zaragoza 50009,
Spain

¥ Electronic supplementary information (ESI) available: (B3LYP,

M05-2X and CASSCF-CASPT2)/ANO-8 [4s3pld/2slp] optimized

geometries and energies for singlet and triplet species (S1)-(S6).

See DOI: 10.1039/b506404d

conical intersections (Cls)* ! where the PESs of two adiabatic
electronic states with the same spin multiplicity cross;
their important role has become increasingly recognized and
(ii) chemical reactions where there is a net change in the
total electronic spin of the system, that is, spin-forbidden
reactions'?1? where an intersystem crossing (ISC) exists.
The reaction paths for these processes take place on two or
more PESs and they are known to be important in determining
the outcome of chemical reactions. In order to elucidate the
mechanistic aspects involved in these reactions, finding a
region of energetic degeneracy (either a CI or an ISC) where
the PESs intersect is a key step.> Efficient computational
methods for locating ISCs and CTs have been reported in the
literature.'®2! Moreover, in those cases where a change in spin
multiplicity occurs, it is necessary to consider the coupling
between the different electronic states involved through the
spin—orbit coupling (SOC) interaction, whose magnitude is
related to the efficiency of the non-radiative relaxation process.”

‘While the rationale behind these processes has been of
interest to chemists for a long time (mainly on pure theoretical
grounds), the relevance of non-adiabatic processes in chemical
reactivity has recently been remarked by Yarkony® and
Buchachenko'* who introduced the term spin chemistry in
this context. In particular, the rate of chemical rearrangements
that involve a change in the spin state can be limited by the
transition structure (TS) of the process or by the crossing rate

This journal is © the Owner Societies 2009
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Scheme 1 Thermal ring opening of 1 H-bicyelo[3.1.0]hexa-3,5-dien-2-
one (R) to yield 4-oxocyclohexa-2,5-dienylidene (P).

between surfaces. Therefore, it is necessary not only to locate
and to characterize the stationary points on each PESs
(minima and TSs) but also to identify the regions where the
relevant spin states lie close in energy (the ISCs and/or Cls).
The computational methods of theoretical chemistry are
nowadays suitable tools for the study of these processes and
different authors have addressed this complex and demanding
research area.'' Two-state or, in general, multistate reactivity
involving transition metals has been acknowledged to play a
key role in many reactions ranging from heme enzymes
and polyoxometalates '* 1o hydrocarbons with vanadium
oxides.™ *° In the case of organic compounds, these situations
have become increasingly important in the rationalization of
reactive processes.”

In this work, we study the thermal rearrangement of singlet
1H-bicyclo[3.1.0]hexa-3,5-dien-2-one (R) to give triplet 4-oxo-
cyclohexa-2,5-dienylidene (P) (see Scheme 1) where the presence
of possible ISC and/or CI are needed for the correct identification
of the intermediate species involved and the outcome of the
reaction. Both reactant and product belong to PESs of different
spin multiplicities, indicating that we are dealing with a non-
adiabatic spin-forbidden event associated to the ring opening
reaction where a bond breaking/forming process is taking
place (see Scheme 1).

Previous kinetics and computational studies®” have shown that
this reaction is exothermic, with an energy gap estimation
not larger than 2500 cm™' and an activation barrier of
2.6 = 0.2 kcal mol™'. It was also shown that the reaction is
characterized by a very low Arrhenius pre-exponential factor,
which is an indication of a spin-forbidden process where the ISC
step is rate controlling.”™* An early theoretical study carried out
by Solé er al.” employing multiconfigurational self-consistent field
theory (MCSCF),*® single point multireference perturbation
theory calculations,™ and configuration interaction including
single and double excitations (C| ISD)* with the standard
6-31G(d) basis set analyzed the thermal reactive process and the
nature of the low-lying electronic states of the product. The
reaction mechanism reported in this work involved the formation
of the singlet product in its open-shell form, P('B), via a transition
structure (TSI) lying about 7.7 kcal mol ' above the reactant
R('A). After that, the presence of an ISC process towards the
more stable triplet state P(B,) was proposed. However, and due
to computational limitations, the ISC along the minimum energy
path (MEP) was not characterized and, as a consequence, the SOC
in this region of the PES was not obtained. These calculations
are necessary in order to ascertain the possible formation of
the P('B,) product during the thermal reactive process.

Below, we present a more comprehensive description of this
ring opening reaction not only determining the intermediates
and mechanistic aspects but also giving a more chemical
description and rationalization of the process in terms of the
familiar chemical concept of aromaticity as described using the
NICS indexes of Schleyer et al.”'

2. Theoretical methods and computational details

The characteristics of the problem tackled in this work makes
it a suitable target for multiconfigurational methodologies.
Among the different alternatives, the CASSCF method™ has
extensively proven to be efficient in dealing with this kind of
situations. However, it is well known that CASSCF accounts
mainly for the static correlation effects while lacking a proper
description of the dynamic correlation. A first improvement
can be achieved through the use of the CASPT2//CASSCF
protocol, which has shown to be accurate and reliable in
the description of situations where electronic states of very
different nature are involved® ** and in those cases where
non-adiabatic effects are implicated.’®*” To further assess the
reliability of this protocol, we have optimized the most
significant critical points obtained on the PESs with the
CASPT2 method. In all these computations, an active space
comprising the full n-like orbitals and eight electrons was used.
All the CASSCF/CASPT2 calculations have been carried out
with the ANO-S [4s3pld/2slp] basis set’™® and using the
MOLCAS 6" program,

The performance of DFT methods in the description of
chemical reactivity is supported by a large amount of works
and, in particular, they are increasingly employed for the
characterization of reaction mechanisms involving more than
one PES'*'*1¢ due to their low computational cost. Although
the use of these methods in the description of low spin states of
diradicals is sometimes problematic, its ability to properly
describe the system investigated here was previously discussed
and assessed by Cremer and co-workers**®' using both
UB3LYP and ROSS-B3ILYP.®* In particular, good
agreement for the singlet-triplet gaps was found using
energy-projected UB3LYP and ROSS-B3LYP methods.
Though the broken-symmetry UDFT formalism has also been
used for calculations of open shell singlet states, it was shown
to be reliable when the overlap between the open-shell orbitals
is small.*! This is the situation found in this work and, there-
fore, we have not used it. On the other hand, the choice of pure
or hybrid DFT functionals for the calculation of open shell
singlet solutions has also been the subject oFcommversy.“S""
All the DFT calculations were performed using GAUSSIAN
03*7 and we chose the widely used hybrid B3LYP functional
and applied the sum rule to project out the energy of the
singlet state in those solutions with severe spin contamination.
One has to keep in mind that the UB3LYP results have always
been compared to those obtained by CASSCF and CASPT2
methods. Moreover, due to a recently shortcoming on the
B3LYP functional*®®*’ which produces an underestimation of
both energy barriers and reaction energies in ring opening
processes™ the M05-2X functional® will also be employed in
this work. All DFT calculations along this work use the
6-311+ G(2df,2p) basis set.’>**

7190 | Phys. Chem. Chem. Phys., 2009, 11, 7189-7196
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The nature of the stationary points located on the corres-
ponding PES was determined at the CASSCF, B3LYP and
MO05-2X theoretical levels. Software limitations and computational
cost prevented us from characterizing the stationary points at
the CASPT2 level. TSs were connected with their respective
minima using the intrinsic reaction coordinate (IRC)™
algorithm at the B3LYP and M05-2X theoretical level and
with the MEP-search algorithm implemented in MOLCAS at
the CASSCEF level of theory. Minimum energy crossing points
(MECPs) were located at the CASSCF and CASPT2 levels
using MOLCAS while Harvey’s approach'® was employed for
finding the ISC with both DFT approaches.

In order to analyze the efficiency of the ISC process,
spin-orbit computations within the atomic mean field
approximation®® were carried out by constructing the spin—
orbit Hamiltonian in the basis of the CASSCF functions.
Dynamic correlation was taken into account using the CASPT2
energies as diagonal elements of the spin—orbit Hamiltonian.*

The evaluation of aromaticity has been performed using the
NICS index, proposed by Schleyer et al.>! The NICS index is a
magnetic measure of aromaticity based on the m-electron
current induced in the system when it is exposed to an external
magnetic field. Negative NICS indicate aromatic systems.
NICS calculations were computed using the gauge-independent
atomic orbital (GIAQ) method™ for the B3LYP/6-311 + G(2df,2p)
optimized structures at ring centres defined by the (3, +1)
critical point on the electronic density distribution. The NICS
index has been calculated on the plane, NICS(0), to evaluate
the current in the o-plane and 1 A above the plane, NICS(1),
which has been postulated to reflect better aromaticity pat-
terns because at this distance the effects of the m-electron
current are dominant over the o-electron system.

3. Results and discusion

In this section we will discuss the most relevant characteristics
of the reactive process as obtained with the different
theoretical methods employed. Relative energies calculated
using both DFT and CASPT2 methods for all structures
found on the three potential energy surfaces (CSS, OSS,
and triplet) are reported in Table 1. The most significant
geometrical parameters are collected in Table 2 (see
Scheme 1 for atom numbering). Four stationary points, two
minima and two transition structures, have been located on
the CSS PES corresponding to the reactant, R('A), a
transition structure, TS1("'A), associated to the ring opening
process, the non-planar product P('A’), and another transition
structure of C,, symmetry, TS2('A,), which connects P('A’) to
an equivalent structure by the folding movement of the C1
atom. The landscapes obtained with DFT, CASSCF, and
CASPT2 methods for the CSS electronic state differ from
early studies carried out using CASSCF but with a smaller
‘asis set and where the P('A’) structure could not be found.”
The lack of a proper description of the dynamic correlation
effects at the CASSCF level and the use of a basis set of
inferior quality to the ANIO-S basis set used in this work seems
to be the origin of this discrepancy. In general, the B3LYP
relative energies of the stationary points are slightly lower than

Table 1 Relative electronic energies (to R('A), in kcal mol™)
calculated at CASPT2/ANO-S [4s3pld/2slp], DFT (B3LYP and
M05-2X) and CCSD(T) with the 6-311+G(2df,2p) basis set of the
different structures located in the PESs

AE
Surface  Structure B3LYP  MO05:2X CASPT2 CCSD(T)
R(A) 0.00 0.00 0.00 0.00
css TS1(A) 547 9.83 6.81
P(A) —6.10 1.4 —5.38 0.07
TS2('A)) 839 13.07 11.40
0SS P('By) —17.76  —12.02
(1373 (—637)" —445
R(’Aa) 3596 39.57 37.56
T TSICA)  39.69 4634 49.99
PCB)) —21.88 -17.87 -15.10
CSST  ISC —6.06 1.52 —4.93
CSS-08S  CI 11.40°

“ Spin-projected values in parenthesis. > Corresponding to the
‘minimum energy crossing points.

the corresponding CASPT2 values, as it can be observed
in Table 1. On the other hand, the energies rendered by the
MO05-2X functional are systematically above those computed
using the B3LYP one. Interestingly, B3ALYP and CASPT2
yield P('A) as the absolute minimum in the CSS surface
while MO05-2X predicts that R('A) is 1.44 kcal mol™!
more stable than P('A’). In order to determine more
accurately the relative energy of P(1A), high level ab initio
CCSD(T)/6-311+ G(2df,2p)  calculations on CASPT2
optimized structures have been carried out (see Table 1)
supporting the M05-2X result. Exploration of the OSS PES
yields only one minimum structure, P('B,), with an energy
(relative to R('A)) of —17.76, —12.02, and —4.45 kcal mol™’
at B3LYP, M05-2X, and CASPT2 methods, respectively.
It is worth noting that the DFT solutions of P('B;) are
characterized by a severe spin contamination with values of
(8 ~ 1. A ing that such ion is essentially
produced by the presence of the triplet state, it is possible to
obtain a reasonable approximation to the purified singlet
state using the spin projection technique. Upon projection,
the values of the energy of the P('B)) structure yields
—13.73 kcal mol™! (B3LYP) and —6.37 kcal mol™!
(M05-2X), being the latter in better agreement with the
CASPT2 value of —4.45 kcal mol~". The largest discrepancies
between CASPT2 and DFT energies are observed for the
P(CA’) and P('B,) structures with CASPT2 rendering P('A’)
slightly more stable than P(*B;) (about 1.0 keal mol~") while
DFT methods display the opposite behaviour, being P('A")
7.63 keal mol™ (B3LYP) and 7.81 keal mol™! (M05-2X)
above projected-P('B;), respectively.

The triplet surface presents three stationary points, RCA),
TS1(°A) and P(*B,). The former two are much higher in
energy than their equivalents on the CSS surface while the
latter is more stable than its corresponding structure on the
CSS or OSS surfaces. This situation indicates that an ISC
point between the CSS and triplet surfaces may take place
along the reaction path connecting the transition structure to
the product. Expetimentally it was found that the reaction
proceeds from a singlet reactant R('A) of CSS nature to give a
product with a triplet electronic state P(’B,), while

This journal is © the Owner Societies 2009
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Table 2 Most relevant ical for the

structures located on the PESs as computed using DFT (B3LYP and M05-2X)

with the 6-311 + G(2df.2p) basis set and multiconfigurational (CASSCF and CASPT2) methods employing the ANO-S [4s3p1d/2s1p] basis set

Surface Structure descr desct deres desce doso s Fescecl  TeecaC3ca TCIC2CICH
B3LYP 1.506 1.298 1.344 1.530 1.206  142.4° 64.4° 18,17 1.6
CSSs R('A) M03-2X 1.49 1.292 1.337 1.501 1.199 142.3° 64.2° 18.8° 2.4
CASSCF  1.532 1.314 1.348 1.493 1.200  1358° 65.8° 21.¥ 3.0°
CASPT2  1.520 1.322 1.359 1.523 1.218  138.8° 64.1° 19.9 21
TSI('A) B3iLYP 1.788 1.306 1.344 1.440 1.215 140.0° 81.0° 13.5° 0.0
M05-2X 1.843 1.307 1.339 1.428 1.211 137.8° 84.6° 12.8° -1.2
CASSCF  1.832 1.319 1.345 1.447 1.203  137.2° 82.8° 18.17 7.6
CASPT2  1.853 1.328 1.355 1.456 1225 1313 83.3° 17.6° 57
P('A") B3iLYP 2319 1.396 1.367 1.367 1229 123.0° 114.1 18 -15.1
MO05-2X 2311 1.402 1.356 1.356 1217 121.9° 113.87 2.5° —-16.0
CASSCF ~ 2.380 1.408 1.377 1.377 1228 1213 117.3 1.9 =111
CASPT2 2359 1.393 1.394 1.394 1260 125.2° 115.6 1.1 -9.7
TSZ('A,] B3LYP 2485 1.467 1.345 1.345 1.216 114.4° 124.1 0.0 0.0
MO03-2X 2477 1.467 1.337 1.337 1.208  114.6° 1239 0.0° 0.0
CASSCF 2,501 1.479 1.350 1.350 1210 113.4° 1242 0.0° 0.0
CASPT2 2515 1.479 1.360 1.360 1232 1133 124.5 0.0 0.0
0S8 P('B) B3LYP 2.348 1.380 1.381 1.381 1.256 127.3° 116.4° 0.0° 0.0°
M05-2X 2338 1.377 1.377 1377 1250 127.7 116.1 0.0 0.0
CASSCF  2.368 1.382 1.395 1.395 1262 126.2° 116.9 0.0° 0.0
CASPT2 2.366 1.386 1.399 1.399 1.269 116.2° 127.4 0.0 0.0
R(‘A] B3iLYP 1.475 L5101 1.358 1.511 1.209 122.0° 59.6° 248 =3.0
MO03-2X 1.473 1.464 1.347 1.504 1.201  118.7° 59.4° 27.5° —1.4°
CASSCF  1.532 1.458 1.346 1.503 1.200 119.5° 62.2° 274° 0.0°
CASPT2 1.519 1.451 1.359 1.537 1.220 120.7° 61.0° 26.2° -18
Triplet TSICA) B3LYP 1.712 1.385 1.401 1.418 1.223  146.2° 75.2° 15.5° 5.5
M05-2X 1.708 1.384 1.395 1415 1215 146.8° 75.1° 15.6° 58
CASSCF  1.904 1.472 1.353 1415 1.205  125.8° 82.4° 23.6° 5.2
CASPT2  1.831 1.452 1.392 1421 1.229  136.% 9.1° 18.97 513
P('B)) B3LYP 2.353 1.385 1.376 1376 1249 1267 116.8° 0.0 0.0
MO05-2X 2343 1.384 1.370 1.370 1.241 12700 116.5 0.0 0.0
CASSCF  2.383 1.407 1.371 1.371 1.225 124.4° 1181 0.0 0.0
CASPT2 2375 1.400 1.385 1.385 1253  126.1° 17.0° 0.0° 0.0°
CSS-Triplet  ISC B3iLYP 2315 1.397 1.366 1.366 1228 1227 113.8° 1.7 -159
MO05-2X 2306 1.403 1.355 1.355 1216 121.4° 113.4° 2.2 -17.3°
CASSCF ~ 2.386 1.428 1.367 1.367 1218 116.8° 117.1° 3.0 ~16.0°
CASPT2 2347 1.396 1.393 1.393 1.257 1239 114.5° 1.5
CSS-088 CI CASSCF  2.446 1438 1.365 1.365 1222 118.4° 121.5° 0.0° 0.0
CASPT2 2.514 1.479 1.360 1.360 1.232 113.4° 124.5 0.0 0.0
computations indicated that the OSS product P('B,) was the ensrgy 5108

most stable singlet excited state. Therefore, three PESs are
involved in this process: the CSS, the OSS, and the triplet and
different intersystem crossing schemes may be possible.

3.1 Geometries and energies of crossing points

Identification of the crossing regions between the three
surfaces along the reaction path from TSI to the products
was attempted using CASSCF, CASPT2, and DFT methods.
While CASSCF and CASPT2 allow for a precise determination
of ISC or CI points due to its multiconfigurational character,
single reference approaches such as standard DFT may not be
able to locate crossing points, particularly in those situations
where an OSS wavefunction is involved. As already
mentioned, the rigorous treatment of degenerate states by
DFT is still controversial®™ and requires the use of special
techniques®* not available in the state of the art electronic
structure codes. However, exploration of the singlet and triplet
surfaces searching for regions of 1SC using CASPT2 and DFT
methods yields a minimum energy I1SC point in the neighbourhood
of P('A’) that connects the CSS and the triplet surfaces
(see Scheme 2 and Fig. la). Consistently with the energetic

Ts2('Ag)

H

P('By)

P(8y)

reaction coondinale

Scheme 2 Plot of the potential energy surfaces involved in the
reaction (solid line for both €SS and triplet, and dashed line for OSS).

results previously discussed, B3LYP overestimates the stability
of the ISC (—6.06 kcal mol™') while M05-2X shows an
underestimation (1.52 kcal mol™'") in comparison to the
CASPT2 result (—4.93 kcal mol™"). Geomelries obtained
using B3LYP are in better agreement with the CASPT2 ones
than those rendered by the M05-2X functional, as it can be
observed in Fig. la. An approximation to a minimum energy
CI between CSS and OSS surfaces was also located at the
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acS-ch-cl:

A acbclc2: (1227

(1.397)

(1.228)
[1:216]
{1218}

1257

teb-c2-c3-cd: (1.
l

{121.5%

{1.365}

1.360 v |

rel-c2-c3-c4: {0.0°)  1c6-c2-c3-c4: {0.0°)
0.0°

0.0°

Fig. 1 (A) Geometry of the intersystem crossing (ISC) point
calculated at (B3LYP), [M05-2X], {CASSCF} and CASPT2. Bond
lengths in A, angles in degrees. (B) Geometry of the CI point (see text
for details) calculated at the {CASSCF} and CASPT2 level using
the ANO-S [4s3pld/2slp] basis set. Bond lengths in A, angles in
degrees.

CASPT2 level. CASPT2 rendered a value of 11.40 kcal mol !
above the R('A). Interestingly, the energy of the CI structure is
higher than the TSI('A) (6.81 kcal mol™") or than the
minimum energy ISC point (=493 keal mol ') and its
geometrical parameters are intermediate between TS2('A)
and P('B,) structures at the CASSCF level while they become
very similar to those of TS2('A;) at the CASPT2 one
(see Table 2). Hence, although transitions between PES
through a CI are a relatively fast process, the high energy of
the CI point and its geometry far away from the reaction path
connecting TSI to P seems to indicate that the OSS does
not participate into the thermal rearrangement of singlet
1 H-bicyclo[3.1.0]hexa-3.5-dien-2-one to triplet 4-oxocyclo-
hexa-2.5-dienylidene under the conditions (low temperature)
used in the experiment. This picture of the reactive process is
in contradiction to a previous work™ where the participation
of the OSS was proposed due to its low energy.

In summary, the overall picture provided by the stationary
points and crossing regions calculated is depicted in Scheme 2.
The reactant is a CSS electronic state while the product is a
carbene which is known to present a triplet ground state and
two low lying singlet states. DFT and CASPT2 theoretical
levels render one ISC region between the CSS and the triplet
states while one CI between the CSS and the OSS surfaces was
located.®®

3.2 Minimum energy path and calculation of the spin—orbit
coupling

Theoretical support for the distinction between different
possible crossing situations can be obtained through the
calculation of the energy of each electronic state along the MEP
from the TSI structure to the product using the CASPT2//CASSCF
protocol. The MEP (see Fig. 2) renders a profile fully
consistent with the one depicted in Scheme 2. It shows the
existence of a region of ISC between TS('A) and P(°B,). This
crossing will control the process under the experimental
conditions provided that the SOC coupling in that region is
efficient enough. To validate the proposed mechanism, the
magnitude of the SOC term responsible for the singlet to
triplet transition must be determined. Though only a dynamical
treatment can give an accurate description of the reaction, the
Landau-Zener®*? model gives qualitative insight on the
feasibility of the process. In this approach, the probability of
transition at the ISC can be expressed as:

2| () Gad LN

S B i (1)

where (W, H°W,)) is the SOC coupling term, &, is the
gradient difference vector, that describes the local behaviour
of both PES at the region of the ISC, and v'is a vector formed
with the velocities of the vibrational modes of the molecule
near the ISC. Upon population of the reaction coordinate with
the available energy (the region of I1SC is more stable than the
reactant), P'¢ will mainly depend on the magnitude of the
SOC. For this reaction, we have obtained a spin-orbit
coupling estimation at the CASPT2/CASSCF theoretical level
of 4.76 em ™. For short organic diradicals the magnitude of
the spin-orbit interaction is considered large above 0.1 cm ™'
and typical values do not exceed a few cm™'.** Qur results
indicate that the spin-orbit interaction at the region of crossing
is able to drive the reactive process under the experimental
conditions, i.e. very low temperatures. Hence, for this process
all the methodologies employed are consistent with the
mechanism proposed by Sander er al.,”” in which the ISC
takes place before the formation of the final product of the
reaction P(*B,). The efficiency of the SOC evaluated at the ISC

=

/

Rel. Energy (kcal/mol)
508
o
H

-10

Reaction Coordinate (a.u.)

Fig. 2 Plot of the CASPT2//CASSCF single point energy calculations
(relative to TS('A)) computed at each point of the MEP (solid line for
both CSS and triplet, and dashed line for OSS). ISC indicates the region
of intersystem crossing along the MEP.
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region supports a mechanism in which P('B;) is not an
intermediate of the thermal rearrangement (indeed, the
minimum energy path at the CASSCF ends in P('A’).
It has to be stressed that the vibronic contribution to the
SOC will enhance the efficiency of this non-radiative
relaxation mechanism.% Thus, it is unlikely that the infrared
(IR) signal experimentally observed corresponds to the P('B;)
as it is expected that the relaxation process will be fast
compared with the time resolution of the spectroscopic
technique used.”’

3.3 Analysis of the aromaticity of carbenes in different
electronic states

The complexity of the chemical system studied is due to the
presence of multiple electronic effects taking place mainly on
the last part of the reaction path. In particular, in the products
region the carbene moiety is involved along the six membered
ring in a planar rearrangement and an unpaired electron
located on the p, orbital (perpendicular to the plane) may
interact with the m-systems of the rest of the molecule. The
product is not a typical carbene where the two unpaired
electrons are located on the same carbon atom. As it was
proposed by Dewar and Narayana® using electron spin
resonance studies, the mean distance between the unpaired
electrons of the triplet ground state is larger than in most other
carbenes. In Fig. 3, spin density maps (p%(r) — p"(r)) are plotted
for P(B;) and P('B;) for a visualization of the unpaired
electrons. Both P(°B;) and P('B;) structures present one
unpaired (%) electron on the sp? atomic orbital of C1 while
the other unpaired electron (x for 3By, B for 'B,) is delocalized

J

Fig. 3 Spin polarization (dark alpha spin, white beta spin) plots for
PCB,) (up) and P('B;) (down) calculated at the B3LYP/6-311+(2df,2p)
level. Isocontour value 0.005.

Table 3 Energy differences for the three electronic states of the
products calculated at B3LYP/6-311+G(2df,2p) level and magnetic
NICS(0) and NICS(1) at the (3, +1) ring point

B3LYP
Carbene AE NICS(0) NICS(1)
PCB) 0.00 446 —532
P(B) 7.05 132 —6.99
TS2('A) 30.28 22.05 10.43

over the = ring system (mainly on meta positions) and the
oxygen atom. This behaviour of the spin density points out the
presence of aromaticity in the molecule for the B, and 'B,
electronic states of the product. In order to measure the
extension of aromaticity for the different electronic (ground
and excited) states of the product, an analysis using the NICS
index was performed for the products in the ground and
excited states. Previous works showed the existence of a
certain degree of aromaticity on P(*B,) and P('B;) structures
while P(!A) should present antiaromatic character. In Table 3
the energetic differences between the three electronic states of
the product in a planar rearrangement and the NICS(0) and
NICS(1) values calculated for the BILYP density at its
corresponding optimized structure are listed. Negative values
of NICS(1) confirm the aromaticity of “*B, states while
positive values for the 'A; state explains the presence of a
puckered ring conformation in the closed shell singlet surface.
Hence, the most stable products in triplet and singlet multi-
plicities (within C,, symmetry), PCB,) and P('B,), do not
correspond to pure carbenes with the two unpaired clectrons
located on the same carbon atom but to aromatic molecules
with an unpaired electron on the s-plane of Cl and the
other delocalized mainly on meta positions and over the
O atom.

4. Conclusions

The reaction pathway of the thermal rearrangement of singlet
1H-bicyclo[3.1.0]hexa-3,5-dien-2-one to triplet 4-oxocyclo-
hexa-2,5-dienylidene was investigated using density functional
theory (with the B3LYP and MO05-2X functionals) and
ab initio (CASPT2 and CASSCF) multiconfigurational
methods. The product can be in three low lying electronic
states of different chemical nature P(B;), P(!B,), and P(*A"),
and accordingly, three different potential energy surfaces have
‘been considered. By taking together all the stationary points
and both ISC and CI between these surfaces, we can obtain the
following conclusions: (i) The reaction mechanism takes place
through both the singlet and triplet surfaces. After surmounting
an initial barrier in the CSS state, associated with the ring
opening process, the system arrives at a region of energy
degeneracy of the CSS and the triplet states where a non-
radiative transition can happen induced by the spin-orbit
interaction. The ISC takes place in the vicinity of the singlet
product towards the more stable triplet product. (ii) The value
of the spin orbit coupling term at the region of ISC seems to
indicate that the reaction can proceed through singlet-triplet
coupling. (iii) The high energy value of the CI between both
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singlet states allows us to discard the participation of the
P('B,) intermediate in the outcome of the thermal chemical
process under the experimental conditions it was carried out.
(iv) By using NICS indexes a relationship between the relative
stability and aromaticity/antiaromaticity of the three different
electronic states of the products is found. (v) The present case
can be considered as a clear example of two state reactivity
process.
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Abstract: Density functional theory was used to study the mechanism for the oxidation of methanol to formalde-
hyde. A vanadium oxide cluster O=V(OH); has been utilized to represent the catalytic system under hydrated condi-
tions, i.e., in the presence of V—OH hydroxyl groups. Two types of methoxy-int di have been idered: a
penta—coordinate methoxy-intermediate (OH),V(OCHjs) and a tetrahedral methoxy-intermediate (OH),VO(OCH;)(H,0).
The most plausible reaction pathway corresponds to the process involving first the formation of the tetrahedral meth-
oxide, and a subsequent rate-limiting step where hydrogen is transferred from the methoxy groups toward the oxy-
gen atom of the vanadyl V=0 site. The reaction mechanism is a typical two-state reactivity process due to a change
of the multiplicity (reactive singlet — product triplet) along the reaction coordinate accompanied by a reduction of
the vanadium center from VY (d°) to V™ (d%). Minimum energy crossing points were localized and possible spin

inversion processes are discussed by means of the intrinsic reaction coordinate approach to find the most favorable

patt The hyd

effect is found to be mainly the destabilization of the methoxy intermediates. An

alternative reaction pathway with a lower apparent barrier is presented.

© 2010 Wiley Periodicals, Inc.  J Comput Chem 31: 2493-2501, 2010

Key words: hydration; water; B3LYP; V2035; open-shell singlet; spi

Introduction

The und: ding of chemical ivity for npounds con-
taining transition metals is one of the most exciting and intellec-
tually rewarding areas in chemistry. Because of the wide variety
of oxidation states of vanadium, its compounds exhibit a large
chemical reactivity in oxidation/reduction p The investi-
gation of gas-phase cluster reactivity both from experimental
and theoretical points of view has proven to bring valuable in-

thanol.' Therefore, a pertinent q Tegards the structure,
stability, and chemical reactivity of metal-oxo units in the pres-
ence of water. A number of computational studies address the
electronic structure and bonding properties of clean vanadium
oxide surfaces and supported vanadium oxide clusters,'>* but
few theoretical works deal with the structure or reactivity of
vanadium oxides in hydrated conditions.?>2"

This work aims at describing the oxidation mechanism of

thanol to formaldehyde for a vanadium oxide -cluster

formation on the elementary steps involved. Gas-phase clusters
can be easily obtained and analyzed in neutral,’ cationic,? and
anionic forms,> and they serve as excellent models for com-
plex catalytic syst.ems.ﬁ'7 In this work, we use a vanadia cluster
to determine the catalytic mechanism of methanol oxidation in
hydrated conditions. Hydration is found to dramatically change

O=V(OH); ing hydrated conditi namely in the

P -]
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the molecular structure of the active supported di

sxpecies.s'13 Specifically, hydration enhances polymerization and
Brgnsted acidity due to the presence of V—OH groups. Such
groups are also present in gas-phase clusters exposed to water or
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presence of V—OH hydroxyl groups. After the formation of a
methoxide species, characterized both experimentally?®>° and
theoretically,?! the rate-limiting step cmrespouds to the C—H
bond breaking. Sauer and co-workers *2 have showed that C—H
bond breaking transition state has a lmadlcalmd electronic struc-
ture, and therefore, an ad t of this
behavior is mandatory. Moreover, the oxidation of methanol on
vanadium-based catalysts implies the reduction of the di

electrons to 1 for unpaired ones. Although the broken-symmetry
UDFT formalism has been questioned®~ in cases in which
(5%)5s considerably deviates from one, it has been used for cal-
culations of open-shell singlet states when the overlap between
the open-shell orbitals is small.>> Despite the fact that the (S%)p,
valnes in our study are around 0.5, the single electrons are
located at different atomic centers and then broken-symmetry
pproach might be used. Broken-symmetry has also been used

site undergoing spin-crossing between singlet and triplet poten-
tial energy surfaces. For this reason, special attention has been
paid to the spin-crossing processes and two-state reactivity
(TSR) mechanisms as it was proposed by Shaik and co-
workers.?®> TSR mechanisms can provide low energy paths for
otherwise difficult ptocessnas,“‘38 and the spin inversion junc-
tions can act as rate bottlenecks and mechanistic distributors in
product formation.>® Therefore, it is datory the locali

of different minimum energy crossing points (MECPs) to find
the minimum energy path. Thus, the aim of this article is two-
fold: (i) to explore the reaction mechanisms of methoxy species
on the formation of formaldehyde on a hydrated catalyst model
and (i) to analyze the potential energy surfaces and their cross-
ing points, clarifying the dominant product channels.

Computational Details

All calculations were performed using Gaussian03* employing
the B3LYP*'™ functional and 6-311G(2d,p)* basis set for all
atoms. The use of an all-electron basis set renders more accurate
tesults regarding energetic and geometry than the use of pseudo-
potentials.*>* We optimized local minima corresponding to the
Teactant complex, reaction intermedi final pl and
other fragment species, and the corresponding frequency and
thermodynamic properties have been oblz.med We have already
applied this level to calcul k associated
to reactions of V02 with hydmcarhous”aﬁﬁs 47 and some
water-assisted 4748 as well as previous
works with complex systems involving vanadium oxide sys-
tems*>>! yielding satisfactory results. Therefore, we are confi-
dent with the data calculated at this computing level for this
type of reaction. Vibrational analyses were carried out to ensure
that all optimized geometries correspond to a local minimum
with o imaginary frequency mode or to a saddle point, transi-
tion structure (TS), with one imaginary frequency mode.

Unrestricted Kohn-Sham (UKS) equations were utilized to
obtain the TSs involving spin-crossing reaction pathways within
broken-sy y (bs) app h as an approximation for multi-
teference treatment. In this approach, the low spin energy, Ej,,
of the transition states is obtained from the spin-projection for-
mula using the energy of the broken-symmetry energy solution,
E e, and the triplet solution, (&), from the broken-symmetry
structure: %5

By = E: + 2[Ew — E]/(2— (%)) )

(%) is the expectation value of the total-spin operator from the
broken-symmetry solution, ranging from 0 for paired valence
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in previous works where oxidation processes have been studied
in gas phase models.3>*%° In those studies, the results are in
good agreement with the experimental data confirming the
appropriate use of such approach applied to catalytic systems.

Coupled cluster calculations were performed with single and
double substitutions and perturbative treatment of triple substitu-
tions, CCSD(T)®*! ta check the accuracy of B3LYP calcula-
tions. The calculations were done as single-point calculations
at the closed shell B3LYP structures. The same basis set
(6-311G(2d,p)) as that for the DFT calculations was used. The
energy of triplet species was calculated by unrestricted CCSD(T)
using open-shell HF reference wave function.

The concept of crossing point on the seam line corresponds
to the intersection between two potential energy surfaces of dif-
ferent spin multiplicities and it has been used to localize and
characterize the MECPs. Starting from the TS closest to the
crossing seams, the reaction pathway was traced down to the
corresponding minimum. Thereafter, single-point calculations
with the other spin multiplicity were carried out on each point
along the IRC path. Consequently, we obtain the MECPs as the
structures having identical geometry and energy in the singlet
and triplet states. This procedure has been used in our previous
studies.>*® For the sake of comparison, the mathematical algo-
rithm for MECPs developed by Harvey et al.52 has also been
used, yielding very similar structures. Therefore, the crossmg
points obtained can be idered as bl
of the MECPs between singlet and triplet hypemurfaces

On the other hand, there is a general agreement in the molecu-
lar structure of dehydrated samples: the vanadia sites are pyrami-
dal O=V(OM); where M is a metal from the support. As regards
to hydrated conditions, different structures O=V(OH)(OM), and
0O=V(OH),(OM) have been proposed based on IR and Raman
spectra.* '3 A recent computational study on vanadia/silica
surfaces®™ shows that all these structures may be stable depend-
ing on the external conditions such as temperature and water
partial pressure. The common feature of hydrated vanadia spe-
cies would thus be the presence of V—OH groups coming from
the hydroxylation of V—OM bonds with the support. The clus-
ter O=V(OH); used in the calculations represents hydrated con-
ditions, it can be related to V,05 through the equation:

approxi

V105 + 3H,0 = 2 OV(OH); @)

Previous calculations show that such isolated cluster is stabi-
lized i m the presence of water molecules.?® This model contains
the fi of catalytic sy isolated dium site,
tetrahedral environment, VV (d‘)) oxidation state, a vanadyl
V=0 bond, and three V—OH hydroxyl groups.

DOI 10.1002fjcc

160



7. Anexos

Ovidati ItoF

of Meth

Path | MECPL

0=V(OH), / 1

¥
MeOH H0

N

Path 2 5

Path 2A l

TS3

v

0=V(OH),(Hy)CH,0
7

H;
CH,0

0=V(OH),

Figure 1. Reaction pathways for the oxidation of

Results and Discussion

Figure 1 shows the different reaction routes for the oxidation of
on a hydrated di oxide. Figure 2 depicts the
hydrated model and the two methoxide intermediates studied.
The details of this model and the dissociative adsorption process
have been already analyzed in a previous study where we have
explored two different ar for the methanol adsorption
as well as the nature of chemical bonding between methanol and
catalyst.>! Figure 3 illustrates the energy profiles which involve
spin inversion pathways (Path 1 and Path 2). Geometric details
of the energy points are p d in Figure
4. Additionally, other reaction pathways have been explored
from Path 2, where only closed shell singlet electronic state nec-
essary to obtain formaldehyde. Thus, the latter provides further
alternative routes: Path 2a, Path 2b, Path 2c, and Path 2d (see

hanal

" P
L T
<
+ Methanol

‘v' ¢ ol “.,‘\
™ ¢
1l 16 + H,0
AE ;45 = 9.7 keal/mol AE 45 = -1.8 keal/mol

Figure 2. Structures for methanol adsorption. Il is obtained by
methanol adsorption on the vanadyl bond, whereas I6 corresponds
to adsorption on OH group.

Pathl Path2
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Figure 3, Total energy profiles at B3LYP/6-311G(2d,p) level for: (a)
Path 1 relative to I1 and (b) Path 2 relative to Int5. T: Triplet (black),
CS: Closed shell (blue), OS: Open shell (green), and LS: Low spin-
projected (red). The ZPE corrected energies are given in Table 1.
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™
‘ 1323
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1.795
1.780 &
& we

MECP2

Figure 4. Structures of minimum energy crossing points, MECP1
and MECP2, found at B3LYP/6-311G(2d,p) level. [Color figure can
be viewed in the online issue, which is available at www_interscience.
wiley.com.]

MECP1

Fig. 7). Relative energies for all structures found from the pathways
explored are summarized in Table 1.

P via Spin Inversion F

diat

Figure 2 shows the interaction gies for the inter
considered for dissociative adsorption of methanol. The most
favorable dissociation step is an exothermic process by OH groups
with an adsorption energy of AE,;, = —1.8 kecal/mol (I6), whereas
the methanol dissociation by the vanadyl oxygen site is an endo-
thermic adsorption process with AE,, = 9.7 kecal/mol (I1). The
dissociation by OH groups is clearly energetically favored and it
seems to be the most plausible reaction pathway to carry out the
oxidation process. In the following, the two intermediates will be
studied so as to compare their chemical reactivity.

Formaldehyde formation on Path 1 has as starting point the
penta-coordinate (OH),V(OCH3;) intermediate, I1. After hydro-
gen transfer from methoxy group toward hydroxyl oxygen
atom from catalyst via TS1, the product V(OH); molecule is
obtained, with water and formaldehyde ligands at the vana-
dium atom, (HyO)(OCH,)V(OH);. The calculated barrier is
23.6 kcal/mol.

On Path 2, formaldehyde formation arises from the hydrated
vanadyl methoxy -intermediate 15, O=V(H,0)(OH),(OCH3;).
Water eli and q hydrogen transfer from
‘methoxy group to vanadyl oxygen atom via TS2 yields to the
primary product (CH,O)V(OH);. The barrier is here 44.7 kcal/
mol. Later, formaldehyde elimination takes place and the prod-
uct is obtained. Two principal facts occur in the global processes
Path 1 and Path 2: (i) a decrease of the oxidation state of vana-
dium center from VY (d® to VI (d?); (ii) a spin inversion pro-
cess as reactants have singlet electronic ground state, whereas
the products are found in triplet electronic state. Thus, the mo-
lecular mechanism of the methanol oxidation on hydrated condi-
tions may involve up to three different potential energy surfaces
of two spin multiplicities: two singlets (closed shell, CS, and
open-shell, OS) and one triplet.

Along Path 1, the transition state TS1 presents a biradicaloid
electronic structure. The energy of the triplet optimized TS1 is
44.8 kcal/mol above I1, whereas open-shell singlet calculation at
the TS by means of broken-symmetry approach is iderabl

using eq. (1) is 23.6 kcal/mol above Il. The optimized closed
shell singlet transition state yields an energy barrier of 31.2
kcal/mol confirming that closed shell B3LYP calculations are
not applicable®® in this case. Subsequent to hydrogen transfer
Pprocess, the reaction mechanism yields the triplet I2 intermedi-
ate (12.2 kcal below projected TSL); therefore, a MECP appears
comnecting TS1 with the most favorable triplet intermediate to
provide a minimum reaction pathway. The MECP1 from Path 1
was localized in the vicinity of I2 (5.8 kcal/mol above I2)
between triplet and open-shell surface using the broken-symme-
try approach. Formaldehyde and water are weakly bonded to the
vanadium atom being the V—O distances of 1.829 A and 2353
A respectlvely, whereas in 12, these distances are 1.903 A and
2.338 A, espectively. The C=O distances of MECP1 and 12
1316 A and 1272 A respecuvely) are significantly larger than
unperturbed formaldehyde (1.198 A) at the same calculation
level. Water elimination from triplet I2 yields I3 which is desta-
bilized 15.6 kcal/mol with respect to I2. These structures show a
strong electronic interaction as their HOMO levels cerrespond
to a combination of the d occupied orbital of vanadium and '

Table 1. Electronic Total Energy Values at B3LYP/6-311G(2d,p) level,
Zero Point Energy corrections, and CCSD(T) Energy Values.

Ey Ezpr Eccspe
a) Relative to I1
Path 1 T1(CS) 0.00 0.00 0.00
TS1(CS) 312 28.3 225
TS1(T) 4.8 414
TS1(08) 28.2 (23.6)* 24.7 (20.0)*
12(CS) 249 23.8
I(T) 114 92 11.5
3(T) 26.0 214
4 50.7 43.7
(b) Relative to I5
Path 2 I5(CS) 0.00 0.00 0.00
I6(CS) 11.2 8.7 114
TS2(CS) 63.2 576 51.8
TS2(T) 80.1 73.5
TS2(0S) 60.8 (55.9)* 54.0 (49.0*
3(CS) 60.3 55.6
Bm 413 41.7 58.6
T4(T) 71.0 639
Path 2A TS3(CS) 574 52.8
7(Cs) 279 20.6
C(CS) 383 275
Path 2B TS4CS) 75.6 68.8
I8(CS) 64.2 55.8
D(CS) 103.1 90.8
Path 2C TS5(CS) 69.0 63.7
T10(CS) 59.4 53.3
111(C8) 67.4 59.8
Path 2D TS6(CS) 60.6 419
112(CS) 385 36.2
T13(CS) 67.1 62.1

4
lower, 28.2 kcal/mol above Il. The expectation value of the

CS, closed shell, OS: open shell, T: triplet.

total-spin operator (S) is 0.49 and its energy after spin-proj

*Spin-projected energies in th
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orbital from formaldehyde. Our previous study of adsorption/dis-
sociation of methanol by means of ELF (Electron Localization
Function) analysis confirms the main noncovalent character of
the V—O bonds concluded from the lack of disynaptic V(V, O)
basins around vanadium atom.?' Finally, formaldehyde elimina-
tion generates a destabilization of the final product V(OH);, 14
which is 23.7 kcal/mol above I3. The I4 structure presents three
hydroxyl groups d at the dium atom with three
similar V—OH distances (~1.790 A). I4 could participate in the
subsequent oxidation and regeneration of the catalyst O=V(OH),.
A similar behavior is observed along Path 2. The starting
point corresponds to IS which after water elimination leads to
vanadyl methoxy intermediate I6. Water elimination prod a
destabilization in 11.2 kcal/mol regarding IS and the hydrog
transfer takes place toward the vanadyl oxygen atom via TS2.
This transition state also shows a biradicaloid character being
y UKS calculations and broken-sy y approach to
obtain an accurate electronic description. The broken-symmetry
barrier is 49.6 kcal/mol regarding I6, whereas triplet optimized
transition state yields a significanfly higher energy barrier of
68.9 keal/mol. After spin-projection with eq (1) ((§%)= 0.41) the
broken symmetry barrier is reduced in 4.9 kcal/mol, whereas the
closed shell energy barrier is higher than that found in open-
shell state (52.0 kcal/mol). Once the hydrogen transfer has taken
place, MECP2 is found connecting apen-shell singlet transition
state TS2 with triplet I3 intermediate (8.6 kcal/mol below pro-
jected TS2). MECP2 is found in the vicinity of I3 and its
energy is 3.3 kcal/mol above I3. This structure does not present
large structural differences regarding I3 structure. Additionally,
the results render that the formaldehyde is also weakly bonded
to vanadium. The V—OCH, distance is 1.795 A which is
shorter than the equivalent distance found in MECP1. Conse-
quently, C=0 distance (1.322 A) is longer due to a strong inter-
action between the formaldehyde and the catalyst. Finally, fur-
ther steps along Path 2 are equivalent to those described above.
An electronic inspection of biradicaloid transition states
shows that both highest occupied orbitals correspond to a combi-
nation of ¢ orbital from the C—H bond and a d occupied orbital
from vanadium (see Fig. 5). These transition states show an in-
termediate oxidation state at the vanadium as it has changed its
oxidation state from V¥ (d% to VIV (d'). Other reported studies
of methanol oxidation p d by p ion of an oxo ligand
and 1 e reduction to the metal center, that is, called proton-
coupled electron transfer.’ The associated transition states exhibit
singlet restricted—unrestricted instability and are spin contaminated,
suggesting that single determinant approach is inappropriate.

Implications of the Spin-crossing Point in the
Kinetics of the Reaction

In both reaction pathways, the MECP has been located after the
transition state and then the spin-crossing would not be kineti-
cally relevant, but it would play a thermodynamic role instead,
ie., to explain the distribution of products with different spin
multiplicities. Spin-orbit coupling and probability of crossing
would be necessary to determine if the spin-crossing is rate im-
iting.5>% Recently, Goodrow et al.%* have calculated the ther-
mally averaged spin transition probabilities for the nonadiabatic
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Figure 5. Spin polarization (blue alpha spin, white beta spin) plots
TS1 (top) TS2 (bottom) calculated at B3LYP/6-311G(2d,p) level.
Isocontour 0.005. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Tated d.

surface ing in i species supported on
silica and titania for the selective methanol oxidation to form-
aldehyde. The authors concluded that the rate of spin-surface
crossing is much faster than the rate-limiting H-abstraction step
and is, therefore, not kinetically relevant. These supported sys-
tems react by means of the same oxidation mechanism than
our hydrated vanadia cluster; this fact would be in agreement
with our results concerning to the spin-crossing effect on the
oxidation mechanism.

Comparison of the Two Reaction Pathways

To analyze in detail the feasibility of Path 1 vs. Path 2, the ener-
getic profiles of both routes are shown in Figure 6. An analysis
of the results shows that regarding calculated energetic barriers
for the H-transfer step, Path 1 presents a considerably lower
activation barrier than Path 2 (20.0 vs. 40.3 kcal/mol respec-
tively, see Table 1). This means that if the corresponding inter-
mediate I1 is achieved, it would rapidly evolve to the products.
The species Il is thermodynamically less favorable than I6 (by
11.5 kcal/mol). It is fivefold coordinated and does not possess
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Reactive complexes
Figure 6, Comparison between Path 1 (right) and Path 2 (left) energy profiles at B3LYP/6-311G(2d,p)

level, taking as reference the energy of gas-phase methanol + hydrated vanadia cluster. “Broken-
symmetry transition states and projected energies. "Energies of triplet intermediates.

vanadyl V=0 pgroups. However, the corresponding reactive
complex is more stable in Path 1 (—10.9 kcal/mol) than in Path
2 (—17.7 keal/mol). I1 might be formed in the reaction media by
migration of adsorbed methoxy species to V—OH containing
sites. Its formation from direct dissociation of methanol on
V=0 groups is not likely (a calculated barrier of 32.7 kcal/mol,
see Pig. 6 and Ref. 31). Hx , even in the unf: ible case
of formation from direct dissociation on vanadyl groups, the
apparent barrier of Path 1, 29.7 kcal/mol, is smaller than that of
Path 2, 38.5 kcal/mol. Thus, according to our results, Path 1 is
potentially interesting for catalytic reactivity.

Additionally, fivefold coordinated vanadium species might be
formed in the reaction media by hydration. Recently, a fast
exchange between the catalyst oxygen sites and water has been
teported in isotopic labeling experiments,” the mechanisms
likely involve fivefold coordinated vanadium.

Impact of the Method Used

For the stationary points of Path 1 (I1, TS1, and 12) and Path 2
6, TS2, and I3), we have performed CCSD(T) calculations to
check the accuracy of B3LYP results. The CCSD(T) barriers
(using as reference I1 and I6) are 22.5 kcal/mol and 40.4 kcal/
mol for Path 1 and Path 2, respectively. These barriers are lower
than closed shell barrier even lower than spin-projected barrier,
i this fact indi the o imation of energy barriers
at B3LYP calculation level. This is also found by Sauer and co-
workers for the methanol oxidation to formaldehyde using a
O=V(CHs); model.*? Note, however, that in previous studies,
B3LYP functional is known to yield systematically too low barriers
than CCSD(T) for the oxidative dehydrogenation of methane.5°

Pathways via Alternative Routes

From I5 an alternative route can be followed, Path 2A, involv-
ing an oxidative dehydrogenation process, via TS3. This transi-
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tion state is associated to hydride transfer from the methoxy
group and simul us proton dissociation from the water mol-
ecule leading to formation of both molecular hydrogen and
formaldehyde. From TS3, the 17 intermediate is achieved, where
the formaldehyde and molecular hydrogen are weakly bonded to
the catalyst. A simul limination of hydrogen and form-
aldehyde leads to the hydrated model catalyst. The process
through Path 2A has a rate-limiting barrier of 57.4 kcal/mol
which is higher respect to the values obtained from spin inver-
sion reaction Path 2 (See Figs. 3b and 7a).

Alternative pathways to yield formaldehyde were also exam-
ined from I6 intermediate, Path 2B and Path2C. With the loss of
a dihydrogen molecule, Path 2B proceeds by means of TS4 in a
different oxidative dehydrogenation process to form the product
complex I8, with a dinated hydrogen molecule. As in Path
2A, an important barrier of 64.4 kcal/mol is found for TS4. The
hydrogen molecule and formaldehyde can be directly obtained
from I8 but without regeneration of catalyst and the formation
of the product I9 instead. The latter stage implies an extra contri-
bution of 28.5 kcalfmol in energy compared to the catalyst
Tenewal. Path 2C is associated to a hydride transfer process from
the methoxy moiety to the vanadium atom, via TS5, to achieve
the product plex 110 and o ning a iderable barrier
of 57.8 kcal/mol; finally, from 110, the separated products, form-
aldehyde and the hydride product I11 are directly obtained.

The last Toute considered takes place along Path 2D in which
from I6 a hydrogen transfer from the methoxy moiety to a
hydroxyl group takes place via TS6 to yield the intermediate
112, with a coordinated water molecule. I12 has a particular
structure in which the formaldehyde moiety is bonded to the va-
nadium center from both C and O atoms. This behavior has
‘been previously found in reactivity studies of metavanadate to-
ward alcohols using a similar computational setting.*> Figure 7
shows a schematic representation of the energy profiles of the
studied Path 2A, Path 2B, Path 2C, and Path 2D.
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Figure 7. Total energy profiles at B3LYP/6-311G(2d,p) level for al-
ternative routes (a) Path 2A and (b) Path 2B, Path 2C, and Path 2D.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

In conclusion, the pathways not considering spin-crossing
processed are predicted higher in energy than those invelving
different multiplicity states (Path 1 and Path 2).

Hydration Effects

Previous theoretical and experimental works have studied
the influence of the support effect on the catalytic activity of
the methanol oxidation to formaldehyde in dehydrated condi-
tions, indicating that the support controls the catalyst activ-
ity 8928303256578 Saner and co-workers have studied the oxi-
dation of methanol to formaldehyde by means of a O=V(OCH3);
model and the corresponding activation energy for the C—H bond
‘breaking process is 35.1 kcal/mol.>? In the case of the oxidation of
methane to methanol which involves similar steps, the activation
energy of C—H bond breaking is calculated to be of 36.6 kcal/mol
with the same O=V(OH); model cluster.®® Both studies present
very similar barriers for C—H bond breaking step, while our
O=V(OH); cluster model for the oxidation of methanol to formal-
dehyde shows a B3LYP activation energy of 40.3 kcal/mol [This
value includes zero point correction, See Table 1, therefore, our
model renders energetic barriers slightly higher, but in the same
range, of previous studies. The implications in observed catalytic
ivation energies are di d below.

To get an overview of the hydration effects, we have com-
pared previous calculated kinetic p obtained from cal-
culations and experiments with those derived for our model in
hydrated conditions. Table 2 shows the calculated parameters for
similar reaction pathways (equivalent to Path 2). The data
reported for theoretical models correspond to vanadia models
supported on silica and titania in dehydrated conditions. Experi-
mental data are obtained for supported catalysts in dehydrated
conditions. Our model does not consider the effect of a support
but the presence of V—OH arising from hydration. It is found
that the values for the methanol adsorption emergy AE,y, are
considerably lower in the case of the hydrated model, —1.8
kceal/mol compared to the supported theoretical (—9.5 to —15.7
keal/mol) and experimental (—13.0 to —14.5 kcal/mol) values.
The difference arises from the higher stabilization of the meth-
oxide species on silica/titania supports compared to V—OH
groups present in hydrated conditions. Regarding the rate-limiting
step barrier, AE%;,, the hydrated model shows slightly higher

Table 2. Comparison of Adsorption Energies (ads), Rate-Limiting Step Barriers (ls), and
Apparent Barriers (app) Among Our Hydrated Model (at B3LYP/6-311G(2d,p) level) and VOx

Isolated Species Supported.

Theory® Theory*

VOx/TiO, VOx/Si0, VOx/SiO,

VOx/SiO, - VOx/TiO,

Path 2°
AE o4, (kcalfmol) -1.8 -157
AE* 4, (kcal/mol) 403 38.5
AE,, Geal/imol®  38.5 22.8

-95 —-155 —14.5 -13.02 —13.4"
36.8 39.8 305"
273 43 161, 15.95, 21 = 1

*AE,pp = AByq + ABHq,.

bValues obtained for O=V(OH); model.
“Ref. 57.

“Ref. 32.

“Ref. 56.

‘Ref. 70.

ERef. 29,

"Ref. 28.

IRef. 30.
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values than the previous calculated models, 40.3 kcal/mol vs.
~38 kcal/mol. All the calculations o the experimental
value of 30.5 kcal/mol. The apparent barrier AE,,, which corre-
sponds to what can be observed experimentally, is therefore
higher for the hydrated model, 38.5 kcal/mol vs. 2227 kcal/mol
(calculated), 16-21 kcal/mol (experiments).

Therefare, according to these results, a decrease in the activ-
ity of the hydrated catalysts is expected compared to dehydrated
conditions. This decrease corresponds to a destabilization of the
methoxide intermediate and not to a significant increase in the

Tate limiting step barrier.

Conclusions

This work is devoted to the selective methanol oxidation on
model systems of hydrated vanadium oxide catalyst. These
Pprocesses involve several different potential energy surfaces
with different spin multiplicities: singlet and triplet. A detailed
characterization of the corresponding energy profiles, includ-
ing characterization of stationary points (minima and TSs) as
well minimal energy crossing points have been carried out.
From the obtained results, the following conclusions can be
drawn:

i. The rate-limiting step of the most reliable reaction mecha-
nisms is associated to spin-crossing processes and it is basi-
cally equivalent to those found in dehydrated conditions.
The carresponding transition state is characterized as biradi-
caloid structure.

ii. Two intermedi a fivefold coordi and a tetrahedral

di have been idered with C—H bond breaking
barriers of 20.0 kcal/mol and 40.3 kcal/mol, respectively.
The penta-coordinate species, although it is 11.5 kcal/mol
less stable than the tetrahedral one, might be regarded as a
potential reactive intermediate.

iii. The accuracy of B3LYP calculations has been checked with
tespect to CCSD(T) calculations, whose energy barriers
along the two paths considered are lower than closed-shell
and spin-projected barriers, verifying the inappropriate
applicability of closed shell calculations at the transition
state point. The values found are in agreement with previous
studies reported in the literature.

toad
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In summary, the theoretical data obtained may thus provide a
helpful tool for the interpretation of the experimental findings of
the oxidation of methanol to formaldehyde on a hydrated vana-
dia cluster. These results can be used as a useful guide for
understanding the mect of other anal i
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A computational study based on B3LYP calculations was carried out to investigate the kinetic and mechanistic
aspects of the selective oxidation of methanol to formaldehyde using titania-supported vanadate as a catalyst
model. A complete picture of the possible mechanisms to obtain formaldehyde is given. Statistical mechanics
as well as transition state theory (TST) were utilized to determine the rate coefficients and equilibrium constants
of the most plausible mechanism. A tetrahedral vanadia containing a methoxy species is found to be the most
stable intermediate. The rate-limiting step in the most commonly accepted mechanism is the hydrogen transfer
from the tetrahedral methoxy intermediate to the catalyst sites V—0=Ti (46.4 kcal/mol) or V=0 (41.0 kcal/
mol) via a spin-crossing process. The transition states associated to these steps are biradicaloid. The simultancous
formation of H, and formaldehyde can be discarded because it proceeds with a hlghcr energeuc barrier of
57.0 keal/mol. The plausibility of a more reactive site involving fivefold coordi species along
a H-transfer process with a energetic barrier of 20.1 kcal/mol is discussed. Finally, the dependence of the
calculated values of energy barriers for the rate-limiting step on the functional used is analyzed.

1. Introduction

Supported vanadium oxides have been employed as active
catalysts for the wlecnve oxidation of mcthanol to formalde-
hyde. A of experi 1 and th ical
have been carried out in order to understand their reacuvuy and
the kinetic aspects for such catalysts,''” Experimental studies'
have determined the specific activity of vanadium which is
affected by the composition of the support, playing a key role
in the equilibrium adsorption of methanol to form methoxy
intermediates through the basicity of the bridging V—0-support
w"dll.l‘lk

The mechanistic and Kinetic aspects of selective methanol
oxidation suggest that the reaction occurs in two steps.'*#1113
First, the reversible adsorption process takes place (methanol
dissociates on one of the V=0-M bonds to form V—0OCH;
intermediate and M—OH). Next, the rate-limiting step involves
the hydrogen transfer from the methoxy group toward an oxygen
atom of the catalyst, usually considered to be the vanadyl (V=0)
oxygen site. Therefore, an accurate description of both the
methoxy intermediates and the rate-limiting step is needed to
fully understand the catalytic behavior. The traditional picture
given for the reaction is the formation of a tetrahedral
(pyramidal) methoxy intermediate, followed by the transfer of
hydrogen to the vanadyl V=0 site. In the present work, we
consider for the first time alternative scenarios: a fivefold
methoxy intermediate as well as H-transfer process to the
bridging (V—=0-Ti) site or the direct hydride transfer to a
surface hydroxyl group to form H,.
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Universitat Jaume I,
¥ UPMC Univ Paris 06
"CNRS.
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On the other hand, the kinetics of methanol oxidation to
formaldehyde indicates that at low conversions the rate of
formaldehyde formation is proportional to the partial methanol
pressure. The reaction is zero order in the partial pressure of
oxygen independent of the support composition. Thus, the
apparent rate can bc cxpmssed as the product between the
cquilibrium ads of hanol and the rate
coefficient for the rate-limiting step. Therefore, it is important
to provide accurate values for the energetic barrier of the rate-
limiting step obtained from calculations in order to compare
with experimental results.

Few th | studies are d in the literature concern-
ing methanol selective oxidation to formaldehyde on vanadate
species supported on titania. In particular, Bell and co-workers
have analyzed the kinetic and mechanistic aspects of this
reaction in isolated vanadate species supported on titania,™!'"1
In these works, the reactive site has been represented by a
tetrahedral VO, unit attached to a titanium oxide cluster.
G ies and vibrational freq ies for methanol adsorption
were found in reasonable agreement with theoretical and
experimental studies. Also, the effect of the support has been
analyzed in order to explain the difference in activity of VO,
supported on TiO, and SiO,'* suggesting that the significant
difference in activity can be attributed to the presence of oxygen
atom defects on the surface of TiO; in proximity to the active
site. Periodic calculations report the stabilization of dissociated
methoxy species on V—0—Ti sites.'"” Those species become
less stabilized in the presence of alkali dopants. The titania
support plays a major role in the chemical reactivity of a V,0s
moiety as found from a conceptual DFT-based reactivity
analysis.” Although alternative models have been proposed,'**
the pyramidal arrangement around the vanadium atom seems
1o be the most generally assumed. The vibrational frequencies
and geometric p for the methanol ad
tion on this model have already been studied in a previous

ption/dissocia-
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work® where they were found to be in good agreement with
experimental®®? and theoretical studies.” In the present work,
the reactivity of such a model on the selective oxidation of
methanol to formaldehyde will be studied.

The aim of this work is twofold: first, to provide a complete
view of the possible reaction paths not considered in the
literature, and second to study the effect of the calculation
method in the value of the rate-limiting step energy barrier. We
hope to contribute to understanding the selective methanol
oxidation to formaldehyde catalyzed by isolated vanadate species
supported on titania.

2. Computational Details

All quantum chemical calculations were performed using the
GAUSSIAN 03 code.”® Stationary points on the potential energy
surfaces (PESs) were calculated using density functional theory
(DFT) employing the hybrid B3LYP?* functional together
with the 6-311G(2d.p)" basis set in all atoms. This methodology
has been utilized in previous works concerning the molecular
oxidation of hydrocarbons by VO," with satisfactory results.**
The B3LYP functional has been utilized because it is known
to provide accurate prediction of equilibrium geometries and
energies for minima, but it gives a less accurate prediction for
transition states. However, B3LYP has been employed in several
works concerning supported catalytic systems.”®!!=1315 In this
context, to determine the accuracy of our B3LYP energies, we
have explored the use of the BH&HLYP functional which has
been reported to yield transition state energies equivalent to
those obtained from second-order Mgller—Plesset perturbation
theory.¥-3¢

Broken symmetry*™* has been used to calculate the energy
of the transition states involving a biradicaloid electronic
structure. Unrestricted Kohn—Sham (UKS) equations were
utilized to carry out broken-symmetry calculations. The low spin
energy E,, of the transition state was obtained by spin projection
from broken-symmetry calculation, Ey,, and from the triplet
calculation, E, according the following formula:*

Ey = E + 2[Ey — EJ/2 = (S M

The (%), value corresponds to the total spin operator for the
broken-symmetry solution, ranging from O when the valence
electrons are paired to 1 in the ideal case of noninteracting spin
in equivalent orbitals. Although the broken-symmetry UDFT
formalism has been questioned,”* in cases in which (S%),
considerably deviates from 1, it has been employed for
calculations of open shell singlet states when the overlap
between the open shell orbitals is small.* All the calculations
include zero-point vibrational energy corrections for the broken-
symmetry potential energy surface, and those were added to
the spin projected energies.

Thermodynamic properties were obtained for all species
involved in the reaction mechanisms. The Gibbs free energy
was computed using the standard equation of statistical
mechanics.!*> These calculations were performed at 450 K,
the temperature at which methanol oxidation was studied
experimentally.” Classical transition state theory (TST) was used
to obtain the intrinsic rate constant for methanol oxidation. The
scale factor 0.96 was utilized to compute the vibrational partition
function for all species. For the determination of rate parameters,
some assumptions were made for all species involving the
catalyst; that is, the catalyst and the adsorbed species were only
assumed with vibrational contributions, whereas for the metha-

Gonzilez-Navarrete et al.

nol in gas phase vibrational, translational, and rotational degrees
of freedom were considered.

Thus, the apparent first-order coefficient can be expressed
according to the following formula:

Kopp = Koakoie 2

where k;, is the rate-limiting-step and K, is the equilibrium
constant for the methanol adsorption. The methanol adsorption
and the limiting-step rate constants can be defined as

Fads PV (_ AEad&)
Koo = Oygs—— exp| 5| ex 3)
d d dmeonds p(RT) i RT
kgT gy, 4
kg = Ogo— exp(—AE}/RT) “)
h Gads

In these equations, g; is the partition function for the species i
and o; are the symmetry factors for such steps (in both cases,
the factor is 3). AE,q, and AE}, are the values for the methanol
adsorption energy and the limiting-step barrier, respectively. The
term exp(PV/RT) accounts for the volume work, assuming the
methanol as an ideal gas. Thus, k,,, can be expressed as

—AE,
ki kgnv exp(Tpp) (5)
being
AE,, = AE, + AEL (6)

where AE,, is the apparent barrier of the reaction rate.

3. Results and Discussion

3.1. Adsorption and Dissociation of Methanol. Experi-
mental studies suggest that the first step of the oxidation
mechanism corresponds to the dissociative adsorption of
methanol which leads to the formation of methoxy groups on
the surface. In order to find a suitable representation of the
surface, we have chosen a OV(OTiO;H); cluster (see Figure
1). The details of this model and the dissociative adsorption
process have been already analyzed in a previous study where
we have explored the methanol adsorption® as well as the nature
of chemical bonding between methanol and catalyst. Figure 1
shows the dissociative adsorption energies and Gibbs free
energies for two possible scenarios, involving two different
methoxy intermediates (Intl and Int4). Intl involves a penta-
coordinated vanadium atom, while Int4 represents a tetrahedral
vanadium atom with one vanadyl group. The most favorable
dissociation step corresponds to the exergonic process by
V—0-Ti sites with an adsorption energy of AE = —17.1 kcal/
mol (Int4), whereas the formal dissociation of methanol by
vanadyl bonds (Intl) is an endergonic adsorption process of
AE = 5.0 kcal/mol. Considering a temperature of 450 K, the
formation of Int4 methoxy species can be assumed as a quasi-
equilibrated process with AG = —3.5 kcal/mol. The vibrational
analysis and geometric parameters for the methoxy intermediates
of this model were found to be in good agreement with
experimental and theoretical studies.>®*'* The barriers for the
formation of Intl and Int4 are 25.2 and 10.7 keal/mol,
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e

&

Methanol
PATHI / \ PATH2
' }J‘

Intl Ind
AE = 5.0 kcal/mol AE = -17.1 kcal/mol

Figure 1. Structures for the methanol adsorption. Intl is obtained by
methanol adsorption on vanadyl bond, whereas Int4 corresponds to
adsorption by V—0-Ti site. The AG value is calculated at 450 K.
Yellow: vanadium atom, blue: titanium atoms, red: oxygen atoms, and
white: hydrogen atoms.

respectively (see Figure 6), in favor of the latter as the most
stable intermediate.

Thus, the dissociation by V—O—Ti is clearly energetically
favored, and it seems to be the most reasonable reaction pathway
to carry out the oxidation process. However, despite the lower
stability of Intl, where a pentacoordinated vanadium species is
considered, we have explored the corresponding oxidation step.
It will be shown below that the fivefold coordinated vanadium
species lead to less energetic paths in methanol oxidation and
might be regarded as a more interesting reactive intermediate.

3.2. Expl ion of Reaction Patt We have explored
four reaction pathways: Pathl, Path2, Path2A, and Path2B
starting from the methoxy intermediates Intl for Path1 and Int4
for Path2, Path2A, and Path2B.

Path1 corresponds to the oxidation of the fivefold coordinated
intermediate Intl following a H-transfer process from the
methoxy group to the oxygen atom of the V—O—Ti moiety.
Path2 represents the methanol oxidation of the tetrahedral
species Int4 associated with the hydrogen transfer to the vanadyl
oxygen atom, whereas in Path2A the hydrogen transfer is toward

J. Phys. Chem. C, Vol. 114, No. 13, 2010 6041

TABLE 1: Relative Energies (in kcal/mol) with respect to
Intl Calculated at the B3LYP Level for Pathl for the
Different Structures Located on the PESs

OV(OTIO.H); Int3” +

structure + methanol Intl  TSI1* Int2* CH.O
energy =37 00 239 130 18.2
energy + ZPE —5.0 00 201 10.5 14.5
AG 450 K —234 0.0 214 6.5 —4.1

“ Spin-projected energies. ” Triplet energics.

the O atom of the V—O—Ti site. Finally, we have explored the
simultaneous formation of molecular hydrogen and formalde-
hyde which corresponds to Path2B.

From Path1, the formaldehyde formation takes place through
Intl. the pentacoordinated species (see Figure 2). The vanadium
atom is bonded to the methoxy group, a hydroxyl group, and
three bridging oxygen between vanadium and titanium atoms
V—0-Ti. Formaldehyde formation occurs by a hydrogen
transfer process from the methoxy group to the bridging
coordinated V—0—Ti interface oxygen atom via TS1. The most
stable transition state is found on the broken-symmeiry surface
which indicates the biradicaloid character of this species, The
energy barrier is 25.3 kcal/mol, while the expectation value of
the total spin operator (5°) is 0.60. After spin-projection, the
barrier is reduced to 20.1 kcal/mol and AG = 21.4 kcal/mol
(see Table 1). whereas closed shell singlet and triplet barriers
were found to be higher in energy: 30.2 and 34.1 kcal/mol,
respectively. The most stable product after TS1 corresponds to
Int2. It was found in the triplet electronic state, and it was located
10.5 kcal/mol above Intl. Here, the formaldehyde and the
hydroxyl group (generated by the hydrogen transfer to the
support) interact weakly with the V" (d°) site. Rather, the hy-
droxyl group is bonded to one of the titanium atoms of the
support. The Ti—OH di is 1.898 A, wh the adjacent
bridging oxygen atoms present Ti—OV distances of 1.755 and
1.787 A, respectively. Finally, formaldehyde desorbs with values
of AE = 4.0 kcal/mol and AG = —10.6 kcal/mol to yield Int3.
This final structure represents the reduced catalytic system with
two hydroxyl groups on the surface bridging the vanadium and
titanium atoms.

To form formaldehyde in Path2, the methoxy group of Int4
(tetrahedral species around vanadium atom) transfers one

45 < A —
< —_ T
40 '_m = Broken-Symn
35 .
30,
E
E & ZS.]IZ(H)'\
fe \
& A
15 b -
< /‘ \ - <115
10 '& Ti.sL
5 ' ¥
0 vm-
ol ISl o

Figure 2. Total energy profiles at the B3LYP/6-311G(2d.p) level for Pathl relative to Intl. *Spin-projected energy. CS: closed shell.
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70

E+ZPE (kca/mol)

Lo 152

Int2
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Figure 3. Total energy profiles at the B3LYP/6-311G(2d,p) level for Path2 relative to Intd. *Spin-projected energy. CS: closed shell.

TABLE 2: Relative Energies (in kcal/mol) with respect to
Int4 Calculated at the B3LYP level for Path2 for the
Different Structures Located on the PESs

OV(OTiO:H): Int3* +

structure + methanol Int4 TS2*  In2* CH,0
energy 17.8 00 452 346 39.7
energy + ZPE 17.1 00 410 326 36.7
AG 450 K 35 00 426 335 229

“ Spin-projected energies. * Triplet energies.

hydrogen atom toward the oxygen atom of the vanadyl bond
via TS2 (see Figure 3). The most stable transition state is found
on the broken-symmetry surface. The energy barrier is 45.7 kcal/
mol, while the expectation value of the total spin operator (5%
is 0.44. After spin-projection, the barrier is reduced to 41.0 keal/
mol and AG = 42.6 kcal/mol (see Table 2). The energy barriers
on closed shell singlet and triplet states were 49.9 and 65.0 kcal/
mol, respectively, which are considerably higher than the
broken-symmetry barrier. The formaldehyde elimination and the

reduced catalyst model are achieved in the same way as Pathl
via intermediates Int2 and Int3. Both intermediates are found
to be 32.6 and 36.7 kcal/mol above Int4, respectively.
Formaldehyde obtained along Path2A (see Figure 4) takes
place via hydrogen transfer process from the methoxy group of
Int4 to another V—O—Ti interface oxygen atom through TS3.
The most stable transition structure is found on the broken-
symmetry surface with an energy barrier of 51.2 kcal/mol and
an expected value of the total spin operator {5%) of 0.53. After
spin-projection, the barrier is reduced to 46.4 kcal/mol and AG
= 48.3 kcal/mol (see Table 3), whereas closed shell singlet and
triplet barriers are found to be higher in energy (55.6 and 64.9
keal/mol. respectively). The most stable product after TS3 is
found in the triplet electronic state, Int5, and it lies 42.7 kcal/
mol above Int4. In IntS, the formaldehyde and the just formed
hydroxyl group interact weakly with the V' site, with distances
of 1970 and 2.029 A, respectively. Finally, formaldehyde
desorbs with AE = 19.1 kcal/mol and AG = 3.4 kcal/mol. This
final structure represents the reduced catalytic system with the
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IntS

Int6 + CH,O

Figure 4. Total energy profiles at the BALYP/6-311G(2d,p) level for Path2A relative to Int4. "Spin-projected energy. CS: closed shell.
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TABLE 3: Relative Energies (in keal/mol) with respect to
Int4 Calculated at the BILYP Level for Path2A for the
Different Structures Located on the PESs

OV(OTiOH)s
structure + methanol  Im4  TS3*  Int5"  Im6”
energy 17.8 0.0 507 44.1 64.6
energy + ZPE 17.1 00 464 427 618
AG 450 K 35 00 483 440 474

“ Spin-projected energics. ” Triplet energies.

two hydroxyl groups strongly bonded to the vanadium atom,
resembling the pyramidal cluster structure with the vanadyl and
the V—0O-Ti sites.

Formaldehyde can be achieved along Path2B in an oxidative
dehydrogenation process via TS4 with an energy barrier of 57.4
kcal/mol (see Figure 5). This transition state is associated to a
recombination of hydrogen from both methoxy and hydroxyl
groups leading to a simultaneous formation of dihydrogen and
formaldehyde. TS4 yields to the formation of the Int7 interme-
diate, which is 30.0 kcal/mol above Int4, where the formalde-
hyde and molecular hydrogen are weakly bonded to the catalyst.
A simultaneous elimination of hydrogen and formaldehyde leads
to the supported model catalyst with AE = 4.1 and AG = —16.7
keal/mol.

3.3. Comparison among Reaction Pathways. (a) Fivefold
or Fourfold Vanadium Intermediate? In order to analyze in
detail the feasibility of Pathl versus Path2, the energetic profiles
of both routes are shown in Figure 6. In these two paths, the
initial step (formation of a reactive complex) and the final step
(formaldehyde desorption from intermediate Int2) are identical:
the difference arises from the methoxy formation and H-transfer
steps. An analysis of the results shows that calculated energetic
barriers for the H-transfer step, Pathl, present a considerably
lower activation barrier than Path2 (20.1 vs 41.0 kcal/mol,
respectively; see Tables 1 and 2). This means that if the
corresponding intermediate Intl is achieved, it would rapidly
evolve to the products. The species Intl is thermodynamically
less favorable than Int4 (by 22.1 kcal/mol). It is fivefold
coordinated (to three O—Ti sites, one OH and one methoxy)
and does not possess vanadyl V=0 groups. It might be formed
in the reaction media by migration of adsorbed methoxy species
to V=OH containing sites such as Int2 or Int3. Its formation
from direct dissociation of methanol on V=0 groups is not
likely compared to that of the tetrahedral intermediate (a

J. Phys. Chem. C, Vol. 114, No. 13, 2010 6043

calculated barrier of 25.2 kcal/mol for Intl and 10.7 kcal/mol
for Intd: see Figure 6 and ref 25). However, if the Intl
intermediate is formed, even in the unfavorable case of
formation from direct dissociation on vanadyl groups, the energy
involved in the complete mechanism Pathl would be of 25.1
= (—7.0) = 32.1 kcal/mol. This value is obtained by subtracting
the energy of the lowest point in the path to the highest energy
in the path. The value calculated for Path2 is 23.9 — (=17.1)
= 41.0 kcal/mol, which is considerably higher than that for
Pathl. Moreover, the highest energy to be overcome is very
close for Pathl (TS1, 25.2 kcal/mol) and Path2 (TS2, 23.9 kcal/
mol). This means that energetically it might be feasible for the
system to proceed via two small barriers (Path1) than via a high
one (Path2). We conclude that the fivefold coordinated vanadium
intermediate is potentially interesting for catalytic reactivity.

(b) Formation of H,, When considering the oxidation of
methanol to formaldehyde in the gas phase, dihydrogen is
obtained as the product. The mechanism proceeds via H
recombination from the CHy and OH groups, and two electrons
are thus transferred from the methanol molecule to form H,.
The same reaction occurring on a cluster has been considered
in Path2B. The calculated barrier is in this case 57.4 kcal/mol
(see Figure 5 and Table 4), The role of the catalyst is here first
to dissociate the molecule and second to improve the gas-phase
mechanism by stabilizing the transition state, thus reducing the
barrier. However, compared to the mechanisms where an
electron transfer to the vanadium site takes place, reducing it
from V3 to V', this mechanism is not competitive and the
production of H, should not be observed. Note however that,
in the presence of reduced V" sites, this mechanism might occur
since the ability of V** to withdraw electrons is considerably
lower than that for V3*,

(¢) H-Transfer to V=0 or to V—0~-Ti Groups? Assuming
that the most stable intermediate is the tetrahedral species Intd,
the subsequent hydrogen transfer to a catalyst oxygen site is
the rate-limiting step. The transfer to the vanady! site V=0 costs
41.0 kcal/mol (Path2; see Table 2), while the transfer to the
bridging interface V—0O—Ti site is 46.4 kcal/mol (Path2A: see
Table 3). The difference of ~5 kcal/mol in the rate-limiting
step is small, and it might lie within the error of the calculation.
In order to check the accuracy of the method used, the functional
BH&HLYP has been employed. Besides a decrease of the
energy barrier of 10 kcal/mol (see below), the difference of ~5
kcal/mol in favor of the V=0 path (Tables 5 and 6) is

70
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Figure 5. Total energy profile at the B3LYP/6-311G(2d,p) level for Path2B relative to Int4,
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Figure 6. Comparison between Pathl (right) and Path2 (left) energy profiles at the B3LYP/6-311G(2d,p) level, taking as reference the energy of

gas-phase methanol + surface model. “Broken-sy try

TABLE 4: Relative Energies (in kcal/mol) with respect to
Int4 Calculated at the BILYP Level for Path2B for the
Different Structures Located on the PESs

OV(OTiO;H), 5“4+ CH,O
structure + methanol  Int4  TS4°  Int7" +H;
energy 17.8 0.0 612 366 438
energy + ZPE 17.1 00 574 300 34.1
AG 450 K 35 00 639 272 10.5

“ Spin-projected  energies. " Triplet energies. © OV(OTiO;H);
cluster.

TABLE 5: Relative Energies (in kcal/mol) with respect to

Int4 Calculated at the BH&HLYP Level for Path2 for the
Different Structures Located on the PESs

OV(OTiO.H): Int3* +

structure + methanol Imd  TS2* In2* CH,O
cnergy 18.5 0.0 344 29.2 1.9
energy + ZPE 18.0 00 301 26.5 =19
AG 450 K 3.6 00 325 254 -16.0

“ Spin-projected energies. ” Triplet energies.

TABLE 6: Relative Energies (in kcal/mol) with respect to
Int4 Calculated at the BH&HLYP Level for Path2A for the
Different Structures Located on the PESs

OV(OTiO.H): Int6* +

structure + methanol Im4 TS3* Im5* CHO
energy 18.5 00 413 262 3.7
energy + ZPE 18.0 00 366 247 283
AG 450 K 36 00 378 257 13.6

“ Spin-projected energies. ” Triplet energies.

maintained. Should this difference be significant, the V=0 path
would be preferred.

(d) About the Nature of the Transition States. Finally, let
us comment on the electronic structure of TSI, TS2 and TS3.
All of them present a biradicaloid character. Sauer et al.* have
characterized the biradicaloid species for the first time for
vanadium oxides supported on silica. The transition structure

states and spin-projected energies. "Energies of triplet intermediates.

considered, equivalent to TS2, involves the hydrogen transfer
toward the vanadyl oxygen site, whereas in TS1 and TS3 it is
toward the oxygen atom of the V—0O-Ti site. Even though the
reaction pathways associated to TS1 and TS3 do not correspond
to the most plausible reaction pathways, both were found on
the broken-symmetry surface, showing the same biradicaloid
nature as TS2. The biradicaloid nature of the transition states
is not associated to the presence of vanadyl V=0 groups.

34. Kinetics and Comparison between the Experimental
and Theoretical Results for VO/TiQ, Catalysts. As men-
tioned previously, the most plausible reaction pathway corre-
sponds to Path2; hence, we have calculated the kinetics data
for this route assuming a mechanism which involves a rate-
limiting oxidation step preceded by an adsorption equilibrium.
Table 7 summarizes all the calculated rate parameters obtained
at 450 K, the temperature at which methanol oxidation was
studied experimentally,’ compared with previous theoretical
and experimental'*** studies.

Let us first compare the B3LYP results presented in this work
and in ref 13. The adsorption energy AE,,, value for methanol
adsorption is —17.1 keal/mol in this work. Goodrow and Bell™?
report —15.7 kcal/mol for a similar model without considering
surface defects. The small difference in energy with these
authors might be due to the change of the basis set. Nevertheless,
previous studies'>*'**? have estimated that the most plausible
adsorbed species are structures which allow strong H-bonding
between the vanadyl bond and the environment. In our model,
there is no possibility for such H-bonding interaction, while the
model used by Goodrow and Bell" takes into account such
interaction. The calculated adsorption energy values predict more
exothermic structures than what was observed experimentally
(—14.5 and —13.0 kcal/mol; see Table 7).

The corresponding adsorption constant obtained at 450 K was
226 atm™'. Note that all the calculated values underestimate
the experimental values for the adsorption constant reported in
Table 7, with our values lying between that calculated by
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TABLE 7: Comparison of Theoretical and Experimental Results of the Energetics and Rate Parameters for Methanol

Oxidation on VO,/TiO, Catalyst

B3LYP BH&HLYP B3LYP/LANL2DZ (V, Ti)
6-311G(2d,p) 6-311G(2d,p) 6-31G* (O, H, C)* exp
adsorption step AE,:. (kcal/mol) =17.1 —18.0 =157 —14.5%, —13.0°
K’ (atm™) 1.00 x 107 4.76 x 1077 421 x 107 3.36 x 107%, 3.44 x 107
K (atm™) 226 251 178 3717, 301°
rate-limiting step AE m% (kcal/mol) 410 30.1 385 30.5%, 30.74
ko (s71) 498 x 10 2.31 x 10" 2.63 x 10" 1.57 x 10M%, 2.51 x 10
kas (571 6.83 x 107% 5.70 x 107° 526 x 1077 241 x 107*,3.10 x 107
apparent Kinetics AE p (keal/mol) 239 12.1 228 16", 1593, 21 + 1°
kypp” (atm™" 571 4.99 x 10° 1.10 x 10° 111 x 107 5.30 x 10%, 2.38 x 10%
kupp (atm ™" 571y 1.54 % 10°* 1.43 x 10° 9.35 % 10°° 896 x 1072, 437 x 107

“ Reference 13 (not including defect effects). ” Reference 9. © Reference 43. ¢ Reference 3. © Reference 1.

Goodrow and Bell (178 atm ')'* and the experimental ones by
Bronkema et al. (371 atm ') and Wachs and co-workers (301
atm |)‘9.-n

As concerns the rate-limiting step, the calculated activation
barrier obtained was 41.0 kcal/mol, very close to the value
reported by Goodrow and Bell"® and clearly overestimating the
experimental values around 30.6 kcal/mol. The corresponding
kinetic constant ky, strongly underestimates the experimental
value. Finally, the apparent energy barrier AE,, calculated in
B3LYP overestimates the experimental values (23.7 kcal/mol
in this work, 22.8 kcal/mol in ref 13, and 16—21 kcal/mol in
the experiments). However, when the effect of O vacancy is
included, the rate parameters improve considerably in compari-
son with the experimental results."

Since the value of the activation barrier is crucial in the
calculation of the kinetic parameters, we have used a different
functional in order to obtain more accurate data. The hybrid
BH&HLYP functional, which considers different correlation/
exchange weights, is found to yield more accurate energetic
barriers than those of B3LYP, Indeed, the adsorption energy is
more exothermic with BH&HLYP (—18.0 kcal/mol) than with
B3LYP (—17.1 kcal/mol), showing that the latter is more
appropriate in the description of intermediates. However, the
calculated energy barrier with BH&HLYP, 30.1 keal/mol, is in
excellent agreement with the experimental data reported (~30.6
keal/mol; see Table 7), improving the values obtained with the
B3LYP functional (~40 kcal/mol). The kinetic parameters
derived are in better agreement with the experimental data than
those of B3LYP, yielding the same order of magnitude for the
Kkinetic constant &y, but underestimating the apparent energy
barrier AE,, (12.1 keal/mol vs 16 keal/mol®* or 21 keal/mol').

We conclude that the B3LYP results are consistent with
previous calculations for similar models, rendering a better
description of the stable intermediates, while BH&HLYP leads
to more accurate values for energetic barriers.

4. Conclusions

The selective oxidation of methanol on vanadium oxide
supported on titania has been studied theoretically in order to
give a general overview of this process. The main conclusions
obtained are the following.

(i) Methoxy species are key intermediates in the reaction.
The most stable intermediate is a tetrahedral vanadia unit
containing a vanadyl group, a methoxy group, and two
bridging V—0O—Ti sites. A fivefold coordinated vanadia
unit is found to be potentially interesting for catalytic
reactivity.

(ii) A complete picture of the possible mechanisms has been
given. The rate-limiting step in the oxidation mechanisms
is found to be the transfer of hydrogen from the methoxy
to a catalyst oxygen site V=0 (barrier of 41.0 kcal/mol)
or to a bridging interface V—O—Ti site (barrier 46.0 kcal/
mol). Both paths occur via a spin-crossing process from
singlet to triplet potential energy surfaces. involving a
two state reactivity (TSR) mechanism,* which is found
in several gas-phase reactions described by the DFT
approach.***" Transition states associated with these
pathways are biradicaloid and need to be treated by the
broken-symmetry approach. The biradicaloid character
for the transition structures is not associated with the
presence of vanadyl groups.

(iii) The mechanism considering hydrogen recombination
yielding H; together with formaldehyde presents a barrier
of 57.4 kcal/mol. Consequently, H; should not be
observed when the vanadium site is in its oxidation state
+5.

(iv) The kinetic parameters obtained for the most plausible
reaction pathways are consistent with those of previous
studies. However. the calculation method is found to
have a strong impact on the values obtained for the
energetic barriers. The BH&LYP functional considerably
improves the treatment of the energetic barrier and yields
kinetic parameters in better agreement with the experi-
mental data.

In summary, the theoretical data obtained may provide a
helpful tool for the interpretation of the experimental findings
of the oxidation of methanol to formaldehyde on a simple
supported vanadia cluster model. A greater predictive power in
this area will strongly impact as a useful guide for understanding
methanol oxidation on catalytic surfaces.
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Abstract

A density functional theory study has been carried out in order to investigate the
mechanistic aspects of the methanol dehydrogenation by reduced vanadium oxide
supported on titania. A complete scenario is presented exploring several methanol
adsorption sites on the surface. The principal products obtained are H; and
formaldehyde. The presence of intermediates such as hydrides and methoxides has been
considered on the reaction pathways. The methanol adsorption is found to be a process
both kinetically and thermodynamically feasible on V-O-Ti and V=0 sites. However,
methanol adsorption yielding hydride intermediates is found less favorable. The

formation of Ha is associated to the presence of reduced vanadium oxide catalysts.
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1. Introduction

Transition metal oxides are widely used both as catalysts and catalytic supports
playing an important role in industrial oxidation reactions. In recent years there has
been a strong interest in obtaining a fundamental understanding of the behaviour of

mixed-metal oxide catalysts,“""

Mixed-metal oxides are active catalysts for the
selective hydrogenation and isomerisation of olefins, the water—gas shift reaction, the
dehydrogenation of alcohols, the oxidation of CO and alkanes, NO reduction, SO,
destruction, photolysis of water, etc.®

The dehydrogenation of methanol is of considerable interest from an academic and
an industrial viewpoint due to its importance in many practical applications. For
example, methanol is generally used in industry as a fuel, solvent, and raw material for
producing chemicals and other materials, such as direct methanol fuel cells; in
particular, the transformation of methanol to hydrogen by reforming, allows to consider
methanol as a renewable alternative to petroleum-based hydrocarbons, thus opening the
door for a possible future “methanol cconomy".'f‘] In addition, methanol has been
widely studied and utilized as a smart chemical probe molecule in order to establish the
fundamental structure-activity relationships for metal oxide camlysls.”'”’

Extensive research efforts have been made both experimentally and theoretically to
search for suitable catalysts to enhance the chemical process.""™ "' In this respect, gas-
phase experiments combined with theoretical works have provided a wealth of
information of elementary steps and intermediates for various catalytic reactions.'> '*!
In general, metal-oxide catalysts are more complex that conventional metal catalysts
because they can terminate with multiple surface functionalities and expose cations in

3 - . . .
[1.3. 19161 yanadium is an example of such complex behaviour.

multiple oxidation states.
Several experimental and theoretical investigations have previously been carried out to
quantify the number of surface active sites, understanding their structure/reactivity
correlations, and also the kinetic aspects of methanol oxidation to formaldehyde."”** In
those previous studies the catalytic system contains a supported vanadium +V species;
oxidative dehydrogenation takes place by means of electron transfer from the methanol
toward catalyst reducing the vanadium to +III oxidation state. Alternatively, gas-phase
cluster studies have been previously carried out both theoretically and experimentally

139, 40] 1,

for the same reaction. is reported that , VO clearly prove the operation of a 1,2-

elimination to produce formaldehyde and hydrogen without changing the +I1I oxidation
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state of the vanadium site.” *"! However, the influence of formal oxidation state and
the reactivity of isolated functional groups that form the active sites are still unexplored
on supported vanadium catalysts. In the present study, we explore the chemical
reactivity for the dehydrogenation of methanol in reduced vanadium oxides supported
on titania catalyst. In addition, we will compare the results with full oxidized supported
vanadium catalysts, which highlight the role of electronic and geometric factors on
reactivity.

This article is organized as follows. Section 2 is devoted to the computational details
and model systems used. Results are presented and discussed in Section 3. whereas the

summary and the conclusions are presented in Section 4.
2. Computational Details and Model Systems

All the quantum chemical calculations were performed using the Gaussian 03

code.*?

Stationary points on the potential energy surfaces (PESs) were calculated
using density functional theory (DFT) employing the hybrid B3LYP™**** functional
together with the 6-31 ]G(2d,p)l4“’I basis set in all atoms. Previous theoretical studies of
isolated vanadates supported on titania®" ** have been performed employing the
pseudo-potential on metal atoms. However the use of an all-electron basis set renders
more accurate results regarding energetic and geometry than the use of pseudo-
potentials.*” **' We have already applied this level of theory to calculate molecular
mechanisms on selective methanol oxidation to formaldehyde on hydrated and
supported isolated vanadates,** * therefore we are confident with the data calculated at
this computing level for this type of reaction. We optimized local minima corresponding
to the reactant complex, reaction intermediates, final complex, other fragment species,
and the corresponding frequencies. Thermodynamic properties were obtained for all
species involved in the reaction mechanisms. The Gibbs free energy was computed

149301 Thege calculations were

using the standard equations of statistical mechanics.
performed at 373 °K, the temperature at which methanol oxidation was studied
experimentally.

Gas phase clusters whose bonding and reactivity can be well interpreted by both
experimental and theoretical methods are considered to be ideal model systems for local

(2. 5

active sites of condensed-phase catalysts. 54 As a result, small transition metal

oxides clusters may well be effective models of real surface species or active sites over
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the bulk transition metal oxides materials,”>> %

providing a conceptual framework for
modifying or controlling the chemical properties of mixed-metal oxides and for
engineering industrial catalysts.

Based on a similar model to that used to represent isolated vanadate species

supported on titania,™"!

our catalytic representation corresponds to a TiO;-supported
vanadium oxide, where vanadium oxide contains a terminal vanadyl bond (V=0), and
three bridging oxygen atoms (V-O-Ti sites). Two hydrogen atoms are added to the
model (V-OH-Ti sites), see Figure 1. In this model the vanadium site possesses an
oxidation state of V** in a tetrahedral environment, and a triplet electronic ground state.
Although alternative models have been proposed on supported isolated vanadate

[25,

species™™ ! the pyramid arrangement seems to be the most generally assumed and

therefore we have considered it to carry out our calculations.
3. Results and Discussion

Several reaction pathways have been explored in order to unravel the
mechanistic aspects of methanol dehydrogenation on reduced vanadium oxides. The
principal products obtained in all reactions mechanisms explored were H, and
formaldehyde. Thus, in the present work we have considered different methanol
adsorption sites as well as the presence of hydride intermediates along the reaction
coordinate. In this sense, previous theoretical studies have already been carried out by

. 28, 3
some of us 2%

where the simultaneous formation of H, and formaldehyde has been
studied on supported and hydrated isolated vanadates; however those proceeded with a
higher energetic cost. Therefore, herein we compare the reactivity of those catalytic
systems and we investigate the role of the formal charge on vanadium site (Vv on
the reaction mechanisms which involve an oxidative dehydrogenation process on a

supported model.
3.1 Dissociation and adsorption of Methanol

It is well known that the interaction of one methanol molecule with the catalyst

11921 4nd it can be associated to weak electrostatic interactions

surface is favorable
between the vanadium site (acidic) and the oxygen atom of methanol molecule

(basic).[57] Thus, in our model the interaction methanol-surface yields to the formation
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of two adduct complexes, M0 and M3, with geometric parameters similar to separated
reactants, except for C-O and O-H bonds, since they are slightly elongated compared
with free methanol. This interaction methanol-catalyst takes place mainly between the
hydroxyl group of methanol and V-O-Ti site for MO and vanadyl bond for M3 (See
Figures 3 and 5, respectively). The formation of these adducts is favorable by 19.0 and
16.3 kcal/mol. respectively. For the activation of O-H bond. proton transfer from
hydroxyl group of methanol either toward V-O-Ti site or vanadyl bond takes place, with
dissociation barriers of 6.8 and 13.2 kcal/mol, via the transition states TSO and TS2,
respectively. The methanol dissociation yields to the formation of V-OCHj3 species. M1
and M4, with exothermic adsorption energies of -15.2 and -32.5 kcal/mol, respectively
(See Figure 2). Considering a temperature of 373 K, the AG values for the formation of
M1 and M4 are -1.2 and -19.4 kcal/mol, respectively. Previous theoretical studies have
reported methanol adsorption energies on isolated vanadates supported on titania which
range ~ -16 keal/mol™ 3 whereas in our reduced vanadium catalytic system the
adsorption energy ranges between -15.2 and -32.5 kcal/mol depending on the adsorption
sites. In addition, the methanol dissociation on V** catalyst takes place with barriers
significantly lower (6.8 — 13.2 kcal/mol) than those found on V*° catalyst (10.7 — 25.2
kcal/mol)."**! Consequently, the methanol adsorption step varies considerably as
function of vanadium formal charge. While the adsorption process is both kinetically
and thermodynamically favorable by V-O-Ti and V=0 sites on v catalyst, the
methanol dissociation on supported vanadates species is experimentally suggested
through V-O-Ti sites.” 3 5% The methanol adsorption by V=0 sites on isolated
vanadates has been discarded because it is an endothermic process yielding fivefold
coordinated methoxy-intcrmediatcs.[m Recently, some of us have shown that those
fivefold species are found to be potentially interesting for catalytic reaclivily.[zsl
Therefore, the formation of methoxy intermediates in reduced vanadium catalyst
favorable.

Alternatively, another possibility of methanol adsorption has been explored.
which consists in the formation of a hydride-methoxy intermediate, M7 (see Figure 9).
The formation of this intermediate is carried out by means of proton transfer from
hydroxyl group of methanol toward vanadium site. Thus, a hydride group appears
formally bonded to the vanadium atom with a distance of 1.633 A. This process is also
thermodynamically favorable with methanol adsorption energy of -20.4 kcal/mol and
AG = -6.7 kcal/mol at 373 °K (See Figure 2). However, the dissociation barrier of 32.4
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kecal/mol associated to the formation of M7 is significantly higher than the previous
methanol adsorption steps viewed. In addition, the most stable hydride intermediate has
been found in singlet electronic state due to change of the formal charge of vanadium
atom V** — V> being a typical two state reactivity (TSR) scenario.”™ The triplet
hydride structure is calculated to be 33.6 kcal/mol higher than singlet one. In this sense,
the formation of hydride-V-OCH3 regarding V-OCHj species is expected to be
kinetically less favorable, nevertheless the stability of M1 and M7 are in the same
range, being even more stable the hydride intermediate by 5.2 kcal/mol. Thus, hydride-
methoxy intermediate may be considered as a potential species in processes of methanol
adsorption on reduced vanadium oxides. Recently the presence of hydride intermediates
in reactions involving bare metal atoms with methanol has been reported by Zhou et
al.l®? where spontaneous hydrogen production has been achieved at cryogenic
temperatures. Also Schwarz and co-workers have studied the gas-phase
dehydrogenation of methanol with mononuclear vanadium-oxide cations.”®”

In consequence, the dissociation of methanol both by V=0 bond and V-O-Ti
sites is clearly favored. and might be considered as reasonable steps to carry out the
methanol dissociation. Even the methanol adsorption by the vanadium atom yielding

hydride intermediates could be taken into account as a feasible reaction channel as well.

3.2 Exploration of reaction paths

To understand the whole dehydrogenation process on reduced vanadium oxide
cluster supported on titania, we have explored three reaction pathways: Path A, Path B1,
and Path B2, starting from the methanol and the catalytic system as reference.

Path A involves two steps: first, methanol adsorption by means V-O-Ti site to
yield M1, and a second step which proceeds via H recombination from the CH; and OH
groups of support. Thus, two electrons are transferred from the methanol molecule to
form H». In consequence, the vanadium site does not undergo a change in its formal
charge and the system remains on triplet electronic state. As a result, the role of the
catalyst is first to dissociate the methanol molecule and second to improve the gas phase
mechanism by stabilizing the transition state. In this sense, the second step of Path A
takes place via TS| with an activation barrier of 36.4 kcal/mol. TS1 connects to M1

with the product-complex M2. This intermediate is calculated to be 17.2 kcal/mol lower
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than TSI. In its structure, H» interacts with the oxygen atom of vanadyl bond whereas
the interaction of formaldehyde is principally between the oxygen of carbonyl bond and
the vanadium atom. The intermediate M2 presents two OH groups around the vanadium
atom which are bonded to their respective titanium atoms and one bridging oxygen
which connects the support with the vanadyl bond. Finally, formaldehyde and H; desorb
with values of AE = 13.0 kcal/mol and AG = -7.1 kcal/mol.

Path B1 contemplates firstly the methanol dissociation by vanadyl bonds to form
M4. Later, the formation of H, and formaldehyde is reached by means of hydride
transfer from the adsorbed methoxy group toward the hydrogen atom of the recently OH
group formed by the methanol adsorption on the V=0 site, via TS3. This step is
associated to an activation barrier of 53.5 kcal/mol. Thus, the combination between OH
group and the CH; group yield to the H; and formaldehyde formation, recuperating the
vanadyl bond. Later, TS3 yields to the formation of the product-complex M2 as Path A.
M2 is calculated to be 17.0 kcal/mol lower than TS3. However, if one compares the
relative energy of TS3 and TSI regarding separated reactants (see Figure 4 and 6), one
can appreciate that those are practically the same even though both the transition states
present different structures. Therefore, the simultancous formation of H, and
formaldehyde might take place independently both on the Path A and Path B1.

On Path B2, the methanol dissociation takes place as Path Bl, however the
formation of H, and formaldehyde is achieved by means of hydride transfer from the
CHj; group toward one of the OH group from support via TS4 (see Figure 7). This step
has associated an activation barrier of 36.0 kcal/mol. TS4 is calculated to be 3.5
kcal/mol lower than separated reactants as shown in Figure 8. As consequence, Path B2
would be both kinetically and thermodynamically favored regarding the others
mechanisms. Later, TS4 yields to the product-complex M5 which possesses a
formaldehyde molecule interacting weakly with the catalytic system, whereas H,
molecule is found away from the active sites interacting with the OH group bonded to
the titanium atom. This product-complex is calculated to be 25.0 kcal/mol lower than
TS4, and its stability is significantly larger than M2 (32.5 kcal/mol more stable) with
geometries quite different (see Figure 3 and 7). For example, M5 possesses two
bridging oxygen which connect the OH-V moiety to the titanium, nevertheless the
vanadyl bonds are not present in the catalytic system. Finally the formaldehyde and H,

desorb with AE = 20.2 kcal/mol and AG = -15.9 kcal/mol. This result improves
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considerably the energetic cost to obtain simultaneously H, and formaldehyde regarding

later described mechanisms.

4) Preliminary Conclusions

The present theoretical work adds a new insight into the gas phase mechanisms
of the dehydrogenation of methanol on reduced vanadium oxides supported. The results
show that the methanol adsorption on v systems sites is thermodynamically
favourable. The methanol dissociation on these sites yields to stable V-OCHj;
intermediates. The methanol adsorption to lead to hydride intermediates is kinetically
less favourable although potentially interesting for catalytic reactivity. A reaction path
to obtain H> and formaldehyde is found to proceed below the reference energy. To
confirm our theoretical results, experimental studies are being carried out in
collaboration with the Professor Badares’ group (from CSIC, Madrid), where
preliminary results show that i) it is possible to obtain H from vanadium oxides
catalysts and ii) larger amounts of H; are formed in the presence of reduced vanadium
compared to oxidized catalysts. Thus, the accomplishment of this work needs further

experimental works in order to verify ours hypothesis.
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LS

Figure 1. Model for the reduced vanadium oxide species supported on TiO, catalyst.

Distances in angstrom.

V-O-Ti site

?

Methanol Adsorption
V=0 site

V site

M1

AE =-15.2 kcal/mol
AG = -1.2 kcal/mol
AET= 6.8 keal/mol

l

b)
}‘

A

<«
M4
AE =-32.5 kcal/mol

AG = -19.7 kcal/mol
AET =132 keal/mol

r

M7
AE =-20.4 kcal/mol
AG = -6.7 kcal/mol
AET=32.4 keal/mol

Figure 2. Structures at B3LYP/6-311G(2d.p) level for the methanol adsorption on a)
V-O-Ti site b) V=0 site c¢) vanadium site. The AG values are calculated at 373 °K.
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Figure 9. Relevant geometries obtained at B3ALYP/6-311G(2d.p) level and energy
profile for the methanol adsorption on vanadium site.
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Abstract

A theoretical investigation using density functional theory has been carried out
in order to understand the molecular mechanism of dihydrogen reaction with transition
metal dioxides MO (M = Ti, Zr andHf), according to the following reaction: MO; + H;
— MO + H,O. The B3LYP/6-311++G(2df,2pd)/SDD methodology was employed in
this study. The first step of the reaction mechanism is the dihydrogen activation by the
M=0 bond to yield to metal-oxo hydride intermediate O=MH(OH). The activation of
dihydrogen was found to be a spontaneous process. The formation of O=MH(OH)
species was found thermodynamically favourable for all metal dioxides. The reaction
mechanism splits then into two paths; the first one takes place passing through the
M(OH), intermediates to obtain products, the second one corresponds to the direct
formation of the product complex OM(H,0). The mechanisms of the formation of

products from O=MH(OH) are found to depend exclusively on the metal centre.

Key words: Metal Oxides, TiO,, ZrO,, HfO,, Hydrogenation reaction, DFT calculations,

spin crossing.
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1. Introduction

Transition metal oxides are important in chemistry due to their ability to catalyze
numerous oxidation reactions as well as their use as support materials'*! for numerous
commercially relevant reactions”™ . In particular, the activation of H, by metal centers
is a fundamental step in nearly all metal catalytic hydrogenation reactions.”! The
reactions of molecules involving transition metal oxides and H provide well-defined
molecular models pertinent to mechanistic understandings of the dihydrogen in some
catalytic and biochemical processes.“m Gas-phase and theoretical studies can be used as
a helpful tool to gain complementary insights into the molecular mechanism and
intrinsic reactivity, as well as to provide an ideal field for detailed experiments of the
energetic and kinetics of any bond-making and bond-breaking process at molecular
level'"!. Tn this sense, the theoretical works have provided a deeper insight into the
principles governing the reactions of transition metal oxides.

Due to their enormous applications as catalytic materials, the group IV metal
oxides have been widely studied both experimentally and theoretically.'? For example,
TiO; is one of the most technologically important oxide materials widely studied as a
prototypical transition metal oxide because of its rather simple electronic structure.!'* 4!
51 Thanks to its photocatalytic properties, TiO, has been utilized in the production of

hydrogen gas by photoelectrolysis of water!'® 171

and conversion of CO; in aqueous
medium to methanol.!"®! Very recently, Castleman et al" have reported the reactivity
of stoichiometric titanium oxide cations towards CO, C,H,,CoHy and C3Hg oxidation.
Although considered less important than TiO; for catalysis, ZrO,, HfO, and materials
using these oxides are also known for their catalytic activities. For instance, ZrO; is a

well known solid acid-catalyst“‘"

and as a result, the mixture of TiO»-ZrO, oxides has
excellent catalytic properties showing interesting acid-base surface properties, high
surface area, great thermal stability and strong mechanical slrength;[z” Additionally,
HfO; has recently been used to replace the SiO; gate dielectric due to its high dielectric
constant in order to further miniaturize microelectronic components in metal oxides
semiconductors.** #! TiO;, ZrO,, and HfO; oxides have also been utilized to catalyze
the aromatization of Cg, alkanes."!

Chemical reactions of the bare transition metal oxide cations with H> have
received a significant interest™>"], while the neutral transition metal oxides have gained

much less attention.***" Very recently Zhou et al.®™" have carried out a combined
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experimental and theoretical study on the hydrogenation reactions by group V metal
dioxides using matrix isolation spectroscopy; these results show a thermodynamically
favorable reaction for the dihydrogen cleavage process with small barrier for VO,,
whereas NbO, and TaO; dioxide molecules react with dihydrogen to give primarily
NbOg(nz-Hz); and TaOl(nI-Hz)z complexes to yield O=NbH(OH) and O=TaH(OH)
molecules, respectively, via photoisomerization in combination with H> elimination
under UV-visible light excitation.

From a fundamental point of view, the chemical reactivity of transition metal
oxides is strongly influenced by the availability of multiple low-lying electronic states
in these species.”"*>**! This means that the reactions involve several electronic states
that may also have different spins, namely, it should involve spin-conserving and spin-
inversion processes.ﬁ Bl o classify these reactions, which involve participation of
more than a single spin surface, the two-state reactivity (TSR) paradigm has been
introduced.®*" In particular, the rate of chemical rearrangements that involve a change
in the spin state can be limited by the transition state (TS) of the process or by the
crossing rate between surfaces. Therefore, it is necessary not only to locate and to
characterize the stationary points on each potential energy surfaces (PES) (minima and
TSs) but also to identify the regions where the relevant spin states lie close in energy
(minimum energy crossing point, MECP). Thus, TSR involving transition metals has
been acknowledged to play a key role in many reactions ranging from heme enzymes
and polyoxomelalates”"' to hydrocarbons with vanadium oxides.”*™

The reaction mechanism for the dihydrogen activation by group IV metal (MO,,
M =Ti, Zr, and Hf) was investigated according to the following reaction:

MO; +H; — MO + H,0O (D

The first step is the favorable formation of MO»(H;) adduct. Then, a cleavage
process of dihydrogen takes place involving M=0 bonds to yield a metal-oxo hydride
intermediate O=MH(OH). Subsequently, two possibilities have been explored: i) a two-
step mechanism passing through MO(OH), intermediates, and then a proton migration
yielding the final complex MO(H;O) (Path 1) or ii) direct formation of products by
means of proton transfer from metal atom toward the hydroxyl group to render the
product complex MO(H,O) (Path 2; see scheme 1). The whole process involves the
reduction of the metal from a formal oxidation state of M from (IV) to (II), and,
depending on the metal center, a spin-crossing process along the reaction pathway

might be involved of controlling the chemical reactivity.
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The paper is structured as follows: computational methods are first described; in
the next section of results and discussion, firstly, we present the results which focus
primarily on the validation of computing method, in the second part, the chemical
reactivity (activation of dihydrogen and competition between the alternative
mechanisms) described by the different reaction pathways is outlined. A final section of

conclusions closes the paper.

2. Computational Methods

All calculations were performed using the Gaussian03 code.” The geometries
of the reactants, products, various intermediates, and transition states are optimized
using the hybrid density functional theory, i.e., Becke’s three-parameter nonlocal
exchange functional with the nonlocal correlation functional of Lee—Yang—Parr
(B3LYP) 911 A frequency analysis has been carried out to determine the nature of the
optimized structures as minima or transition states. Connections of the transition states
(TSs) between two local minima have been confirmed by intrinsic reaction
coordinate.” The 6-311++G(2df,2pd) basis set was used for the H and O atoms,
whereas for metal atoms (M = Ti, Zr, and Hf) The Stuttgart pscudopotcmiallf'3 I (labelled
as SDD in Gaussian 03) has been utilized. The harmonic vibrational frequencies were
calculated with analytic second derivatives and the zero-point energies were derived.

The concept of crossing point on the seam line corresponds to the intersection
between two PESs of different spin multiplicities; it has been used to localize and
characterize the MECP. The mathematical algorithm for MECPs developed by Harvey
et al.* has been employed to localize the crossing points between singlet and triplet

PESs.
3) Results and Discussions

I) Validation of the computational method

In order to check the validity of the computing method, we have calculated the
geometries and vibrational frequencies of both dioxide and oxide systems, MO, and
MO, respectively. The results are compared with experimental data and previous
theoretical results. At the ground electronic states ('AH, the most stable structures of
Ti0,, ZrO,, and HfO; are closed shell with C,, symmetry. The calculated bond lengths

M-0. <OMO bond angles, and harmonic vibration frequencies for MO, molecules are
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listed in Table 1. Consequently, the optimized geometrical parameters of MO-
molecules are in good agreement with the observed values of M-O distances and <
OMO bond angles.

It is well known that density functional based calculations overestimate the
values of vibrational frequencies, especially for stretching modes, however no
additional scaling factors were applied to calculated frequencies. Thus, for TiO, and
ZrO; molecules, the calculated harmonic B3LYP/6-3114++G(2df,2pd)/SDD frequencies
for symmetric stretching v, and asymmetric stretching v, bands are overestimated in
the range of 56-33 cm’ and 67-42 cm", respectively[('j] (see Table 1). However, HfO,
molecule shows the stretching bands in the region of 889 cm’! (symmetric) and 829 cm’”!
(asymmetric) which are in excellent agreement with the experimental values of 883 cm’'
and 814 cm’, respectively, reported by Lesarri et al."® The difference between the
asymmetric and symmetric modes for MO, molecules is calculated to be of 3-69 ¢cm’'
and is consistent with the experimental shift of 20-69 cm™'. The calculated frequency for
the bending mode of ZrO, of 304 em” agrees well with 290 cm” value determined from

the inertial defect.®”!

On the other hand, the most stable structures of MO are TiO(* A). ZrO('E"), and

HfO ('Z%) in their ground electronic states. The calculated bond lengths, and harmonic

vibration frequencies for MO molecules are listed in Table 2. The bond length M-O is
predicted to be shorter than experimental reports in 0.008 A for TiO, whereas for ZrO
and HfO the M-O distances are found longer in 0.023 and 0.027 A, respectively. The
frequencies calculated for MO molecules are predicted to be overestimated for TiO, and
ZrO, thus, the values obtained are blue shifted by 37.8 and 18 em™ with respect to the

experimental data, 170!

respectively; however for HfO the calculated frequencies are
predicted to be red shifted in 20 em’'. Therefore, both calculated M-O distances and
vibrational frequencies are in good agreement with experimental values.

Previous theoretical works describing the electronic structure of group IV MO,
molecules have been reported including advanced ab initio methodologies and DFT
calculations '+ 3% #4648 30. 3L 7180 1y gpite of the accurate prediction of advanced ab
initio calculation, DFT has been able to give good results for geometric parameters and
vibrational analysis. Therefore, the calculated values obtained by using the present DFT

methodology are consistent with previous experimental and theoretical reported data.
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I1. Activation of dihydrogen

As it was previously mentioned, in a very recent study Zhou et al.5" the
spontaneous reaction between hydrogen and group V metal oxides is reported to form V
O=MH(OH) species. Also, the reaction of dihydrogen with tantalum oxides in different
oxidation states at cryogenic temperatures has been studied.”™ The results indicate that
the reactivity of tantalum oxides depends on the oxidation state and it increases as
follows: Ta"0:;>Ta"0,>Ta"0. Our results for group IV MO, molecules present a
similar thermodynamic behavior, however herein the stability of O=MH(OH) species
depends on the metal center, although none experimental evidences have been
previously reported in order to support our predictions. Thus, all studied reactions
mechanisms correspond to the exothermic formation of O=MH(OH) species, where this
step takes place firstly on a single PES, specifically in singlet electronic state. The
reaction profiles are shown in Figure 1. The reaction proceeds via MOz(tAl) + HZ(IZS+
channel with the initial formation of MO»(H;) adducts without any barrier. These
species are thermodynamically favorable in all MO, molecules. The formation of
MO,(H;) adducts is predicted to be 10.1, 7.5, and 10.2 kcal/mol more stable with
respect to the MO('A)) + Hz(]Z;) asymptote for Ti, Zr, and Hf, respectively. In
agreement with previous results, the reactants form side-on MO»(H») (:()1'1'1ple:masl3 8ol
with C; symmetry. The selected geometric parameters are depicted in Figure 2. From
the MOz(H>) adducts, a proton transfer process from M center toward one oxygen atom
of metal dioxide takes place to yield O=MH(OH) intermediates via TSO. This can be
associated to a heterolytic cleavage process for the hydrogen molecule. The energy
barriers are calculated to be 6.8, 5.7, and 2.2 kcal/mol for Ti, Zr, and Hf dioxides,
respectively. The TSO transition states correspond to the typical four-center structure
and were localized lower in energy than ground state reactants, in contrast to the group
V metal dioxides, which in some cases their corresponding transition states require
activation energy.™ ! Consequently, the activation of dihydrogen by group IV metal
dioxides could have a size dependence of metal center being kinetically more favorable
as the bond length M=0O increases. The O=MH(OH) species were predicted to be
exothermic by 39.4, 42.8, and 54.0 kcal/mol for Ti, Zr, and Hf oxides, respectively.
Thus, the exothermicity of the reactions step increases in reverse order as the activation
barriers of the dihydrogen cleavage.m' Therefore, the lower activation energy and the

higher stability of the O=HfH(OH) species implies that the overall HfO, + H, —
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O=HfH(OH) step is both kinetically and thermodynamically the most favorable

compared to the rest of MO, molecules.

III Competition between the alternative mechanisms

The formation of products has been considered via two reaction pathways: Path
1 and Path2. The triplet electronic state has been considered on Ti and Zr mechanisms
in order to describe and complete the whole mechanisms, Hf proceeds exclusively in
singlet. As previously mentioned, the Pathl considers the formation of products passing
through the M(OH); species to lead the final product complex O=M(H,0). The Path 2
corresponds to the direct formation of products from O=MH(OH) species yielding the
product complex O=M(H;0). The energy profiles of all mechanisms studied are
depicted in Figure 3. The obtained reaction pathways for each metal oxide are explained

as follows:

Ti. The optimized geometric parameters and geometries are depicted in Figure 4.
According to the Pathl, the singlet-O=TiH(OH) intermediate transfers one proton from
the metal center toward the oxygen atom of the Ti=O bond to yield the Ti(OH),
intermediate, via TS1. The calculated barrier heights of this process are 39.8 and 0.2
kcal/mol for singlet and triplet surfaces, respectively. In spite of the high activation
barrier found for singlet-TS1. it is calculated to be only 0.4 kcal/mol above the reactants
asymptote. The proton migration on triplet electronic state takes place quite easily,
almost without barrier, consequently the formation of Ti(OH), intermediate could be
kinetically more favorable in this state. Nevertheless, triplet-TS1 is predicted to be 22.8
kcal/mol higher in energy than the singlet-TSI. Later, the Ti(OH), intermediate is
predicted to have an inverse order of relatives stabilities of the singlet and triplet as
compared to the reactants. The most stable triplet structure possesses a linear geometry
with 3Ag ground state. The singlet structure of Ti(OH); is predicted to have a 'Al state
with planar C,, symmetry. The triplet and singlet species are exothermic by about 27.0
and 10.3 kcal/mol regarding singlet reactants, respectively (see Figure 3). To reach the
triplet intermediate Ti(OH), an intersystem crossing takes place at the minimum energy
crossing point, MECPI, and it lies by about 7.5 kcal/mol above the singlet structure of
Ti(OH),. In the MECPI crossing region, the reacting system should change its spin
multiplicity from the singlet state to the triplet and then move on the triplet PES as the

reaction proceeds. MECP1 is very similar to singlet-TS1, as seen in Figures 4 and 5. In
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consequence, the MECPI correlates with the relative stabilities of the singlet/triplet-
Ti(OH), intermediates, and singlet-TS1. Subsequently, the formation of the product
complex Ti(H>0) intermediate occurs by proton migration toward the OH group in the
Ti(OH), intermediates, via TS2. The activation barriers are predicted to be 36.3 and
34.7 kecal/mol on triplet and singlet surfaces respectively; however both transition states
are localized above the reactants asymptote, being the most stable the triplet structure by
only 15.1 kcal/mol. The triplet product complexes TiO(H-O) is calculated to be 3.1
kcal/mol below the singlet reactants, whereas the singlet structure is 8.0 kcal/mol higher
than the triplet one. Finally, the water elimination is associated to an endothermic
process of 16.5 kcal/mol. Shao et al.*'! have studied the reaction of titanium oxides with
water, and in particular the reaction: *TiO + H,O — 3Ti(OH)3, Qur results are consistent
with these previous calculations, nevertheless the triplet-TS2 barrier was predicted to be
significantly lower in energy, due to the use a pseudo-potential basis set for the titanium
atom in our calculations.

The formation of the product complex Ti(H,O) from the O=TiH(OH) takes place
by means of Path2, via TS3. The transition state on singlet surface has an activation
barrier of 55.1 kcal/mol and lies 15.7 kcal/mol above the reference. On triplet surface,
TS3 is predicted to be 42.1 kcal/mol above the singlet-TS3. Subsequently, after singlet-
TS3 is reached, a spin-crossing takes places in order to connect singlet and triplet PESs
to yield the most stable triplet-TiO(H>O) intermediate. The MECP2 was localized in the
vicinity of singlet-TS3 by about 14.2 kcal/mol above the reactants asymptote. MECP2
is very similar in structure to singlet-TS3 (as seen in Figures 4 and 5), hence it
correlates with the relative stabilities of the adjacent intermediates. Finally, the reaction
TiOg('A.) + H, — TiO ("A) + H,0 is predicted to be an endothermic process of 13.4
kcal/mol. The energy singlet TiO('A) is calculated to be 5.4 kcal/mol above the triplet
ground state. This value is underestimated regarding the experimental values of 9.85 +
0.03 keal/mol.®®"!

In conclusion, Path 1 is found to be the most plausible mechanism. Nonetheless.
no experimental evidence has been found for the formation of the Ti(OH); molecule!®"!

which implies discards Path 1 in spite of its favorable quantum-chemical prediction.
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Zr. From the Pathl, the singlet-TS1 presents an activation barrier of 43.4
kcal/mol. and it is predicted to be 0.6 kcal/mol above the reactants, therefore the
formation of the singlet-Zr(OH), intermediate is expected to take place. On triplet
surface, TSI is obtained considerably higher in energy in respect to the singlet state
(28.5 kcal/mol). Nonetheless, the barrier height of triplet-TS1 is only 9.8 kcal/mol.
being considerably lower than singlet one. The singlet Zr(OH), structures present an
inverse order of relative stabilities with respect to triplet states, as compared to the
reactants. Our results predict the triplet-Zr(OH), intermediate to be more stable than the
singlet one by about 5.5 kcal/mol (see Figure 3) which is in good agreement with the
CCSD(T)/cc-pVTZ-DK calculations of Syzgantseva et al.® predicting 6.0 keal/mol
with respect to the singlet. The Zr(OH), molecules are predicted to have Cov symmetry
both in singlet ('A.) and triplet (3B|) states. Later, an intersystem crossing has been
localized in the vicinity of singlet Zr(OH), structure. The MECPI is localized only 0.2
kcal/mol less stable than Zr(OH),. The MECP1 structure is predicted to have a quasi-
planar geometry with a OZrO angle of 118.2° intermediate between the singlet and
triplet Zr(OH); angle values. The distances of the Zr-OH bond are estimated to be 1.904
and 1.917° A, for MECP1 and singlet-Zr(OH),, respectively (see Figure 6 and 7). After
Zr(OH)» intermediates is reached, the most stable transition state for TS2 is found on
triplet surfaces. The energy barriers associated to TS2 are 50.3 and 47.8 kcal/mol, for
triplet and singlet states, respectively (see Figure 3). The formation of ZrO(H,0)
complexes is considerably less favorable than Zr(OH) intermediates. The final product
ZrO is experimentally found to be a singlet close in energy to a triplet state. DFT
methods incorrectly predict triplet although close in energy to the singlet states. **. The
reason for this is the DFT bias toward 4d'5s’ configurations over 4d"5s* ") This effect

has been discussed by Bauschlicher and Lang_z,hoff.'m - 341

rendering that high levels of
theory are required to described correctly the electronic states of ZrO molecules due to
the mixed bonding occurring from the d"s?, d™'s', d"* Zr configurations. Regarding the
water complex OZr(H>O) the C, structure on singlet surface is calculated to be the most
stable specie, and selected geometrical parameters are depicted in Figure 6. The energy
difference between singlet and triplet complexes is only 0.3 kcal/mol (see Figure 3) and
the same discussion as for ZrO applies for this intermediate. In consequence, since DFT
is not capable to estimate correctly the second singlet-triplet crossing in the exit channel

between TS2 and water complex, the following strategy has been followed: the triplet

potential surface can be shifted up near the elimination channel by a constant value of

209



7. Anexos

the experimental IBIA separation of 4.3 kcal/mol. This surface shifting is not a

rigorous procedure, however it corrects qualitatively the stability problem and may be
tolerated because the DFT failure comes from the incorrect description of the zirconium
center and does not affect the bonding between the zirconium atom and water molecule.
This approach have been previously applied by Filatov et al.®” for the same problem of
the incorrect stability of the sextet and quartet Fe(H,O)" complexes. Therefore,
employing this qualitative consideration one can expect that the second spin-crossing
takes place near of the Zr(H»O) complexes.

As regards Path2, the direct formation of the OZr(H>O) complex is achieved
from O=ZrH(OH) intermediate via TS3, which has associated an energy barrier of 59.2
kcal/mol in singlet electronic state. This transition state is calculated to be 16.4 kcal/mol
above the singlet reactants, and 3.9 and 6.9 kcal/mol lower than triplet- and singlet-TS2,
respectively. The triplet TS3 structure is found considerably higher in energy than
singlet one (17.7 kcal/mol). Due to the incorrect stability of the ZrO(H,O) complex. a
spin junction is not expected to take place in Path2, therefore if this mechanism were
considered to be the most plausible, it should be a single state reactivity (SSR)
mechanism.”” Finally, the dissociation of water complexes is predicted to be an
endothermic process of 15.2 and 17.9 kcal/mol for singlet and triplet electronic states,

respectively.

Hf. Concerning the reactivity of the HfO,, as previously mentioned, the
O=HfH(OH) is found to be the most stable of the hydride intermediates among all the
metals considered. Herein, the reactivity of the process takes place only on singlet
electronic state and triplet is not considered in the reactive process because it is
predicted to be considerably higher than singlet state.

According to Pathl, the activation barrier associated to TSI is calculated to be
36.6 kcal/mol and corresponds to the lowest activation barrier of the corresponding TS1
for the other metal oxides. Additionally, TSI is calculated to be 17.7 kcal/mol below the
reactants asymptote, therefore the formation of the intermediate Hf(OH); is expected to
be a spontaneous process. The Hf(OH), structure is found 1.3 kcal/mol above the
O=Hf(OH) intermediate with C,v symmetry. The proton migration process between
both OH groups, via TS2, leads to the water complex along an energy barrier of 52.8
kcal/mol Despite the high value of the activation barrier, TS2 lies 0.1 kcal/mol above

the reactants asymptote, therefore, the formation of the HfO(H,O) complex would not
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require activation energy, being a barrierless process. The water complex is obtained
with C; symmetry and is calculated to be 11.5 kcal/mol below the reactants. The Cs
geometry as previous MO(H;O) complexes presents an imaginary frequency value
associated to the rotation of water. Concerning Path2, the direct formation of the
HfO(H>0) complex to obtain the hydride intermediate takes place via TS3 which has
associated an energy barrier of 56.0 kcal/mol. This barrier is calculated to be 1.9
kcal/mol higher than the barrier associated to TS2 and Pathl and Path2 might be
competitive reaction routes. Finally, the water complex formed can dissociate easily to
final products due to overall exothermicity of the reaction. Thus, the dissociation is
calculated to be 10.5 kcal/mol and the whole process is found to be an exothermic
process of AE=-1.0 kcal/mol.

In summary, the global view of the hydrogenation process shows that the
hydrogen dissociation step is feasible in all MO, cases since it is a barrierless process.
Thus, the hydrogen activation by HfO; is predicted to be the most favorable case with
the lowest activation barrier and the largest exothermicity. In all cases, the O=MH(OH)
intermediate is found to be more stable than the respective M(OH); species. The
difference in energies for these species is about ~ 12 kcal/mol for Ti and Zr, whereas for
Hf it is only 1.3 kcal/mol. The most stable M(OH), molecules are found in triplet state
for Ti and Zr, in contrast to Hf(OH); which is found in singlet one. The spin-crossings
are not expected on hafnium mechanisms because of the spin-orbit coupling is large for
heavy atoms. TSR is expected for 3d transition metals, and perhaps also for the 4d
block; for 4f, 5d, and 5f elements, the maximum probability of spin inversion (pSI) is
assumed , i.e pSI =1, and therefore the spin-crossings are completely avoided. All the
quantum-chemical calculations predict for Path | as the most feasible reaction pathway;
for titanium it is clearly favoured. However for Zr and Hf mechanisms, Path 2 might be
also a competitive route in order to reach products. Finally, the global reaction for Ti
and Zr are predicted to be endothermic processes, in contrast to Hf which is expected to

be a quasi-equilibrium reaction.
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4) Conclusions

We have presented a detailed computational study on the key steps for the
reaction mechanism of H» oxidation by MO, molecules: MO, + H, — MO + H,O (M =
Ti, Zr, and Hf). Optimized geometrical parameters and vibrational analysis of MO, and
MO molecules agree with experimental data allowing to validate the B3LYP/6-
311++G(2df,2pd)/SDD methodology employed in the present study. Important
mechanistic insights can be obtained from the calculation of geometries and energies of
the species involved along the corresponding reaction pathways. The hydrogen
activation by means of MO, molecules has a size dependence of metal center being
kinetically more favorable as the length bond M=0 increases. The exothermicity of the
The O=MH(OH) species increases in reverse order as the activation barriers of the
dihydrogen cleavage.

The formation of products on titanium reaction pathways takes place by means
of TSR mechanism. Thus, Path 1 is expected to be the most plausible mechanism with a
MECP1 localized in the vicinity of Ti(OH) intermediates. According to zirconium
reactivity, it is expected to occur by means of SSR mechanism in the course of Path 2,
although Path 1 might be a competitive mechanism as well. Finally, the reaction by
means of Hf dioxides is expected to be the most worthwhile process because of its

exothermicity. Path | and Path 2 are expected to be competitive mechanisms.
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Figure 1. Potential energy profiles for the MO, ('A|) + H> — O=MH(OH) step for
calculated at the B3LYP/6-311++G(2df,2dp)/SDD level of theory.
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Figure 2. Optimized geometric parameters calculated at the B3LYP/o-
311++G(2df,2pd) level of the species involved in the MOZ(IAI) + H, — O=MH(OH)
step. Distances in angstrom and angles in degrees.
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Figure 4. Optimized geometric parameters calculated at the B3LYP/6-
311++G(2df,2pd) level of the species involved in the O=TiH(OH) — TiO + H>O step.
Distances in angstrom and angles in degrees.
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MECP1 MECP2

Figure 5. Structures of minimum energy crossing points, MECP1 and MECP2 found at
the B3LYP/6-311++G(2df,2pd)/SDD for titanium oxide mechanisms. Distances in
angstroms and angles in degrees.
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Figure 6. Optimized geometric parameters calculated at the B3LYP/6-
311++G(2df,2pd) level of the species involved in the O=ZrH(OH) — ZrO + H,O step.
Distances in angstroms and angles in degrees.
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0055 15, O, 0.955

MECP1

Figure 7. Structure of minimum energy crossing points, MECP1 found at the B3LYP/6-
311++G(2df,2pd)/SDD for zirconium oxide mechanisms. Distances in angstroms and
angles in degrees.
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Figure 8 Optimized geometric parameters calculated at the B3LYP/6-311++G(2df,2pd)
level of the species involved in the O=HfH(OH) — HfO + H>O step. Distances in
angstroms and angles in degrees.
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Spin-Forbidden Chemical Reactions. A General
Statement in Chemical Reactivity?
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Abstract

In chemical reactions, the conservation of the total electron spin is a
fundamental and universal principle, whereas conversion of spin is not required
for spin-forbidden reactions. It is well-known that in many cases the spin may
play an important role in determining the outcome of the chemical processes, the
reaction mechanisms and rate constants. This is a particularly challenging
problem involving the description of electronic near degeneracies. In this review
we consider the large literature that has been accumulated in the past 10-15 years
concerning the chemical reactivity involved in this type of chemical reactions and
this article is intended to be a survey of selected current and research works in
this area
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1. Chemical reactivity, a prelude: elementary chemical reactions and reaction
mechanism

The central aim in chemical reactivity is to understand the details of a
series of several elementary reaction steps which involve a chemical process. In
every elementary step, a transformation takes place from one minimum
representing the reactants (R) over an energy maximum (the transition state, TS)
to another energy minimum characterized by the product (P)!"! The sequence of
bond making/forming processes by which the chemical process takes place is
known as reaction mechanism. This concept plays a major role in chemistry and
represents a synthesis of our understanding of the way in which R lead to P. In
other words, the reaction mechanism is associated to the way in which different
topological changes in the bonding structure of R and P are correlated as the
reaction proceeds. At the macroscopic level of description, the reaction
mechanism consists of the description of the participating species (R, P, possible
intermediate, I, and catalysts if it participated) and the connectivity of these
species due to chemical reactions. Obtaining a plausible reaction mechanism
consists in four well defined stages: (i) identifying individual chemical species,
either by physical or by chemical means, (ii) isolating the species contributing to
one elementary reaction step in the system, (iii) determining the stoichiometry of
that step, and (iv) determining the kinetics of that step.

On the other hand, a chemical reaction can be also associated with
transformations of energy which usually are represented as a one dimensional
energy diagram illustrating the progress of R towards P as the reaction proceeds
(see Figure 1). This figure depicts the stepwise process, where there are two
elementary chemical steps from R towards P via the corresponding I, and two
transition states, TS1 and TS2. The activation energies £ 1# and Eg# are usually
provided by thermal energy k7, being k the Boltzmann constant, and T the
temperature. In order to obtain this representation is necessary: (a) determining
the free-energy profile, (b) observing the TSs experimentally or theoretically, and
(c) finding TSs models that match the both experimental and theoretical data.
However, one step further to reach a deeper insight is the nature of the
corresponding reaction mechanism at microscopic level.

In this sense, advances in ultrafast lasers,” x-ray[4] and other
spectroscopies as well as in computational chemistry” ® have made possible the
study of most gas-phase and some condensed-phase reactions in molecular detail.
Gas-phase chemistry can provide information about the intrinsic reactivity of the
molecule or reactive system in question due to it is not affected by effects of
solvents or aggregation phenomena and at the same time it allows the
experimental chemist to exercise some control over initial and final stages of
participating species using modern laser technology.

Sophisticated crossed molecular beam experiments such as at atto and
femto-chemistry permit the monitoring of the reacting molecular species on the
atto and femto second scale, respectively. The timescale for the motion of atoms
associated with chemical transformations is necessarily in the femtosecond
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domain. Femtochemistry techniques have been applied to chemical reactions
ranging in complexity from bond breaking in diatomic molecules to dynamics in
larger organic and biological molecules, providing new insight into the
understanding of fundamental chemical processes. Reaction mechanisms can then
be inferred from the details of the dynamics as the reaction proceeds from
reactants to products. Studies of chemical reactions in real time, with sufficient
resolution, are important since they provide a direct approach to the determination
of the speed with which elementary chemical reactions proceed. Thereby, the rate-
determining steps in a complex process can be found and the overall rate of a
chemical reaction predicted. For the past several decades, we have been able to
directly probe the motion of atoms that are associated with chemical
transformations and which occurs on the femtosecond (10-15 s) timescale.
However, studying the inner workings of atoms and molecules on the electronic
timescale”'” has become possible only with the recent development of isolated
attosecond (10-18 s) laser pulses''.Unlike femtosecond pulses, which can freeze
the position of atoms and molecules, attosecond pulses!'” can freeze the position
of the orbiting electrons themselves, and they are capable to see how electric
charge redistributes and how it affects the nuclear movement once a molecule is
ionised.

Additionally, theoretical and computational chemistry (TCC) has
witnessed a great deal of research to study the energetic of chemical reactions'"”
and has found its way into the everyday work of many experimental chemists. The
exponential increase in computational processor speed, the development of novel
computational architectures, together with the tremendous advances in the
methods and techniques of TCC that have emerged over the past two decades
have led to unprecedented advances in our ability to probe the fundamental
chemistry that occurs on complex chemical reactions.!'*! Current and emerging
research areas in electronic structure theory promise to greatly extend the scope
and quality of quantum chemical computations, and the past 15 years have seen
major advances in electronic structure theory. Together, these advances have
made electronic structure theory an increasingly important part of modern
scientific research. For example, chemists proposing reaction mechanisms are
now generally expected to provide supporting evidence from quantum chemistry
computations. Despite tremendous recent progress, there remains ample room for
innovation and improvement in electronic structure theory.

A more complete theoretical understanding of the elementary molecular
steps, with reasonably accurate prediction of reaction energies in both gas phase
and condensed media, including homogeneous, heterogeneous and enzyme
catalysis can be achieved.'"" First principle calculations have provided the
possibility of calculating the properties of transition states and reaction
intermediates not amendable to experiment!'! or determining reaction rates by
combining quantum chemistry with suitable reaction dynamics methods.!'® The
methods and techniques of TCC offer a unique window of exploration into the
nature of the corresponding reaction mechanism, and can be used to interpret
structure, bonding and energies in molecules. Thus, contemporary theory offers
tremendous opportunities in experimental chemical research.
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Before embarking on the details, it is necessary to make a few general
observations on experimental studies and theoretical calculations. From an
experimental point of view, both thermodynamic and kinetics measurements
themselves should not be regarded as a theory but rather a loose-knit collection of
ideas, incorporating the main theories of thermodynamics and kinetics,
respectively. It occupies an area between, but overlapping with, several branches
of chemistry (not just physical). As a quick illustration of its use, thermochemical
kinetics can take rate measurements and use them to obtain entropies and
enthalpies via equilibrium constant values. It may be regarded as being at the
interface between “chemical reactivity™ and “structure™. This will be also of
interest to quantum chemical theoreticians. Theoretical calculations permit also an
understanding of the thermodynamic and kinetic of a given chemical reaction, as
it will be presented along the next sections. As it has been remarked by Marcus:'”
18] «is that experiments are primary, often the source of new theory, and that the
interaction of theory and experiment is paramount, each stimulating the other”.
This fact has also emphasized Johnson,'” discussing how the two sides of
physical chemistry have necessarily developed together, and looks at how their
synergy dictates the direction of contemporary research.

Theoretical calculations permit also an understanding of the
thermodynamic and kinetic of a given chemical reaction, as it will be presented
along the next sections. In Figure 2 is depicted the connection among particular
concepts which will be introduced in the next sections. First, the Born-
Oppenheimer approximation (BOA) that allows to treat the electronic structure of
molecules very accurately without worrying too much about the nuclei. Then, the
notion of potential energy surface (PES) appears and the localization and
characterization of the stationary points on PES allow finding the minima: R, P,
possible I, and the saddle point of index one corresponding to transition structure
TS. From the minimum energy path connecting these stationary points, the
elementary chemical reactions and the reaction mechanism can be displayed as
one dimensional energy profile as the reaction proceeds, see Figure 1. The
corresponding thermodynamic and kinetic properties as well as the geometries
and electronic structures can be calculated, and compared with experimental data
if it available.

Alternatively, PESs from quantum chemical calculations can be turned
into thermodynamic data and be used to predict equilibria and rates in systems of
practical interest. Or again, mechanisms in complex systems can be analysed to
ask whether the values of rate constants for individual steps are reasonable, in
terms of kinetic theories and what is known about the reaction energetics. This
can lead to a focus on a key elementary reaction step where kinetic data are
lacking, but for which available energetic quantities (e.g. a bond dissociation
energy) can lead to a reasonable estimate. Sometimes from such considerations
new information emerges about the structure and energetics of intermediates.
Thermochemical kinetics tries to paint a broad brush picture, establishing patterns,
both in thermodynamic data (entropies, enthalpies of formation) and in kinetic
data (4 factors, activation energies) and seeking useful generalisations, it tries to
keep special cases to a minimum. It has been applied to an enormous range of
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chemical systems, molecular, free radical, ionic, both in solution and in the gas-
phase. Because of the complexities of solvent interactions it works best in the gas-
phase. Its strength and merit lies in this broadness since the implication is that
patterns do exist.

2. Born-Oppenheimer approximation and potential energy surface

A chemical rearrangement occurs when atoms in a molecule change their
specific arrangement. The forces operating on the atoms determine the path of
this motion. The time scale of chemistry is therefore the time scale for the motion
of atoms."” 2!l The vast majority of quantum chemical calculations is done in the
framework of the Born-Oppenheimer approximation (BOA)?* ***! which is
based on the observation that the nuclei are much heavier than the electrons and
move hence much more slowly, such that the electrons see the nuclei in their
instantaneous positions, while the nuclei see the average position of the electrons.
The BOA recipe consists in first solving the Schrédinger equation for clamped-
nuclei, to arrive at a PES, and then treating the movement of the nuclei on this
surface.

The Born-Oppenheimer potential energy surface(s) underlies theoretical
and computational chemistry (whether one considers a single or multiply coupled
surfaces). The recent progress in representing these surfaces, rigorously obtained
from electronic structure calculations is the focus of a very recent perspective
article by Bowman et al.1*%!

Thermal reactions of an N-atoms molecule can usually be adequately
described in terms of an N-dimensional adiabatic PES, in which a single potential
energy can be assigned to every nuclear configuration. The N dimensions consist
of 3N-6 nuclear geometry coordinates and one energy coordinate. Elementary
chemical reaction steps of an N-atomic system is viewed as semiclassical
phenomena, and depending on the chosen BOA Hamiltonian occur on a single
adiabatic PES. In other words, the disparate masses of even the lightest nucleus
and an electron have led to the widely accepted view that an adequate description
of thermal (very low energy) processes can be achieved assuming an effective
separation of electronic and nuclear degrees of freedom. This fact is the basis of
the BOA, i.e. it is the averaging over the much faster motion of the electrons that
specifies the potential energy and hence the forces. Adiabatic surfaces are defined
within the BOA by the energy (eigenvalue) of a given solution to the electronic
Schrodinger equation at each geometry. Such solutions are obtained by using the
full electronic Hamiltonian, that is including kinetic energy, Coulomb, scalar
relativistic and spin—orbit terms. The determination of the reaction path from the
reactant to the product structure over the transition point on one adiabatic PES is
achieved by well documented procedures.*”. This invites a detailed theoretical
analysis of the factors that control reaction paths and corresponding PESs. Such
theoretical analysis will not only provide interesting new insights into the
intricate relationship between the chemical bonding features, structure, and
energies of TSs. In addition, the usual assumption done for the computation of
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atomic vibrations is also based in the BOA, i.e. that light electrons can
immediately follow the positions of heavy nuclei, making the computational task
considerably easier. On the contrary, when electrons are excited to a very short-
lived state, atomic nuclei cannot adjust their position within that time. It is only
when the electronic excitation state has a lifetime comparable to the atomic
vibration period that the nuclei can readjust their positions to achieve a new total
energy minimum (relaxation). The Franck-Condon principle applies to a case
where light excites an electron from its ground state to a higher energy state with
sufficiently long lifetime for a relaxation®® *. The physical picture for this
approximation is that the electrons instantly adjust to the current position of the
nuclei so that the equilibrium arrangement of the bonded atoms is determined as a
minimum of the electronic energy. In the BO approximation, the system is
confined to be in a single stationary electronic state, and if this confinement is
strict then there is not electronic time scale that is relevant to chemistry. During a
chemical rearrangement, the motion of the atoms can be accompanied by a
reorganization of the electronic structure, and recent experimental progress
allows for probing this change® in real time. However, it is the motion of the
nuclei that sets the time scale because the electronic reorganization exactly tracks
the shifts in the positions of the nuclei. As the heavier nuclei move, the light
electrons immediately adapt.

The electron dynamics can be analyzed in the field of stationary nuclei
and, then it is possible to introduce the concept of an electronic Hamiltonian with
its pointwise determined stationary electronic states and from here the associated
the concept of PES emerges.’!'This is based on the BOA or adiabatic
approximation, widely used to simplify the very complex many-body problem of
electrons in molecules, assuming that electrons equilibrate much faster than the
atomic motion of the ionic cores. This approximation can be considered as static
representation of the corresponding chemical reactions and without this
approximation, most molecular problems become difficult or impossible to solve
analytically. Considering the BOA, the reactive systems move from the reactant
minimum on the PES through TSs and intermediates to the product minimum.
The determination of the ground-state and excited-state PESs and also associated
stationary electronic states for a molecular system requires the choice of a set of
internal coordinates for the nuclei to estimate energies at intermediate geometries.
Each PES exhibits considerable structure for a polynuclear molecular system and
often provides attractive pictures with local minima corresponding to stable
species and transition states serving as gateways for the system to move between
such minima, commonly along minimum-energy paths. Then, the ability to
construct such PES is dependent of the BOA, which treats the motions of
electrons and nuclei as separable, with the former changing effectively
instantaneously in response to the latter. In this context, a visual representation of
the chemical rearrangements appears: The reaction pathway is associated to the
minimum energy path on PES starting from reactants to products, via the
corresponding TS and possible intermediates. Then, during the course of
chemical reactions, reactant molecules need to surmount an energy barrier on
PES to reach their transformation into products. Knowledge of TS and the family
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of configurations through which reactants evolve into products, is the key to
molecular level to understand the chemical reactivity.”

Within the broad scope of these investigations, particular interest has been
focused on extracting information about the stationary points of the PES.
Considering the BOA, minima on the N-dimensional PES for the nuclei can be
identified with the classical picture of equilibrium structures of molecules and
saddle points can be related to transition states and reaction rates. TCC allows a
rigorous mathematical definitions of ‘critical points’> on a PES, and thence
assigned to equilibrium complexes or TSs. Within this approach, minima and
saddle points have been fully characterized through the first and second
derivatives of the energy (gradient and Hessian) over the nuclei positions,
however, it has been difficult to attribute too much chemical or physical meaning
to these critical points.”*) Theoretical descriptions of chemical reactivity are
based on concepts derived from the corresponding PES. Molecular structures
(reactants, products, and possible intermediates) are associated with the minimum
positions in the valleys; while the transition structure (TS) is a saddle point of
index one on the PES. The energetics aspects of the reaction can be obtained from
the energies of these stationary points, that is, the thermodynamic and kinetic
parameters can be derived from the relative values of energy between them.”*
Therefore, the standard description of chemical reactivity tends to rely on
calculation of the geometries and energies of these stationary points lying on the
reaction pathway of a given chemical rearrangement. Energetics and
thermodynamics can give information on whether a reaction may take place or
not, but cannot without further model assumptions yield information about its
rate. Such model assumptions can, in many cases, be supplied, for instance, by
transition-state theory (TST),”> ** provided that the relevant PES is known in
sufficient detail.

In summary, understanding chemical reaction mechanisms involves: 1)
calculating the relative energies and electronic structure of the stationary points
on PES, ii) examining the intervening species along the reaction progress. This
implies detailed knowledge of the reaction mechanism and how the reaction
barrier can be changed to improve stereoselectivity, increase product yield, or
suppress undesirable side reactions. Although stationary points on PES are useful
mathematical features for analyzing the reaction path, their chemical or physical
meaning remains uncertain” *’, Reorganization of bonding is the principal
feature of any chemical reaction.”® ***) Thus, revealing of its nature for both
specific processes and their types is undoubtedly an important task. In terms of
TCC, the reorganization of bonding is most commonly represented by electron
density."!!  Alternatively, a chemical reaction can be studied from the
redistribution of the electron density along the reaction path connecting the
stationary points. It is possible to understand the bond breaking/forming
processes in a reaction. Bader and co-workers pioneered the study of the
structural change based in the electron density using the Thom’s theory of
elementary catastrophes'*) Another representation of the electronic wavefunction
is the electron localization function or ‘ELF’.1#* 44 Then, the reaction mechanism
is determined by the topological changes of the ELF gradient field along a series
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of structural stability domains. From this analysis, concepts such as bond
breaking/forming processes, formation/annihilation of lone pairs and other
electron pair rearrangements arise naturally along the reaction progress simply in
terms of the different ways of pairing up the electrons. This strategy has been
applied to different elementary reactions as proton transfers* ¢
isomerisations,[47] electron transfers,[47’ 8] and studies on two-state reactivity[49'51].
A systematic investigation of the mechanism of important organic reactions such
as the Diels-Alder,[sz’ 31 the 1,3-dipolar reaction between fulminic acid and
acetylene,”" the molecular mechanism of the Bergman cyclization,” the
trimerization of acetylene,”® the “chameleonic vs centauric” mechanisms of the
Cope rearrangement of 1,5 hexadiene and its cyano derivatives,’” the Nazarov
cyclization,[sg] and the Sy2 reaction.”)

One of the most exciting developments in TCC is the ability to predict the
rate coefficients of chemical reactions. Since Eyring and Wigner formulated
transition state theory (TST),>** theorists have been challenged by classical and
quantum TST for a few decades.[” ®") More recently, Miller et al. have developed
a more accurate and less ad hoc quantum version of TST which they referred to
as the quantum instanton model, and this model has been applied to several one-
and two-dimensional model problems, and to a variety of simple benchmark
collinear atom-diatom reactions and three-dimensional D+H, reaction. % 6% 63]

For relatively small gas-phase species, mostly reactions involving three or
four atoms only, it is possible to calculate a full-dimensional PES and solve the
scattering problem exactly using time independent or time-dependent (wave-
packet) methods.[®” These methods can also be extended to systems with more
atoms, either by treating some ‘spectator’ degrees of freedom in a more
approximate way,'®™ or by using sophisticated interpolation methods for PES and
the multi-configurational time-dependent Hartree-product method to propagate
wavepackets.” In all these cases provided the electronic structure calculations
on the PESs are accurate enough (e.g. barrier heights within better than 1 kcal
mol™) then rate coefficients can be determined with an accuracy approaching or
indeed exceeding that of experiment For larger systems, especially those in
which it is not straightforward to separate ‘active’ and ‘spectator’ degrees of
freedom, this type of approach remains impossible, but very accurate results can
be obtained using modern versions of Transition State Theory (TST), including
such effects as tunneling and variational optimization of the position of the TS.
These methods even yield good results for very challenging problems such as
calculating rate coefficients'®”and isotope effects'®® for enzymatic reactions. In
fact, for many reactions, even the simplest form of TST gives reasonably good
results (rate coefficients within one order of magnitude of experiment), provided
that care is taken to calculate the barrier height accurately.'®” Despite extensive
debate on the applicability of TST due to effects such as non-ergodicity, barrier
recrossing or solvent friction, L0 T dynamic effects,”’*”! nonadiabatic
recrossing!’ ' 7678
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Perhaps an even more important contribution of TST is that it provides a
fundamental framework in which to think about the rate coefficients of chemical
reactions. The activation enthalpy is a quantity that is readily understood in terms
of the same criteria of bonding and steric effects that are commonly used by
chemists when designing new compounds. This means that for two similar
reactions, chemists will often be able to predict the difference in activation
enthalpy from rough knowledge of the geometry and bonding character of the TS.
The activation entropy is perhaps less well understood, but can likewise be
rationalised and predicted based on the ‘looser’ or ‘tighter’ nature of the TS, and
on the number of translational and rotational degrees of freedom. This fact has
been recently point out by Harvey.!””!

In this way, when computational chemists locate a transition state, or
experimental chemists propose a transition state structure, this in itself is often
used to rationalise reactivity by an implicit reference to TST.®*™ Given this
paradigmatic role of TST in understanding chemical reactivity, it is perhaps not
surprising that chemists become much less confident when discussing processes
to which TST cannot be directly applied. However, it is important to recognize
that TST has been criticized since their initial formulations. As an example, we
can select the comment by Smith!® in 1969:

“I believe that calculations based on a single-potential energy surface will be of
very limited usefulness in the real world of chemically reacting systems, and that
electronic transitions between a multiplicity of states are likely to play a very
large role in such events.!***" Even where adiabatic calculations with a single
potential surface are valid, it is desirable to demonstrate their validity, and this
can only be done in the framework of a theory which takes proper account of all
the couplings between states that may exist, so that they can be evaluated and
proved to be small. If these couplings are strong, quantum effects associated with
such nonadiabatic behavior may prove to be one of the most important features of
many chemical reaction processes.

Probably such quantum effects will turn out to be more important than the
quantum effects associated with barrier leakage and vibrational zero-point
energy that are often discussed in connection with the movement of systems over
adiabatic surfaces.”

This sentence is now particularly interesting because it is evident from the
analysis of the current bibliography that a deeper understanding of chemical
reactivity it is mandatory taking into account the crossing between two or more
PES of different spin multiplicities. The discussion of reaction mechanisms and
pathways is usually based on a single PES: starting from the reactant minimum
the reactive system moves through a TS and proceeds further to intermediates
and/or product minima. In a classical representation of chemical reaction
involving (closed-shell) ground states of reactants and products, the electron spin
is a negligible quantity, influencing neither the efficiency or the selectivity of a
transformation. Although this concept represents only one aspect of chemical
reactivity, it has proven to be a useful tool in rationalizing the greater part of
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reactions. The success of this concept and its justification, especially organic
chemistry, lies in the fact that organic species generally possess low-spin ground
states, and their reactions proceed on a single energy surface (single-state
reactivity). However, the number of exceptions is, however, constantly increasing
and calls the former general statement into question. This topic is gaining some
traction, slowly, as experimental data and theory-based models have provided
grounds for reconsideration. Spin multiplicity play an important role in
determining the reaction mechanisms and rate constants have a more important
role in Chemistry than was previously recognized and finding unambiguous
evidence for rationalizing chemical reactivity. Then, the concept of spin-
forbidden reactions can be changed to spin-drive reactions in some cases

In 2000 and 2002, Buchachenko et al®” ® has been reviewed the great
success in controlling chemical reactivity by spin manipulation, many
remarkable spin and magnetic phenomena. Among those discoveries, the most
chemically important highlights are magnetic isotope effect, spin catalysis, and
single-spin tunneling spectroscopy. It seems plausible that the involvement of
excited states in thermal chemistry might be more prevalent than has been
recognised to date.

Two-state (or more general multi-state) reactivity™ is a governing factor
in many reactions when the adjacency of excited-state surfaces makes it
necessary to expand the single-surface representation. The transition probability
between the surfaces of different multiplicities is of the same fundamental
importance as are transition structures, their entropic requirements, and the
associated barrier heights in the classical kinetic model. Then, the changes in
bonding that drive chemical reactions can occur either through the adiabatic
variation of the electronic wavefunction with nuclear configuration or through
nonadiabatic changes in electronic state.

Computational and theoretical approaches have now become indispensable in
various fields of chemical research and development and have entered the main
stream of chemical reactivity. Working in the area of TCC, we have, in the past
decade, focused on the application of modern computational techniques, that is,
quantum chemical calculations, to studies of structure, bonding, and chemical
reactivity. The present review aims at providing a comprehensive overview of the
efforts over the last decade towards chemical reactions for which intersection
regions between different PESs can play critical roles. This review, in contrast to
a traditional one that discusses a particular topic developed over time, illustrates
some of the achievements that have been obtained. First, the purpose of this
review 1s to examine the literature on thermal nonadiabatic reactions, to look for
common physical phenomena that link seemingly disparate reactions, and thereby
to assess the likelihood that there could be more thermal reactions involving
nonadiabatic events than has been recognized heretofore. The concepts and
examples presented in this review are intended for nonspecialists, mainly
experimentalists. We thus presented an overview on chemical reactivity, in which
the concepts of elementary chemical reaction, reaction mechanism within BOA
and PES are emphasized. This review is organized as follows. First, in the next
section, we introduce the fundamental outlines involved in the approach of PESs
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of different spin multiplicities. This behaviour appears even to a well-known
textbook chemical reaction. Then, the spin-forbidden reactions will be revisited,
and they are classified in five differents types (organic, inorganic, organometallic,
enzymatic and heterogeneous catalysis)

3. Beyond BO approximation. Approaching potential energy surfaces

Although the foundation of modern quantum chemistry is based on the
BOA, according to which nuclei move on a single adiabatic PES. As we have
previously emphasized the vast majority of quantum chemical calculations is
done in the framework of the BOA, solving the Schrddinger equation for
clamped-nuclei, to arrive at a PES, and then treating the movement of the nuclei
on this surface. As it is pointed very recently by Bader: “The electron density
provides a physical model of matter, one in which point-like nuclei are embedded
in a relatively diffuse spatial distribution of negative charge — the density of
electronic charge —a distribution that is static for a system in a stationary state
and one that changes in a continuous manner during any adiabatic change, i.e.,
one that does not involve a change in the electronic state of the system. In the
spirit of the Born—Oppenheimer approximation to the vibronic wave function, the
electron density is assumed to adjust instantaneously to any and all motions of
the nuclei”®There are situations where this concept breaks down, and
nonadiabatic processes are ubiquitous. In these cases, the approximation
frequently fails in the vicinity of nuclear configurations at which two or more
electronic states become degenerate, i.e the corresponding PES touch and many
important reactions occur on several PESs, comprising a variety of cases, which
still require formidable theoretical and computational efforts!?” !+ % 93 tBearpark, 1994
#L 9413] These regions provide crucial conduits by which products in their
electronic ground states can be formed from reactants in excited states. The field
is in fact so broad and there are just some of the reasons that it would be
mandatory to provide an adequate overview within a single article.

As is well known, states of the same symmetry cannot cross over but
rather repel each other and a descending curve of interaction of a high state will
approach an ascending curve of a lower one only to repel each other before they
meet. This phenomenon is known as an ‘‘avoided crossing’’!"'¥ quantitatively
formulated the non-crossing rule in 1929 proving a theorem initially proposed by
Hund.!''™ Non- adiabatic transitions between potential energy curves have
applications in physics, chemistry, biology and even social sciences.!''®! In this
respect, Pacheco-Sanchez and Novaro!''”! have recently generalized the Landau—
Zener formula'™ " Zener C (1932) to the interaction between tetrahedral
molecules and metal atoms

One can distinguish two basic types of crossing points between PES:
conical intersection (CI) if the crossing is between states with the same spin
symmetry, giving rise to internal conversion (IC) processes, or singlet- triplet
crossing (STC), for instance, if the states have different spin symmetry, and this
leads to intersystem crossing (ISC). The work developed by the groups of
Yarkony,mo] Ruedenberg et al,[m] and Robb et al.,[m’ 1231 has shown that CI and
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STC are a very common feature of PES. As a result of that, presently, one can use
techniques and algorithms that permit the determination of those geometries for
which CI and STC appear for in vacuo systems. The representation of PESs and
their interstate interactions has long been a goal of TCC/!'**'**)In the last years,
the study and characterization of nonadiabatic processes(processes that imply
more than one PES)® has received much attention. Most theoretical studies
performed to date on nonadiabatic processes have addressed the study of conical
intersections (CI),!"** '**) and intersystem crossing (ISC) in gas phase conditions
using both semiempirical ['2% 122 12 136191 404 recently the interest has been
shifted to the study of processes in solution!**'*or taking into account the
environment!'** 4]

4. Spin-forbidden reactions

Chemical interactions are governed by various selection rules, among
which the ones due to Wigner formulate the constraint of overall spin-
conservation. Chemical reactions can be strongly affected by spin-crossover,
since, due to its nature, the spin is not always properly preserved. Spin-crossover
mixes states with different multiplicity and consequently may lead to a change of
the total electron spin during the reaction, as it happens at energetic surface
crossing points. Such a spin-changing is usually called as “forbidden”, even if this
term is not always the most appropriate one, since the spin-forbiddenness
becomes less forbidden when the electrons responsible of this change are mainly
localized in heavy elements present in reactants or products.!'*”) Spin-forbidden
reactions are an important class of non-adiabatic reaction. Such processes are
fairly common in photochemistry but also in thermal chemistry. It is useful to
have a general model to rationalize reactivity in such cases. Thermal reactions that
include more than one spin PES are becoming the topic of increasing interest.!'**:
146 The spin- forbidden reactions that involve a change in the spin state and thus
occur on two or more PESs are known to be important in determining the outcome
of chemical processes.!"*” '**! Along the spin-forbidden reactions, a change of spin
state occurs. These reactions are said to be non-adiabatic, in the sense that they
occur on more than one PES, with transformation of reactants to products
requiring the system to ‘hop’ from the PES corresponding to the initial spin state
onto that corresponding to the product state for reaction to occur. In fact, in some
cases, reactions may require more than one hop, for example if the mechanism
involves an intermediate with a different spin state to that of both the reactants
and the products. This means that a reaction can be spin-forbidden even if
reactants and products have the same spin state if more than one spin change
occurs.

It is well known that gas-phase reactions are controlled by a spin-
conservation rule,""*? which is an extension of the Wigner—Witmer rule for the
dissociation of diatomics. In a theory in which the Hamiltonian does not contain
spin operators, the rate of a chemical reaction is zero if the spin of the electronic
wave function of the products differs from that of the reactants. The presence of
the spin-orbit coupling term in the Hamiltonian leads to a violation of this
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“selection rule” and the rate of reactions in which the electronic spin is change is
not zero; however, because the spin-orbit coupling energy is smaller than the other
energies in the Hamiltonian, the rate of a reaction in which the spin state changes
is small (rather than zero). With few exceptions,!>” '°! this spin-conservation rule
has been ignored in computations using density functional theory (DFT) to study
reactions of interest to surface science. One reason for this neglect is the inability
of DFT to provide a rigorous definition of the spin state of the many-body
electronic wave function.

Spin nonconserving route to reaction plays an important role in most of the
chemical reactions. This spin-forbidden process involves dynamics on coupled
electronic states. The electronic states of different spin angular momenta cross
during the course of the reaction. This process, particularly, is more significant in
chemical reactions involving biradicals!*® and radical pair intermediates!*®! In
chemical reactions of polyatomic molecules comprised exclusively of light atoms,
electron spin intersystem crossing (ISC) can be quite efficient despite the
necessarily small spin-orbit coupling (SOC) constant values (less than 100
cm—1).Simulation of nonadiabatic dynamics is daunting as one has to first
determine multiple surfaces and their couplings, and then to find a suitable
dynamical method describing the nuclear motion subject to these coupled
surfaces. For a system with many degrees of freedom, the conventional way of
first generating analytical PESs and coupling surfaces!’>* ' is a cumbersome
task and has not, so far, been done.

In the case of transition metal cations it is particularly interesting to
explorer two-state reactivity (TSR) phenomenon!'*® '] which involves the
crossing between low- and high-spin potential-energy surfaces has been suggested
to influence the reaction products distribution, and_some- times play an important
role in the reactions!” " 'l Among other interesting aspects, these reactions
can constitute simple models for analyzing some of the electronic factors which
could be relevant in the competition among reaction paths leading to different
products.

4.1 Minimum Energy Crossing Points

According to perturbation theory, the amplitude of mixing between singlet

and triplet state wave functions due to the spin-orbit coupling is given by!'®*'®]
[170, 171]

Cst= C/Es-Et

where C is the spin-orbit coupling matrix element and Es and Et the energy of the
singlet and triplet states, respectively. If Es and Et approach each other, e.g., due
to a weaker singlet-triplet splitting, the mixing amplitude becomes significant and
the probability of intersystem crossing gets enhanced, which is known as the
“energy gap law” for nonradiative energy relaxation!'®® '¢% 170l
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Energy surface crossings play important roles in understanding the
mechanisms and dynamics of many nonadiabatic chemical and bio-chemical
processes!'*® 14172173 and in particular, when a process involves a change in the
total electronic spin. Determining the lowest crossing point, at which two energy
surfaces corresponding to different spin states intersect with minimum energy, is
important because it serves as the most likely place where the transition
occursl!02 136 174]

To elucidate the mechanisms associated with spin- forbidden processes
one can use a simple and yet powerful concept, namely, the minimum-energy
crossing point (MECP) on the seam line at which two adiabatic surfaces intersect.
Therefore, it is important to compute MECPs in order to understand and quantify
the physical in-teractions which are active at the crossing point, such as spin-orbit
coupling (SOC), which facilitate or “catalyze” spin-forbidden processes.
Therefore, it is crucial to develop algorithms for finding MECPs without having
to compute entire potential-energy surfaces since this is, in general, prohibitive.
However, most electronic structure packages presently compute with good
efficiency stationary points on single potential-energy surfaces e.g., energy
minima, saddle points, but because these are not stationary points on either of the
two intersecting spin surfaces.!'*”!

For an N-atom molecular system, the MECP corresponds to a set of 3N
nuclear coordinates, for which the energies of two spin states are equal and often
represents a key bottleneck along the pathway of spin-forbidden processes.!'™*..
Although in principle existing electronic structure methods can calculate
independently two different adiabatic surfaces and indirectly to find their crossing
points by superposition, this is in practice impossible for large transition metal-
containing complexes such as coordination compounds and metal centers in
proteins. Therefore, it is crucial to develop algorithms for finding MECPs without
having to compute entire potential-energy surfaces since this is, in general,
prohibitive. However, most electronic structure packages presently compute with
good efficiency stationary points on single potential-energy surfaces e.g., energy
minima, saddle points but typically do not compute MECPs because these are not
stationary points on either of the two intersecting spin surfaces.'*) This is
particularly true for computations on large metal-containing systems. Previous
investigators have made significant advances towards the direct calculation of
MECPs!!75] [94.96,97,120]

5. Examples

As we previously mentioned, quantum chemical calculations raised a
powerful tool to provide new insights into elementary steps, type of intermediates,
reactivity patterns, and determination of electronic structure along the possible
reactive channels.!'" 7' Accurate theoretical computations provide an
alternative source of information, allowing a very helpful interplay between
theory and experiment in this area of research, as has been recently pointed out by
Schwarz and coworkers.["*®! Also, Mercero et al' and Russo and co-
workers!'®" 2°2%] have stressed the importance of widely used quantum chemical
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calculations to illustrate spin-forbidden processes in gas-phase ion-molecule
reactions, while Harvey®*!!

in a recent paper shed light on the kinetics of spin-
forbidden chemical reactions.
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Experimental Studies Theoretical Calculations
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