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Chapter 1
Introduction

More than one hundred years ago, on June the 8 of 1908, one of the pioneers of pho-
tochemistry, Giacomo Cimician, presented a comprehensive account of his work. This
talk addressed to the French Chemical Society has been not only of primary import-
ance due to the large number of photochemical reactions characterized in collaboration
with Paul Silber that were presented, but as well for the great vision of photochem-
istry as a 'better’ chemistry. In his talk, Cimician went directly to the key point and
started by this sentence: "To the great successes of modern organic chemistry, it has
been often reproached of having being reached with too big a show of strength. And,
to be correct, one has to acknowledge that such objection is not groundless. The use
of an aggressive reagent and a high temperature can not be avoided when making
organic synthesis in the lab. Per se, using a strong energy would not be humiliating
for modern organic chemistry, were it not that the organic world give the wonderful
example of greats results obtained by using the last mean.” "Besides enzymes", he
added, "there is another agent that is all important, at least for green plants, and
the influence of which on organic processes deserves an in-depth examination, and
this is light. For plants light is the source of energy.|...] It may thus happen that
exploiting solar energy may become interesting also in a different way: when all of the
coal will have been burned in our prodigal industries, it my be necessary, also for the
economy of the society, to exploit solar energy. Photochemistry studies the conversion
of the energy of radiation into chemical energy and chemical phenomena related to

such problems”. [1, 2|

In this few sentences, professor Cimician gave not only a basic definition of pho-
tochemistry but as well one of the great advantages that photochemistry might have
on classic organic chemistry: now that the problem of energy resources is even more

pressing, with oil sources known to end within this century almost certainly, the ne-
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2 1. INTRODUCTION

cessity to exploit solar energy is more than never a key point from an economic and
social point of view. However, after a rich period in terms of development of pho-
tochemistry, with the works of other pioneers as Paterno or Stobbe, photochemistry
progressed only slowly for the following decades. It will not be before the decade of the
50’s, when the concept of electronically-excited states was theoretically understood,

that development of molecular photochemistry began again.

Nowadays, the interest in photochemistry has raised impressively, both in terms of
fields that are investigated and of potential applications. Photochemistry opens new
paths different from those of classic chemistry, as it allows to reach unstable species
that would be impossible to get by a thermal reaction. Specific electronic excited
states might be obtained using the adequate wave length, that can turn into species
with new properties. In this way, photochemistry is now a "must" tool in synthesis.
Photoactive ligands are used in catalysis with good results. Photochemical phenomena
are very common in biological processes. Its possibilities in terms of material science
are interesting as well. Some molecules show photomagnetic, photochromic or pho-
tomechanic properties. Even if applications are on a long-term future, some electronic
features like charge transfer reactions might lead to the design of molecular switches,
logical gates and wires on a nanoscale, which would be a giant step compared to the
physical limit of the current electronic industry based on silicon material. Due to the
reversibility of some reactions and the possibility of controlling them by a fine tun-
ing of the initial excitation, molecular motors are now designed with good prospects.
The photochemistry field is now widely open and will attract more attention in the
next years with the further development of technics. From the experimental point of
view, new apparatus allows to investigate specific characteristics with better accuracy,
as lifetime or quantum yield that were difficult to evaluate before. The same occurs
in the theoretical approach, where both methods and computational capacities are
adapted to this kind of studies, in spite that the peculiar nature of the field makes
necessary a good knowledge in physics and chemistry for a good understanding. If
photochemistry has been lately developed very fast, it is still without a doubt one of

the most promising fields in the chemistry world.

Our work in this field focuses on the computational study, by the mean of ab-initio
methods, of the mechanism of some photochemical processes. The theoretical methods
chosen to develop this study allow a good description of the electronic states and
potential energy surfaces involved in the reactions. The peculiarities of photochemistry
make necessary the use of specific methods able to describe with the same precision the
ground state and the excited ones to be able to reproduce the experimental data. The

theoretical procedure used in this work fulfill these characteristics, as will be shown in
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the studies developed in this thesis.

One of the processes studied is the non-radiative decay of photochemical system.
Uracil shows an ultrafast nonradiative decay of primary biological importance, as this
is the main mechanism of defence for DNA and RNA against damage by the solar
light. This quick decay without emission nor a new final product preserves the genetic
information. The path for this decay has been searched for in order to explain the
different lifetime of the decays of uracil and uracil derivatives and the influence of
substitution on the photochemical and photophysical properties. 5-fluorouracil, 5-
aminouracil and 6 aminouracil, that show some differences with the parent system,
allow us to check the influence of both the electronic effect and the position of the

substituents on the general mechanism.

On a different work, we studied systems with donor-acceptor n groups. These
molecules show charge transfer reactions that in turn lead to interesting features on
their fluorescence. They can show two different types of fluorescence, called normal
and anomalous fluorescence. The reaction mechanism has been investigated as well as
the species responsible for the different emissions. For the same reasons than for the
study or uracil, electronic and sterical substitution have been studied through different
derivatives of the parent system 4-(N,N-dimethylamino)-benzonitrile: more or less ri-
gid bicycles (5-cyanoindoline, 6-cyano-1,2,3,4-tetrahydroquinoline, 1-methyl-6-cyano-
1,2,3,4-tetrahydroquinoline, 1-methyl-7-cyano-2,3,4,5-tetrahydro-1H-1-benzazepine, 7-
cyano-2,3,4,5-tetrahydro-1H-1-benzazepine and 1-ter-butyl-6-cyano-1,2,3,4-tetrahydro-
quinoline), bulky substituents with the (di-tert-butylamino)benzonitrile isomers and
finally the 2,3,5,6-tetrafluoro-4-(dimethylamino)benzonitrile to check influence of the

fluoro-substitution.

This report has the following structure. Chapter two includes a brief presentation
of the basics of photochemistry needed to understand this work, before a presentation
in chapter three of the computational methods that have been used. Chapter four is
devoted to the study of the photochemistry of Uracil and some derivatives. Systems
showing charge transfer reaction are the subject of the chapter five. In the last chapter,

the conclusion extracted from the different studies are summarized.
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Chapter 2

Photochemistry

2.1 Molecular photochemistry

Molecular photochemistry is a science concerned with description of physical and chem-
ical processes induced by the absorption of photons, in terms of a concrete mechanistic

model based on molecular structures and their implied properties.|1, 2, 3|

The "photo” part of molecular photochemistry might be seen as a too restrictive
prefix but is the historic one. Indeed, although photons are the most convenient means
of initiating photochemical reactions, light is not required to produce electronically
excited states. Thermal pathways may produce excited states as well and can therefore
cause photoreactions to occur "in the dark”. The "molecular” part emphasizes the use
of the molecule as a crucial and unifying intellectual unit, which is used to parametrize,
systemize and visualize photochemical processes at the microscopic level from their
very start to their termination, id est from the absorption of a photon to the isolation

of products.

Photochemical reactions have a wide range of characteristics. They can occur in
all phases, including solid state, at very low temperature and can be triggered with
different light radiations, even if the most common ones are UV radiations (200-380
nm) and visible light (380-700 nm). The process can be extremely fast, even faster
than some photophysical processes as it will be seen later in this chapter. Moreover,
photochemical reactions might be regioselective, as different cromophores absorb the
excitation light at different wavelenghts. In that way, the position and type of chro-
mophores influence the results of a given reaction, as well as the wavelenght used to

initiate the reaction.
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8 2. PHOTOCHEMISTRY

2.2 Potential energy surfaces

The theoretical treatment of photophysical and photochemical processes within the
framework of the Born-Oppenheimer (B.O.) [4] approximation requires some know-
ledge of the Potential Energy Surfaces (PES) [5] of the ground state and of one or
more excited states. The B.O. approximation simplifies the general molecular prob-
lem by separating nuclear and electronic motions. Due to their higher masses, nuclei
move slower than electrons, so that it could be considered that electrons react essen-
tially instantaneously to changes in nuclear positions. Within the framework of this
approximation, a molecule formed by N atoms will have 3N-6 degrees of freedom. In-
deed, a N atoms molecule will have 3N coordinates, of which three will describe the
overall translation of the molecule and others three the overall rotation with respect
to the three axes. In the case of a linear molecule, only two coordinates are necessary
for describing rotation so that it leaves 3N-5 degrees of freedom. The electronic energy
of the molecule will so be function of this internal coordinates, giving an hypersurface
that connect the energy with the molecular structure. This PES forms the basis for a
detailed description of the reaction process. But as a two-dimensional energy curve is
more readily visualized than an energy surface, it is often used, plotting energy along
one internal coordinate. Each point on a potential energy curve represents a specific
nuclear geometry (horizontal axis) and a specific energy (vertical axis). Replacing
the concept of a group of nuclei with the notion of a center of mass, a representative
point that moves with the same characteristics as a single particle, allows us to visu-
alize in a simple way an energy trajectory of a complex system of particles executing

complicated motions.

Figure 2.1 shows two potential energy curves that maps the possible pathways of

a photochemical reaction.

Figure 2.1: Scheme of a photochemical reaction using potential energy curves.

Excited state

Potential energy

Ground state

Reactant r

F Y
L )

non-adiabatic I Photoplysic I Adiabatic
photochemist photochemistry

After radiation’s absorption, the reactants go to an excited state R*. Once excited,
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2.3. RADIATIVE AND NON-RADIATIVE MECANISMS 9

there are three possible pathways:

e an adiabatic process, which corresponds to the right part of the scheme. In
that case, the molecule will move adiabatically on the excited surface to a local

minimum and then go back to the ground state with radiation emission.

e a non adiabatic reaction, on the left of the scheme, where a non-radiative process
occurs trough what is called a funnel or hole. On that point, energies of both
states are so close that a radiationless jump is allowed. The process will then go
on along the ground-state surface, to the initial reactant or a different product

depending on the topology.

e a photophysical reaction, with the excited state going back to the ground state

and losing the excitation energy by an emission of light.
Knowing that, we can make some important generalizations:

e Absorption and emission of light tends to occur at nuclear geometries that cor-

responds to minima in both the ground and the excited surface.

e radiationless jumps are most facile for geometries for which two surfaces come
close together in energy, and the efficiency of these jumps will be the key point

for non-adiabatic photochemical processes.

e the location and heights of energy barriers on both the excited and ground state

surfaces may determine the specific pathway of a photoreaction.

e the course of a photoreaction depends on competing photophysical as well as
photochemical processes. Especially, the quantum yield of the reaction will be

determined by that competition.

2.3 Radiative and non-radiative mecanisms

As said before, these two processes compete and determine some of the characteristics
of a photochemical reaction. Basically, the main difference between both mechanisms
is that a photophysical process lead to alternative states of the same species such that
at the end the chemical identity of the molecule is preserved, while a photochemical

process converts the molecule into another chemical species.

In every case, reactions start with the absorption of a photon. When a molecule

is irradiated, both electric fields, the molecule’s one and the radiation’s one, interact.
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10 2. PHOTOCHEMISTRY

The molecule is said to become polarized by the electric field, and a Transition Dipole
Moment (TDM) is induced. The direction of this induced dipole is always parallel to
the direction of the external field. If its energy corresponds to the difference in energy
between two stationary states of the molecule, a photon can be absorbed, transferring

its energy to the molecule what causes a change in the electronic structure.

This TDM can be calculated with the following relation:

TDM = 3 < @, |U,| P, >

a=x,Y,2

where ®,, and ®,,, are the wave functions of the initial and final states of the transition
and U, the dipole moment operator of the radiation. The oscillator strenght is often
used as a measure of the spectral intensity, where the following equation allows to
bridge the classical concept of oscillator strength with the quantum mechanical concept
of TDM:

fn—)m: 2/3 AEnm|r]:‘]:)1\/1n—>m|2

which is a general approximation of the complete equation:

2 -

__ MeC 8w 2
an»nl‘* éé Vnm- §ﬁ|jjI)h4n4»nJ

So that the oscillator strength of a transition is directly proportional to the square of
the dipole moment associated to the energy difference between the two states involved
in the transition. This value will give a good idea of which state mainly absorbs
the radiation, as forbidden transitions give an oscillador strength close to zero when

allowed ones give an oscillador strength closer to one.

Since electronic motions are much faster than nuclear motion, electronic transitions
occur most favourably when the nuclear structure of the initial and final state are sim-
ilar. This is called the Franck-Condon principle, and by analogy with the potential
energy curves, we will talk of vertical transitions to describe theses radiative trans-
itions. Once that the molecule absorbs the photon, it will have an excess of energy.
This excess can be dissipated either by photophysical processes or photochemical ones
that will compete. The relative importance of these various processes depends on the
molecular structure, the electronic state as well as on the surroundings of the molecule.
All these processes can be seen on the Jablonski diagram below (Figure 2.2) and can

be classified in three main categories:

e Photophysical radiative processes, which imply an emission from the excited sate

to the electronic ground state.
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2.3. RADIATIVE AND NON-RADIATIVE MECANISMS 11

e Radiationless mecanisms, which can be photophysical or photochemical.

e QQuenching processes, or bimolecular processes, where the energy transfer will be

done from one molecule to another.

Figure 2.2: Jablonski diagram.
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As it can be seen on the diagram, there are two kinds of radiative transitions:
fluorescence and phosphorescence. In both cases, the emission usually takes place from
the lowest excited states, due to the so-called Kasha rules.|?| Fluorescence is a process
that take place between two states with the same spin state, so that it will be usually
S1 —Sp transition, a transition from the first excited singlet state and the ground
state. On the other hand, if the two states have different spin, phosphorescence will
happen. For example, the lowest excited triplet state may be populated from the lowest
singlet state trough an intersystem crossing (ISC), and then it emits phosphorescence
due to the T;—S, transition. Phosphorescence’s lifetimes are usually longer than
fluorescence’s lifetimes, which can produce emission in the range of picoseconds or

nanoseconds.

About non-radiative processes, we will talk only of the intramolecular mechan-
ism. Indeed, as said before, quenching processes are non radiative, but take place
between two molecules. If absorption or emission might be called “vertical” transition,
non-radiative mechanisms would be considered as horizontal transitions, as they occur
between states almost degenerated in energy. In the same way that for radiative mech-
anisms, we can separate non-radiative transitions in two different processes, depending
on the spin multiplicity of the implicated states. We will talk of Internal Conversion
(IC) in the case of a transition between two states with the same spin multiplicity,
and of Intersystem crossing (ISC), when the two states show a different spin multipli-
city. As well as for radiative transitions, IC are spin-allowed transition and ISC are

spin-forbidden, which in fact means it will be slightly permitted.
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12 2. PHOTOCHEMISTRY

2.4 Adiabatic and non-adiabatic photochemistry.

Within the Born-Oppenheimer approximation, we talk about adiabatic photochem-
istry when a reaction occurs along only one potential energy surface. But we can
make the following statement about photochemical reaction: every molecule, inde-
pendently from the geometric changes it can undergo, will eventually return to the
ground state. A process that starts from an electronic excited state and ends up in the
potential energy surface of another electronic state trough a non-radiative transition,

is called non-adiabatic.

If the Born-Oppenheimer approximation is valid in the case of adiabatic pathway,
this is not the case for non-adiabatic mechanisms. In the vicinity of surface crossings,
non-adiabatic coupling effects need to be taken into account to correctly describe
the evolution of the molecular system. This is done, for instance, when one needs to
describe a jump between two different, energetically close, PES. As spin-orbit coupling
is not taken into account in the case of the Born-Oppenheimer approximation, that

one is not valid anymore.

The importance of the non-radiative decay trough CI was first point out by Teller
[7] before than Zimmerman [8] and Michl [9] suggested that this intersection between
surface might be the origin of some products of photochemical reaction. The name
"Conical Intersection" comes directly from the form that take the crossing as a double
cone, when representing the energy of both states of the crossings along some specific

coordinates as explained below. The term funnel was as well used by both scientists.

Two characteristics are necessary for the presence of such a crossing:

1. Both states should have the same energy.

2. They should not interact.

This two conditions mean, in the context of a multistates treatment, that the effective

Hamiltonian should verify:
H11: H22 and H12: H21: 0

Due to this conditions, the number of degrees of freedom of the system is shortened
and the dimensionality of the subspace in which the energies of the two touching states
are equal, that is the intersection coordinate subspace, is n-2 where n value is 3N-6
(3N-5 for a linear molecule) as seen before. The remaining two dimensions are labelled

x; and x5 and define the so-called branching space. At the cones touching point, the



UNIVERSITAT ROVIRA I VIRGILI
AB-INITIO INSIGHT INTO THE ORGANIC PHOTOCHEMICAL DIVERSITY: NON-RADIATIVE DECAY IN URACIL AND DERIVATIVES
AND INTRAMOLECULAR CHARGE TRANSFER MECHANISMS IN THE BENZONITRILE FAMILY

Yannick Mercier

DL:T.

1371-2011

2.4. ADIABATIC AND NON-ADIABATIC PHOTOCHEMISTRY. 13

two states are degenerate, and as ones moves away from the apex of the cone by
an infinitesimal amount along the x;, x5 axes, the degeneracy is lifted. Vector x; is
defined as the gradient difference and vector x5 as the derivative coupling. This n-2
dimensional space, called as well “intersection space”, is a hyperline consisting of an

infinite number of conical intersection points.

Figure 2.3: Scheme of a conical intersection.

n-2 dimensional intersection-space

x 3 :xd ------- ¥u
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On figure 2.3, scheme (a) shows the conical representation of a crossing. On scheme
(b) it is represented the hyperline of conical intersections, which can be called as well
the seam of the conical intersection. Along that line, the structure can be modified
along one of the coordinates of the intersection space, that is all coordinates but x;
and x5, without lifting the degeneracy. Energies of both states would have changed,

but they will stay degenerated.

In general, the evolution of the excited reactant depends on the topology of the
excited state potential energy surface and on the topology of the funnel. The non-
radiative decay can occur in different points of the conical intersection, but of course,
there is some minima in energies that would be more interesting, as internal conversion
as well as intersystem crossing would be more probable trough these points. This is
why the topology of the potential energy surface is so important in the vicinity of a

crossing, as it will control the process of photoproduct formation.

From the theoretical point of view, a non-adiabatic transition between states of the
same symmetry occurs through a topological feature called conical intersection. To
understand the relationship between surface crossing and photochemical reactivity, it
is useful to draw a parallel between the role of a transition state in thermal reactivity
and that of a conical intersection in photochemical reactivity (see figure 2.4. In thermal
reactivity, the Transition State (TS) forms a bottleneck that separate reactants from

products. The same occurs with an accessible Conical Intersection that separates two



UNIVERSITAT ROVIRA I VIRGILI
AB-INITIO INSIGHT INTO THE ORGANIC PHOTOCHEMICAL DIVERSITY: NON-RADIATIVE DECAY IN URACIL AND DERIVATIVES
AND INTRAMOLECULAR CHARGE TRANSFER MECHANISMS IN THE BENZONITRILE FAMILY

Yannick Mercier

DL:T.

1371-2011

14 2. PHOTOCHEMISTRY

branches, with different excited states, on the same pathway.|6] The only difference is
that while a TS connects two points on a unique pathway, intersection act as a spike
and may connect the excited state reactant to two or more products of the ground

state, trough a branching into several ground state relaxation channels.

Figure 2.4: Schematic representation of a) TS b) CI
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2.5 Conical Intersection’s Topology

There are three basic types of conical intersection as seen in the following figure (Figure

2.5), called here following the terminology introduced by Rudenberg.[10]

The first conical intersection labelled a) is a peaked CI. In that case, the minimum
of the conical intersection is a minimum on excited state surface and a maximum
on the ground state one. From the gradient of the two curve on the bidimensional
representation, which are opposite, we can affirm that both electronic states will have
a minimum on the lower surface. For the last conical intersection ¢), called sloped one,
one of the electronic state will have a minimum on the excited state surface, since the
minimum in energy of the crossing is upper than a local minimum on the excited state

surface. The last case b) is considered intermediate between the two first.

But the evolution of the reaction not only depends on the topology of the funnel
but as well on the topology of the excited state surface before the intersection and
then on the topology of the ground state surface after the CI. So that the three cases

seen can be subdivided as shown on figure 2.6.

Using the classification of Rudenberg, cases (a), (b), (d) and (f) are peaked conical
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2.5. CONICAL INTERSECTION’S TOPOLOGY 15

Figure 2.5: Tridimentional and bidimentional scheme of peaked (a), inter-
mediate (b) and sloped (c¢) conical intersections.

intersection and cases (c¢) and (e) sloped ones. We can make a few considerations
about the different cases shown here.[11] If there is no barrier in the reaction coordin-
ate on the excited state surface (Figure 2.6 (b), (d), and (f)) then the reaction may
be ultrafast. On the other hand, the presence of a barrier on S1 (Figure 2.6 (a)) gives
an activated excited state process and one may observe temperature or wavelength
dependent photochemistry. One particular case is the one of the sloped conical in-
tersection (figure 2.6 (¢) and (e)), which is not really an activated process as that in
scheme (a). Even if there is sufficient energy to access the surface crossing, the system
may oscillate between excited and ground states in the crossing region for some con-
siderable time before decay to the ground state occurs. The rate of the reaction may
thus be slower than that predicted on the basis of the energy barrier. With a peaked
conical intersection, once reached the crossing, decay to the ground state takes place

on a time scale of less than a vibration.

As well as the type of conical intersection, the position of the funnel along the
reaction coordinate and the number and orientation of the ground state relaxation
paths departing near the funnel will affect the process of the photoproduct formation.
These paths define ground state valleys that originate at the CI and end at a different

photoproduct energy minima, as can be seen on figure 2.6 (a) and (b) where there are
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16 2. PHOTOCHEMISTRY

Figure 2.6: Schematic representation of the reaction path topology and po-
sition of the photochemical funnel (a conical intersection) along the reaction
coordinate: (a) Transition state (TS) before a peaked conical intersection; (b)
barrierless path with a peaked conical intersection; (c¢) path with a sloped con-
ical intersection; (d) like a or b but with an intersection on the product side
of the reaction co-ordinate, (e) like ¢ but with an intersection on the product
side of the reaction co-ordinate; (f) like a or b but with multiple competitive
ground state relaxation paths.
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a
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Energy
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two paths leading either back to the reactant or to the product. The case of figure
(f) shows multiple ground state relaxation paths departing from the same peaked
CI which leads to different photoproducts. Moreover, if the crossing occurs in the
photoproduct side of the reaction coordinate, as in figure (d) and (e), one has an
excited state adiabatic reaction which can be substantially completed before the non-
adiabatic event occurs returning the system to the gournd state of the product. If
there is a substantial thermal barrier to the thermal back reaction to the reactant,

then the product yield would be enhanced.

In the vicinity of a conical intersection, the condition on the hamiltonian Hq,=
Ho;= 0 is not anymore fulfilled. Indeed, the structure is slightly modified along the
axis xjand x,. Even if the energies of both states are equal without taking into account
the interaction between them, that is Hy;— Hay, the energy of the interacting states

changes:
1 2 2 1/2
Eio= 34 Hiy + Ho & [(Hiy — Hy)® + 4H|

We have what is called an avoided crossing, as shown on figure 2.7, where ¢; and

¢; are the dominant electronic configuration of the two states.
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2.5. CONICAL INTERSECTION’S TOPOLOGY 17

Figure 2.7: Schematic representation of an avoided crossing: (a) weakly
avoided (b) strongly avoided. Dotted lines represent the diabatic surfaces and
full lines the adiabatic surfaces.

(a) 0]

When the diagonal elements of the hamiltonian are small, case (a) of the figure 2.7,
this is a weakly avoided crossing. The energy difference between the adiabatic and the
diabatic surfaces is small, and the configuration change of the electronic configuration
(¢i = ¢;j) would occur in a small range of molecular geometries. The "jump” would
then be quick. On the other hand, in the case (b) of a strongly avoided crossing,
the change of configuration will be slower and will start far from the crossing point
of the diabatic surfaces, as it can occur along a large range of molecular geometries.
We can see that in an avoided crossing, the lower adiabatic surface has a transition
state and the upper one a minimum. As we will see in the next chapter, these points
are usually hard to find for technical reason, but are of high importance. Indeed, if a
conical intersection is located, then it can be assumed that there will exist at least one
transition state of an adiabatic surface that will be lower in energy than the conical

Intersection.

All these possible features of a photochemical reaction make it more difficult to
study it from a technical point of view than a "classic” thermal reaction. But different
tools have been developed by theoricians to study theses phenomena, thanks as well
to the development of computational science. That will be the subject of the next

chapter.
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OPTIMISM IS A STRATEGY FOR MAKING A BETTER FUTURE. BECAUSE UNLESS YOU
BELIEVE THAT THE FUTURE CAN BE BETTER, IT’S UNLIKELY YOU WILL STEP UP
AND TAKE RESPONSIBILITY FOR MAKING IT SO. IF YOU ASSUME THAT THERE’S NO
HOPE, YOU GUARANTEE THAT THERE WILL BE NO HOPE. IF YOU ASSUME THAT
THERE IS AN INSTINCT FOR FREEDOM, THERE ARE OPPORTUNITIES TO CHANGE
THINGS, THERE’S A CHANCE YOU MAY CONTRIBUTE TO MAKING A BETTER WORLD.
THE CHOICE IS YOURS.

NoaMm CHOMSKY
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Chapter 3
Computational methods

As seen before, the general approach used to follow the course of a photochemical
reaction involves looking for the so-called "photochemical reaction path”. Such a path
will usually originate at the Franck Condon geometry, will evolve along an excited
state potential energy surface and will eventually end up on the ground state. The
final molecule might be a new product or the initial ground state reactant that will
be reached trough a deactivation channel. So, while a thermal reaction is governed
by the topography of a single energy surfaces, a photochemical reaction involves at
least two potential energy surface. For that reason, the development of ab-initio
quantum mechanical methods for theoretical photochemistry has been slower than

for the investigation of the reactivity of molecules in their electronic ground state.

Indeed, if a single electronic configuration usually describes correctly most sys-
tems in the ground state at areas close to their equilibrium geometry, this is not the
case for the description of geometries corresponding to electronically excited states,
which might have several configurations equally relevant. Theoretical photochemistry

request, then, methods using the multiconfigurationnal approach.|1]

In this chapter we present an overview of the multiconfigurational methods used
in the studies collected here. All of these methods are implemented in one or the
other computational packages used to develop our work, i.e. Gaussian [2] and Molcas
13, 4, 5]
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24 3. COMPUTATIONAL METHODS

3.1 Multiconfigurational approach: the CASSCF
method

The Complete Active Space Self consistent Field (CASSCF) [6] method is nowadays
widely used. The idea behind the CAS model is to generalize the HF model, based on
the orbital concept, to make it able to handle situations where a single configuration
is not enough to describe the electronic distribution. In that way, CASSCF is more
complex as it is based on a multiconfiguration wavefunction, but keeps the technical
and conceptual simplicity of HF method. The building blocks are the molecular orbit-
als like in the HF method but they are now classified in different categories: Inactive
orbitals, active orbitals and virtual orbitals. Inactive orbitals include orbitals that do
not participate in the reaction. They are considered always as strictly doubly occu-
pied in all the configurations, which means that inactive electrons will be twice the
number of inactive orbitals. Active orbitals are the ones that might participate from
the chemical point of view to the reaction, that means which occupation can change.
This category include bonding orbitals, usually occupied by valence electrons, and
by anti-bonding orbitals. These active orbitals have an occupation number between
zero and two and the number of electrons in the active space is the total number of
electrons of the molecule less the inactive electrons. The virtual orbitals represent
the anti-bonding orbitals that are not relevant from the chemical point of view, that
is that will not be populated during the reaction. Their occupation is always zero
and the size of the virtual space will depend on the one-electron basis set employed.
The wavefunction is then formed by a linear combination of all possible configura-
tions of the active electrons in the active orbitals. The optimisation of the orbital set
corresponds to a full-CI in the active space while inactive orbitals will be treated as
in the restricted HF function. It allows the use of a high level calculation restricted
to a small number of orbitals and electrons, as full-CI is cost-prohibitive apart from
the case of very small systems. The active space used is represented in the CASSCF
method by CAS(n,m) where n is the number of active electrons and m the number of

active orbitals that formed the active space.

That said, it becomes clear that the key-point when using the CASSCF method
is the choice of the active space. The active orbitals should be carefully chosen or it
may give meaningless results from the chemical point of view. It is necesary to assume
in advance some hypothesis about the nature of the excited states and the orbitals
involved in the photochemical process, like bond breaking or weakening. Typically, in

the study of reactions of small organic molecules as is our case, a good active space
will include the valence orbitals, like the = and ©* ones, the HOMOs and LUMOs, that
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might be known from previous low-level calculations. Some specific orbitals others than
the previous ones that might participate in relevant excitations during the reaction
should be as well included. Of course, the active space must not change along the
reaction path, which means that the selection should be adequate for the whole range
of geometries and states of interest for the reaction studied. In the end, intuition
as well as calibration calculations would allow a good election of this active space.
Anyway, there is a limitation on this election, that prohibits to take simply all orbitals
involved, i.e. the computational cost. The major technical difficulty lies in the size of
the complete CI expansion in the active orbital subspace, that might quickly becomes

unmanageably large when the number of active orbitals is increased.

In such cases, a restricted form of the CASSCF wavefunction might be used, the
RASSCF method (for Restricted Active Space Self-Consistent Field).|7, 8, 9] In this
method, the former active space is divided again in three subspaces, called RASI,
RAS2 and RAS3:

e RASI space will include all orbitals that are doubly occupied, but where we

would allow a limited number of excitations.

e RAS2 will remain like the active space of the CASSCFEF method. It is composed

of the orbitals for which occupation between zero and two is allowed.

e RAS3 will include orbitals that have an occupation number of zero, with a limited

number of allowed excited electrons.

So that the new nomenclature will be of the type CAS (n, m! + m! + m!) [h.e],
where n indicates the number of electrons in the active space as before, m!, m!! and
m'the number of active orbitals in the three subspaces and h and e the number of

holes permitted in the RAS1 space and electrons in the RAS3 space respectively.

This RASSCF method allows to enlarge the active space, that the current compu-
tational facilities limit to around 12-14 electrons in the same number of active orbitals
for the CASSCF method.

It must be as well pointed out another specificity of the CASSCF method. If in
principle it is possible to make calculations on higher roots optimizing just one root,
experience shows that in most cases, it is almost impossible for roots higher than the
second one. In that case, State-Average (SA) CASSCF calculations might be used,

where the orbitals are obtained from a density matrix averaged.

Last but not least, a photochemical reaction usually starts with absorption and

might ends with emission of a radiation. Therefore, it is necessary to know trans-
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ition probabilities. This information can be given by the transition dipole moment,
proportional to the transition probabilities. Malmqvist introduced the CAS State In-
teraction (CASSI) [10, 11] to compute transition density matrices between CASSCF
wave functions with their own sets of optimized orbitals. This method makes possible
to compute effciently first and second order transition density matrices. Transition
dipole moments are then accessible, but these density matrices are also useful in other

cases, for example to use localized orbitals as in studies of charge transfer reactions.

3.2 Adding the dynamical correlation: the CASPT2
method

The CASSCF method is widely used in photochemistry because it is regarded as one of
the most efficient methods. Indeed it can describe completely the ground state but also
map out full energy surfaces. In spite of this, it suffers from one disadvantage, which
is that it does not take into account full electron correlation. Only the long-range
effects related to the static correlation effect (or non-dynamic correlation effect) are
included together with the dynamic electron correlation due to the electrons in the act-
ive space. Therefore, CASSCF is usually used in combination with some other method
to take into account the remaining correlation effect associated with the instantaneous
short-range electron-electron interaction. Variational methods like multi-reference CI
(MRCI) [12, 13| are quite accurate but they are computationally expensive. Instead,
the last decade has seen the development of the multiconfigurational second order per-
turbation theory (CASPT2) |14, 15|, which has shown to be an efficient alternative

with a good ratio between quality of the results and computational cost.

The development of this approach was inspired by the success of the Moller-Plesset
second order pertubation theory (MP2), used to treat the electron correlation of the
ground state. In the CASPT2 method, the CASSCF wave function is used as the

reference function (zeroth-order wave function).

It sometimes happens that the zeroth-order wave function, that is the reference
wavefunction, has a weight too low, due to some intruders states in the second-order
calculation. That means that the CASPT2 wavefunction includes some participation
of orbitals from outside the active space, i.e. that the description is not complete
enough. This is a common problem in the case of small organic molecules where the
active space does not include the full © orbital valence system. In the same way, the
weight of the reference configuration of an excited state may be too low compared to

the ground state one due to a large number of minor contributions higher in energy.
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Usually, enlarging the active space might overcome this problem, but once again, that
would be at the price of a higher computational cost. That is why it is usually used
a level-shift that removes weak intruder states by the addition of a shift parameter.
This shift has to be the lowest possible and should be of course the same for all the

calculations for a given reaction.

It is sometimes needed to have more than one reference state in the perturbation
treatment. This is the case of avoiding crossings for example, where two different
electronic states are really closed in energy and can be mixed. The multi-state CASPT?2
(MS-CASPT?2) [16, 17] procedure might then be used. It represents an extension of the
CASPT2 method for cases that cannot be fully accounted for by just a single-reference
perturbation treatment. In the MS-CASPT2 method, an effective hamiltonian matrix
is constructed with the CASPT2 energies on the diagonal and the off-diagonal elements
representing the coupling up to second order of the dynamic correlation energy of
the two electronic states. It will finally give the MS-CASPT2 wavefunctions and
energies. When using the MS-CASPT2 method, it should be checked that the off-
diagonal elements of the effective hamiltonian matrix, i.e. the coupling between both
states, are small and the matrix symmetrical otherwise it could lead to meaningless

results on energies.

CASPT2 geometry optimizations are now available in the Molcas package, but
they are still very expensive computationally and so reserved to small size systems.
They were consequently only used sparely as proof calculations and usually only on

the ground state.

3.3 ONIOM method

As we have seen before, one of the major drawback of the previous methods is their
computational cost. This cost prohibits the studies of bigger systems, leaving some-
times the work on models as the unique solution. Of course, the never-ending progress
in the computational facilities make easier day by day calculations at the ab-initio
level of bigger molecules. But to overcome this technical limitation at the time being,

we can use hybrid methods.

Warshel and Levitt [18] implemented for the first time a quantum mechanical /molecular
mechanical (QM/MM) method. The basic idea is to describe a relatively small re-
gion of a system at the quantum level while the remainder is described with a clas-
sical force field. The ONIOM method (Our own n-layered Integrated molecular Or-

bital Mechanic) that we have used has been developed by Morokuma and coworkers.
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[19, 20, 21, 22, 23, 24, 25| In it it is possible to establish up to three different parts of
the system to be studied at three different levels of theory. The aim is to describe the
relevant part of the system from the reaction point of view at a high level of theory,
usually using an ab-initio method, while the rest can be described at a lower level. The
complete system is called the "real system” while what is called the "model system”
is represented by a simplified molecule where some parts are substituted by hydrogen
atoms. The high level calculation will be applied only to the model system while the
low level of theory will be applied to both the real system and the model one. The
final ONIOM energy would then simply be

EONIOM — (Emodel)CASSCF + (Ereal)MM _ (Emodel>MM

Once again, that kind of technique is not at all a black box. The model system
should include the whole part of the molecule where the reaction takes place. In
the case of photochemistry, the excitation must be described at the highest level of
theory. It should be pointed that the use of MM to describe the real system prevents
from taking into account most of the electronic effect of the part of the molecule not
included in the model system, so that part will mainly contribute to the sterical level.
To overcome this problem it is possible to work with two different quantum mechanic
levels of theory, but neither in this case the electronic distribution of the model will
be affected by the electronic distribution of the rest of the system. So in short, the
choice of both theory levels as well as the design of the model should be carefully made
and its advisability confirmed by calibration. If so, this method will allow the use of a
high level of theory to study the reactivity in quite large systems with a relative cheap

computational cost.

3.4 Modeling the solvent: the PCM method

It is well know that solvents can strongly affect the electronic properties of molecules.
This is especially true when dealing with biological systems, which natural environ-
ment is mainly liquid phase, but not only. Experimental chemists work usually in
solvent environments what affects sometimes measurements. For example, most of the
spectrometric techniques show broadening of the absorption and fluorescence bands as
well as the so-called solvatochromic shifts of the same bands. The interaction between
solute and solvent molecules modify their ground and excited states, stabilizing pref-

erentially one or the others depending on their chemical nature.

However, in theoretical chemistry, most of the reactions were studied in gas phase

until the 90s. But continuum solvation models have become more and more developed
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to be now widely used to study computationally solvent effects.[26] The range of mo-
lecular systems where this technique might be used go from the small organic molecules
to the large biochemical systems such as proteins or enzymes. Especially, the last years
have seen the development of a special class of solvation model, using an Apparent
Surface Charge (ASC) as a descriptor of the solvent polarization. This is currently the
preferential approach to take into account solvent effects in QM calculations. The Po-
larizable Continuum Model (PCM) [27] is nowadays the most commonly used method

and the one that has been used in our studies.

This method is characterized by the use of a set of apparent charges representing
the polarization of the dielectric medium to describe the solvent effect. There exist
different methods to define the molecular cavities, that is the portion of space within
the surrounding medium that is occupied by the solute molecule, and the surface of

these cavities.

However, even if the PCM model gives often very good results, it is not adequate
to represent specific interaction between the solvent and the solute. For example, a
continuum model of the solvent will not account for hydrogen bonding. To correct
this defect, the best way is to add some explicite molecules of the solvent around the
molecule studied on top of the solvation model, in order to take into account these
local interactions. If we take the case of water, it would be then possible to add a few
molecules and disposing them around the solute molecule. As that will increases the
size of the system that the QM method will have to take into account, this method
increases the computational cost, so it should be carefully pondered. Moreover, as the
aim is to describe some local interactions, the position of these molecules regarding

the solute molecule is as important as their number.
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THE REASONABLE MAN ADAPTS HIMSELF TO THE WORLD; THE UNREASONABLE
ONE PERSISTS IN TRYING TO ADAPT THE WORLD TO HIMSELF. THEREFORE, ALL
PROGRESS DEPENDS ON THE UNREASONABLE MAN.

GEORGE BERNARD SHAW
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Chapter 4

Uracil, DNA /RNA and light

4.1 DNA, RNA and solar light

Deoxyribonucleic acid (DNA) contains the genetic instructions used in the development,
and functioning of all known living organisms. It carries the genetic information to
construct other cells as proteins, but it also has other purposes. The Ribonucleic acid
(RNA) serves mainly as an intermediary between DNA and the proteins, but now it
is also known to have catalytic properties. DNA and RNA are of vital importance for

life on earth.

The solar radiation, as well essential on earth for living species, contains a signi-
ficant amount of ultraviolet (UV) photons (A < 400 nm). Both DNA and RNA show
substantial absorption of the UV light, therefore this radiation constitutes a poten-
tial threat as excited states can be the beginning of a complex chain of events that
might end in photodamage. In the case of DNA and RNA, nothing less than muta-
tion, genomic instability or carcinogenesis may be the result of this absorption [1]. As
the principle of survival-of-the-fittest prevails in nature, evolution must have found a
way to prevent or correct any potential damage to the genetic material, otherwise the
altered structure resulting from the photodegradation would interfere with the normal

cellular processing of DNA.

To correct the damages there exist some repair mechanisms. In order not to over-
load the organism’s repair machinery, there are also different pathways for the excess
electronic energy coming for the absoprtion of the UV radiations to relax. That might
be by photon emission or by nonradiative transitions. Anyway, the shorter the lifetime
of the excited states, the lower the probability of reaction yielding inconvenient photo-
products. That makes highly efficient nonradiative decay the best answer of evolution
to the problem of DNA and RNA photodamage.
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4.1.1 DNA and RNA structure

DNA and RNA share most of their structural characteristics and differs on a few
ones. Both nucleic acids are polymers, consisting of an alternating sugar/phosphate
backbone with nucleobases attached to each sugar. A block of a nucleobase attached
to a sugar/phosphate backbone is called a nucleotide. As can be seen on figure 4.1,
the nucleobases are classified in two types, the purines that show a bicycle structure
(adenine and guanine) and the pyrimidines (cytosine, thymine and uracil). Both DNA
and RNA contain the two purines while only cytosine is present in both nucleoacids. Of
the two other pyrimidines, thymine, that comes from the methylation of uracil, is used
almost exclusively in DNA and is replaced by uracil in RNA. The other difference in
the primary structure of the two polymers lies in the sugar that connect two phosphate
groups. In the case of RNA, it is a ribose and in the case of DNA this is a deoxyribose

as indicated by the names.

The major difference comes from the secondary structure. DNA is usually found
in the well-know double helix form, where the nucleobases form hydrogen bonds with
their complementary nucleobases: adenine forms two hydrogen bonds with thymine
and guanine three with cytosine in the most common Watson-Crick pair systems. This
double stranded form might take three different geometries, called A-form DNA, B-
form DNA and Z-form DNA depending of environmental conditions like humidity or
salt concentration. On the other hand, RNA is almost only found in a single stranded

form, although it may locally form pairs, uracil combining in that case with adenine.

4.1.2 DNA/RNA and nucleobases photochemistry

Lots of work are currently done on DNA excited states by means of gas-phase spec-
troscopy as well as on modelisation of base pairs or even base multimers from the
theoretical point of view. Regarding this last approach, although the use of models
have limited biological realism, it is essential to fully understand the photodynamics
of base monomers as a first step to reach the understanding of the photodynamics of
these complex polymers. Indeed, the accessible decay mechanisms of DNA and RNA
come from the photochemical properties of the nucleobases. Of course, the specific
spatial organisation of the bases in DNA or RNA modifies the photophysical prop-
erties leading, among others things, to slightly different decay pathways with larger
lifetimes. For example excitations in stacked bases are rapidly trapped to form long-
lived excited states in high yields [2]. Anyway, the decay paths of nucleobases are still
open in the DNA /RNA strand in all cases. Therefore, in this work we have focused our

attention on the case of the monomers. Specifically, we have studied the case of uracil
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Figure 4.1: Secondary structure and nucleobases of DNA and RNA
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and some of its derivatives, to understand first what are the competitive mechanisms
following an excitation, and then clarify the role of substitution in the molecule in

these mechanisms.

The nucleobases have a number of structural isomers formed by permutation of
the hydrogen atoms among the set of heteroatoms. These possible isomers are called
tautomers and their existence complicate the interpretation of experimental results as
they might lead to different electronic structures. Fortunately, most of the tautomers
show significant higher energy than the minimum-energy tautomer, which allow to
discard them in most of the cases. An exception is adenine which presents different

tautomers close enough in energy to coexist in significant amounts |3, 4].

Different experimental and theoretical techniques have been used in the study of
DNA/RNA and their building blocks like nucleobases. The ground state geometries
were determined long ago by X-ray crystallographic and neutron diffraction techniques
[5]. In the case of excited states, although experiments can give some information, a
complete and precise geometry can not be determined. Absorption spectroscopy has
been used for decades to give information about energy differences between the ground
state and the excited states lying vertically above. In the same way, fluorescence
and phosphorence spectra give information about singlet and triplet excited states
respectively. Recent improvements of different spectroscopic techniques such as laser
induced fluorescence (LIF) [6], resonance-enhanced multiphoton ionization (REMPT)
|7, 8| or spectral hole burning (SHB) enhanced our knowledge about the physical and
photochemical properties of the nucleic acid bases. And last but not least, femtosecond
time-resolved |9, 10] or fluorescence up-conversion techniques [11]| gives us now some
primordial information about the lifetime of some of the excited states or the dynamics
of nucleotides and isolated bases. From the theoretical point of view, different methods
have been used, mainly multiconfigurational techniques for the reasons exposed in the
chapter of methodology, and DFT and TD-DFT methods due to their good rate of

accuracy versus computational cost [9].

It is well known that the absorption of UV radiations by DNA around 260 nm
comes from the strongly allowed ! (r—n*) transition on the nucleobases |12, 13]. There
is now consensus about this fact, as both experimental techniques and theoretical
calculations lead to this conclusion. The lone electron pairs of the various heteroatoms
accounts for additional ! (n—n*) excitations, but are experimentally poorly determined
due to the forbidden character of these transitions. The electronic states diagram
of the nucleobases is therefore quite complex as there might exist multiple '(z—7*)
and !(n—x*) transitions in the low-energy region. On top of these singlet excited

states, all nucleobases have triplet excited states of the same character (*(r—n*) and
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3(n—7*) excited states) of low energy. The states are classified as bright or dark states
according to whether they are reached by transitions from the ground state with large
or small oscillator strength respectively. The dark states are difficult to characterize by
traditional spectroscopic techniques even if some recent experiments have provided new
insights about them. The phosphorence emission yield, which accounts for emission
from a triplet excited state, is as well low in hydrogen-bonding solvents but higher in

aprotic solvent.

A common feature of all the nucleobases is the very low yield of fluorescence pro-
duced after UV excitation. First measurements of the fluorescence quantum yield of
nucleic acid bases dates back from 1971 and were confirmed later [15, 13]. This yield
varies between 3 x 107 for Uracil and 2.6 x 10~ for adenine. As the fluorescence
lifetime, ¢, is directly proportional to its fluorescence quantum yield, it means that
these low fluorescence yields correspond to short excited-state lifetimes. These initial
data have been confirmed by time-resolved emission measurements of excited electronic
states, obtained with higher precisions due to the use of the newly developed femto-
second spectroscopic techniques. All the nucleobases show a lifetime of the initially

populated excited state lower than 1 ps [9)].

To resume, the different nucleobases all show a strong absorption band due to
transition to the '(r—7*) excited state and short lifetime of this excited state. The
question is then what is the mechanism of the ultrafast nonradiative decay, or in other
words, what is the pathway of such decay from the bright state back to the ground
state. On that point, there is an ongoing debate. Indeed, if there is now no doubt
about the character of the excited state that absorbs the excitation, it is possible
that other singlet excited states might be populated by internal conversion, or triplet
excited states by intersystem crossing. On top of this, recent experimental studies have
demonstrated that longer lifetimes, longer than the picosecond scale, coexist with the
subpicosecond decay in water and other solvents [16, 17]. Two decay pathways on

different timescale might then compete.

The controversy lies on two points:

e Does the ultrafast decay go back to the ground state through a single CI or

indirectly trough two or more CIs involving an intermediate '(n—n*) state?

e What is the slower decay pathway and which excited states, singlet or triplet,

are involved?

Resolving these two points has been the aim of our work on uracil and some of its

derivatives, namely the 5-fluorouracil and 5- and 6-aminouracil, and the results are
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exposed in the following part of this chapter, after a presentation of the computational

details used for the calculations.

4.1.3 Natural monomers and derivatives

Going back to the idea of survival-of-the-fittest, it is interesting to wonder why these
nucleobases were chosen to form genetic material and not one of their derivatives.
Studies about the non-natural nucleobases tautomers or derivatives have shown that
small modifications change sometimes greatly the photochemical and photophysical
properties of the molecules [18, 9]. Experimental and theoretical studies demonstrate
that the natural nucleobases have usually the shortest excited lifetime, which is co-
herent with the idea of a selection by the external conditions, i.e. potentially harmful

UV light, that would have let only the most photostable molecules survive [19].

The study of derivatives contains another interest. It is possible to use them in
medicine as a way to correct or alter some body misfunctions. One direct example of
the potential use of these derivatives is in the post-operatory treatment of some cancers.
For example, in the case of gastric cancer, chemotherapy is commonly used with other
forms of treatment, usually surgery and/or radiotherapy [20, 21|. The understanding
of the changes in photophysical and photochemical properties by some modifications

of the natural monomers is then of vital importance to use them properly.

Finally, in order to answer the two controversial points pointed out above, it is as
well interesting to explain how the substitutions modify the properties of the systems.
Indeed, if we can explain from the theoretical point of view how a modification of
the molecule leads to a change of properties, it will allow us to clarify the relative

importance of the competitive mechanism.

4.1.4 Uracil and derivatives

As said before, we focused our work on the uracil molecule and some of its derivatives,
that is the 5-fluorouracil (5-FU) and the 5- and 6-aminouracil (5-AU and 6-AU) depic-
ted in figure 4.2. In this part, we will present the state of the art of the experimental

results on the main photophysical properties of the molecules studied.

Uracil is one of the most studied nucleobases. All experimental results agree on the
main photophysical data, that is about the absorption, emission and excited states’
lifetimes. This information, together with the corresponding to 5-FU, is shown in the
Table 4.1.
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Figure 4.2: Scheme of uracil and its derivatives studied in this work.

g | compound | R; | Ry |
I uracil H H
H\S/g\s/R1 5-fluorouracil | F H
N ¢ 5-aminouracil | NH, | H
C|: ) |(|: G-aminouracil | H | NH,
7O¢ \111/ 6 R,
|
H

Table 4.1: Characteristic parameters of the first absorption and fluorescence
bands of uracil and its fluoro derivative: peak wavelength, An.., fluorescence
quantum yield, Py.

Absorption emission
compound  Apa(nm)  Apac(nm)  Pe(x10%)
Uracil 259 @ 312 0.35

259.5 P 308 0.45 f
259 cd
258.4 ¢©
258 e

5-fluorouracil 266 ? 335 @ 2.21
265.3 ©

b from reference [12]
4 from reference |24]
ffrom reference [15]

2 from reference [22]
¢ from reference 23]
¢ from reference [25]
g from reference [26]

Uracil shows a maximum of absorption at a wavelenght between 258 and 259.5 nm
and a fluorescence peak maximum between 308 and 312 nm [22, 12, 23, 24, 15, 26, 25].
The fluorescence quantum yield is low, 0.35-107 for Gustavsson et al.[22] and 0.45-10~*

for Daniels et al.[15]. 5-fluorouracil shows a red-shift both of the maximum absorption

wavelength, of 1016 cm™ to aproximatively 266 nm and of the fluorescence, of 2400

cm™ to 335 nm [22, 25]. The quantum yield is higher, with a value of 2.21-107 [22],

which means that the emitting state must have different characteristics.

Figure 4.3 shows the spectra obtained for uracil and the amino-derivatives 5-AU
and 6-AU by Gustavson et al. [27].

It is clear that the absorption spectrum of 5-AU is extremely different with respect

to that of U. For the lowest energy absorption band it can be observed that the
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Figure 4.3: Experimental absorption (left) and fluorescence (right) spectra

U (solid), 5-AU (dashed) and 6-AU (dotted) in HoO

1.2 1.0 | "
— JI \
- \
1.0 { S I
8 o8] 2 ! \
(1)) [0
2 064 [} \
% e £ / \
S g f L "
S o 0.4 [ v
o 04 @ /- \
© o I 5 \
! o IS \
02 | / 2 021 17
7 f. \
/ e N
0.0 +=— : 0.0 ¥ : . e ;
30000 35000 40000 45000 15000 20000 25000 30000 35000

wavenumber (cm"1) wavenumber (cm™)

I and it is much broader.

maximum is significantly red-shifted, by about 4030 cm’
Moreover, a higher transition, being more intense than the lowest energy one, can be
observed at ca. 220 nm. On the other hand, the lowest energy absorption band of 6-AU
is instead more similar to that of U, its maximum being red-shifted by only 645 cm™,
but it is much sharper than that of U. A higher transition is also present at ca. 220 nm,
but it is significantly less intense than the lowest energy one. Interestingly, taking uracil
as reference, 5-AU and 6-AU exhibit the opposite behavior. This result confirms that
the excited state behaviour of uracil derivatives is sensitive not only to the nature of the
ring substituents but also on their position. Furthermore, substitution in positions 5
and 6 are confirmed to have a very different effect on uracil excited states as the double
bond Cs-Cg undergoes changes during the deactivation mechanism as it will be seen
later. On the other hand, an amino substituent leads to more significant changes than
a methyl substituent, also in position 6. The absorption spectrum of 6-methyluracil is
extremely similar to that of U [27]. Inspection of the steady state fluorescence spectra
confirms these considerations. In fact, the emission maxima of 6-AU and in particular
5-AU are remarkably red-shifted with respect to U. Consequently, the Stokes shift for
both 5-AU and 6-AU are extremely high, ca. 12250 and 13700 cm™ respectively, i.e
more than twice as large as that of U (approx. 6000 cm™ for Gustavsson et all [22].
Interestingly, the fluorescence spectrum of 5-AU is significantly sharper, and that of 6-
AU much broader than that of U. It should be noted that the 6-AU emission spectrum

exhibits a distinct band around 32000 cm™, close to the emission maximum of uracil.

The fluorescence lifetime of uracil and derivatives shows a two component decay.
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In the case of uracil, the fast component is about 100 fs [22], while the slow one ranges
from 1 to 4 ps depending of the experimental technique used. 5-FU has a larger decay
time, about 700 fs for the fast component [22|. Indeed, 5-FU is the uracil derivative

that show the slowest fluorescence decays.

There is only very few dynamic studies about the amino derivatives of uracil. A
recent study about the dynamics of these derivatives shows interesting features [28].
While 6-AU shows an ultrafast fluoescence decay as most of the derivatives (about
0.14 ps), 5-AU exhibits major differences with the others derivatives: its fluorescence
decay depends strongly of the excitation wavelength, which is not the case for the
others systems. In the UV region, its decay is faster than for 5-FU, while in the visible
domain, the opposite is true and the decay become dominated by the sub-picosecond

component.

The results of our theoretical study should be able to explain not only the experi-

mental features but also the differences observed between the uracil and its derivatives.

4.2 Computational details

In the study developed in this chapter, all geometries have been optimised using the
Complete Active Space Self Consistent Field method (CASSCF), except in some par-
ticular cases where the optimization at the CASPT2 level seemed to be advisable for
the reasons that will be explained in the next section. The nature of the stationary
points located has been checked with their harmonic vibrational frequencies. Conical
Intersections have been located at the CASSCEF level using the method of Bearpark et
al.[14] The energies of the stationary points were recalculated at the CASPT?2 level,
based on the CASSCF wave function, in the Single State and Multi-state approaches
(as implemented in MOLCAS package), in order to integrate the effects of the dynamic
correlation of the valence electrons. All geometry optimizations at the CASSCEF level
have been performed with valence double zeta basis set 6-31G(d), while for the com-
putation of the energies at the CASPT?2 level, two bases have been mainly used. We
first used the 6-31G(d) basis set and switched then to an ANO basis set. Some bench-
mark calculations have been done as well to check the influence of the basis set on
the energies with the cc-pVDZ basis set of Dunning. All CASPT?2 calculations have
been done with the standard zeroth-order Hamiltonian used in MOLCAS 7.0, that is
the ionization potential-electronic afinity (IPEA) modified Hy with a shift parameter
of 0.25 by default, and state average of equal weights for each state. In the same

way, the influence of the number of roots and their weight has been checked as it will
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Figure 4.4: Atomic orbitals of the largest active space used

Uracil

be shown in the result’s section. The standard imaginary level-shift correction with
a value of 0.2 was included in order to avoid the presence of intruder states. The
oscillator strengths were calculated with MOLCAS using the CASCI method which
uses the CASPT2 wave function.

Different active spaces were used, depending on the system and on the character of
the excited state of the PES. For uracil as well as for 5-fluorouracil, the largest active
space, of (14,10) (Figure 4.4), was used for the optimisation of the minima of ground
state and of the two first excited states at the CASSCF level. This CAS includes all
valence orbitals: the eight p orbitals of the C, N and O atoms and the n orbitals of
the oxygen atoms that host their lone pairs. Given that the np7-t* excitation is higher
in energy than the excited states of interest, the np; orbital has been taken out of
the active space for the CASPT?2 single point calculations, where a (12,9) active space
was used. For some particular points like some Cls, an active space of (10,8) has been
used, where the npg orbital has been also excluded from the active space to make
the calculations affordable. For aminouracil derivatives, the lone pair of the amino’s
nitrogen was also included in the active space. In this way, the largest active space,
used for geometry optimization at the CASSCF level, was a (16,11) one. Like in the
case of uracil and fluorouracil, this space has been reduced to a (14,10) for the single

point CASPT2 calculations by taking out the ng; orbital.

Geometry optimizations at CASSCF level were conducted with the Gaussian 03
package [?], while CASPT?2 single point calculations were done with the MOLCAS
package.|?, 7, ?] Paths have been calculated with the linearly interpolated internal-
coordinate (LIIC) method, which is defined as the straight line in the multidimensional
internal-coordinate space connecting a given initial structure with a given final one.
The geometries of the points of these paths have been obtained with the Gaussian

package and single-point energy calculations were done at CASPT2 level on each
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geometry of the path.

As the natural environment of the nucleobases is not gas, to analyse the effect of
the environment we did a study of uracil in aqueous media. We modelized the solvent
as a surrounding field using the PCM model, which uses cavities of general shape,
modelled on the actual solute molecule. The reaction field is then expressed in terms
of a collection of apparent charges (solvation charges) spread on the cavity surface. The
cavities are defined as the envelope of spheres centered on the solute atoms, reproduced
by small planar sections (tesserae). The parameters of the cavity radii value of these
spheres and the magnitude of the tesserae used in this study were the one established
by default in the computational programs. As Gaussian do not permit optimization
of the CIs using PCM, we reoptimized only the minima, using water as solvent with a
dielectric constant of 78.39. We then performed PCM single point calculations on the
new minima obtained and on the previous Cls at the CASPT2 level using MOLCAS.
In electronic transitions (for example photon absorption or emission) non-equilibrium
effects must be included, due to the finite relaxation time of solvent molecules following
the sudden change in electronic distribution. This is done by partitioning the reaction
field in two components, fast and slow, and equilibrating only the former. Electronic
transitions from the ground state were so calculated including this non-equilibrium
effect. The energy of that kind of transition should be calculated by the difference
between the energy of the ground state taking into account the slow component and
the energy of the excited state taking into account only the fast component. To
modelize solvent short range effects like H-bonds, we also took into account explicit
molecules of water. In this case, a cluster of the solute plus some solvent molecules
are treated at the quantum mechanical level, and placed in a cavity in the continuum
solvent environment. The analysis of the minimum number of molecules needed and
the distribution around the solute molecule was carried out at the DFT level by the
group of Dr Improta, from the university of Napoli, expert in the study of the solvent
effect with who we maintain a collaboration in this subject [29]. They determined that
in the case of uracil four water molecules should be considered. The critical points of
the system were then fully reoptimized except the CI due to the high computational
cost of this last kind of calculations. At this points we kept the solute geometry fixed
and only allowed the reoptimization of the water molecules before recalculating the
energy at the CASPT2 level with MOLCAS.
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4.3 Uracil

The idea behind this work has been to start with an exhaustive study of the parent
system uracil in order to get a global picture of the photochemistry and photophysics.
This will allow us to determine the key points of the reaction mechanism on which we
will then focus our work on the derivatives with the aim of comparing differences and

explain them.

4.3.1 Ground state geometry

The first step of this study was to optimize and analyze the ground state. The equi-
librium geometry, optimized at the CASSCF level with an active space of 14 electrons
in 10 orbitals as explained before, is shown in Figure 4.5 and compared in table 4.2

with the experimental values obtained by X-ray [5].

Figure 4.5: Ground state geometry of uracil
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Table 4.2: Geometrical parameters of the ground state geometry obtained at
CASSCEF level (bond lengths in Angstroms). Experimental values obtained by
X-ray are also included for comparison.

| parameter | CASSCF(14/10) ?| Exp |

r(CyN;) 1.377 1.381
r(N3Cy) 1.390 1.370
r(C4Cs) 1.467 1.444
r(C5Cg) 1.342 1.343
r(C50-) 1.199 1.233
r(C4O0g) 1.202 1.219

@ geometry at the CASSCF(14/10)/6-
31G(d) level  Preference [5]

The geometry is planar. The calculated distances show a good agreement with the

experimental results as the standard deviation of the experimental data is about 0.01
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A and the differences do not exceed in any case 0.03 A for bond lengths. Our result
is also in good agreement with previous theoretical results obtained at the B3LYP/6-
311G(2df,2pd) level from Matsika et all [30].

4.3.2 Vertical excitation energies

Once the ground state geometry was obtained, we studied the vertical excitation en-
ergies, also called Franck-Condon (FC) transition energies. We focused on the singlet
excited states and discarded both the Rydberg and the triplet states in this study. The
Rydberg states are higher in energy than the bright state that absorbs the excitation
so in the decay mechanism these states must not be directly involved. In the same
way, the coupling between the triplet states and the ground state, which is a singlet,
is low. Even if a triplet state (the 3(n-n*)) lies below the singlet excited states of
interest, the experimental evidences published up to the moment when this work was
developed indicate that the singlet-triplet contribution to the decay mechanism was
small. Nevertheless, very recent theoretical studies point out the possible involvement

of these two kind of excited states in the decay path of uracil [31, 32].

The energies of the lowest excited states calculated at CASSCF and CASPT2 levels
are shown in table 4.3. Given that the ground-state equilibrium geometry is planar,
the lowest excited states at this geometry can be classified following their symmetry.
The first excited state corresponds to an excitation from a lone pair electron of the
Og atom to a ©* orbital. The next excited state has a '(7-n*) character. The third
excited state, of !(n-n*) character, comes from excitation of a lone pair electron of
the O; and is quite higher in energy. For this reason we discarded this O; lone pair
orbital in the active space (12,9) used for CASPT2 calculations as explained in the
computational details, after checking that this reduction of the active space does not
change the energies obtained for the three first states. The fourth excited states is
again of !(n-n*) character and is only taken into account in initial tests calculations.
The second excited state, of ! (n-1*) character, has an oscillador strength of 0.338 which
means that it is the state that absorbs the initial excitation, while the other excited

states have oscillador strengths negligible and will therefore not be optically active.

To determine the number of roots that should be included in our calculations and
analyze the influence of their weights in the results, we performed an initial set of
test calculations. When we changed from 5 roots and CAS(14,10) with equal weights
to 3 roots and CAS(12,9) with equal weights as well, the maximum difference was of
0.05 eV. We then calculated the energies for the three roots, with a specific weight for
each one. In that case, the three roots have a weight respectively of (8,1,1), (1,8,1)
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and (1,1,5) for Sg, S; and S,. The differences found were of 0.05 and 0.04 eV for the
two lowest vertical excitation energies, which is within the expected precision of the
method (see Table 4.3). Consequently, to avoid enlarging the computational costs,
we performed all following calculations with equal weights for every state. The MS-

CASPT?2 results have been also included with the final configuration we chose.

Table 4.3: Comparison of energy differences for the first excited states of
uracil considering different number of roots and weights in the calculation.

S1 (*(n-m*))  S2 (Y(z-n*)) S3 (*(n*-n*)) S4 (*(n-7*))

CASPT2(14,10) @ 5,16 5,53 6,58 6,67
CASPT2(12,9) ® 5,21 5,56
CASPT2(12,9) © 5,26 5,52

MS-CASPT2(12,9) 4 5,16 5,52

2 five roots with equal weights P three roots with equal weights ¢ three roots
with specific weights respectively (8,1,1), (1,8,1) and (1,1,5) for S0, S1 and S2
d three roots with equal weights

Our results are in good agreement with both previous theoretical and experimental
results [30, 33|

4.3.3 Excited states minima and adiabatic energies

Once we got the ground state geometry, we looked for the minima of the PES of the
states S; and Sy (see figure 4.6. For the '(n-7*) state, we found a minimum on the
S; surface with a geometry which deviate slightly from planarity. Three bond lengths
differ considerably from those of the ground state geometry. The largest difference, as
it was expected, was found for the C4-Og bond that is elongated by 0.15 A, changing
from 1.202 to 1.358 A. Other sizable differences are found in the C5-Cg bond, which
is elongated almost 0.07 A, and in the C4-C5 bond, shortened more than 0.1 A. These
changes correspond well with the excitation of one electron from the npg orbital to an
antibonding ©* orbital of the ring. Energies of the three lowest states at each optimised
geometry are reported in Table 4.4, together with emission energies (in parenthesis).
These energies are calculated as the vertical energy difference with the ground state
at the excited state minimum. If the minimum correspond to a singlet excited state
species, this energy is the theoretical prediction of the fluorescence energy. Our results
are in good agreement with previous theoretical ones. Matsika found an emission

energy for the (n-n*) state of 3.17 €V, in good agreement with our result of 3.19 eV.

The !(z-7*) minimum is more problematic and its existence is still a subject of
debate. At the CASSCF level, we found an almost planar minimum for the So(n-7*)
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state. The increase of the C5Cg bond length from 1.342 to 1.487 A is a consequence of
the !(n-n*) excitation which tends to break the double bond. The elongated length of
the C4Og bond (of 1.344 A) could be due to the fact that the state average geometry
optimization has been run with with a nonneglegible weight on the (n-n*) state. The
small energy difference between the first and second excited states does not allows
otherwise, so a part of the !(n-t*) excitation is included in the description of this S,
minimum. The character of minimum of this structure was confirmed by a frequency
calculation at the CASSCF level.

Figure 4.6: Optimized geometries of the ground state and the two lowest
excited states (bond length in Angstroms)
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Table 4.4: Energies at optimized geometries (in eV). Fluorescence energies
are reported in parenthesis (CASPT2 energies).

Ground state n—n* minimum ®—7* minimum 2

S, 0.00° 1.06 1.43
S, 5.21 4.25(3.19) 4.44
S, 5.56 5.58 5.32(3.89)

d t—7* pseudo planar minimum, optimised at the CAS-
SCF level  Pthe energies in bold in each column cor-
respond to the state that was optimized

As said above, the existence and the geometry of the !(x-n*) minimum is a subject
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of debate. Indeed, Matsika and Improta both found a critical point on this area of the
PES, but it was a saddle point [30, 33]. Merchan et al. found a planar minimum at
the CASSCF/6-31G(d,p) level [34] but when more dynamic correlation was included
in the calculation trough a better basis set or by including o™ excitations inside the
active space, the (n-n*) minimum disapears and a minimum energy path from the
Franck-condon region on the (n-1*) PES goes directly to the CI with the ground state.
In order to include the dynamical correlation in our geometry optimization, we looked
for the (n-n*) minimum at the CASPT2 level, a non-standard and computatively
expensive procedure. The optimization led to a geometry showing a clear breaking of
the ring planarity and with the pyrimidine ring having a “boatlike” formation, with
N3 and Cg going out of the plane formed by the other four atoms of the ring and some
bond lengths of the ring increased (see figure 4.7). But the procedure was not able to
converge to a minimum: at that region the energies of the n-rt* and n-n* states are
almost degenerated so this calculations seems to indicate that a real minimum does
not exist at this level of calculation. The minimum energy geometry of the n-t* state
on the Sy PES corresponds to a (n-7*)/(n-n*) CIL. The optimization of this structure

will be presented in the next section.

Figure 4.7: Non-planar (n-1*) geometry representative of the area where the
optimization of the (7-7*) minimum at the CASPT?2 level leads.

Dihedral angle N,C,N,C,=-31.7°

Nevertheless, under closer examination of the (n-n*) minimum localized at the
CASSCF level, we found another interesting feature. At that geometry, the second
and the fourth CASSCF excited states, both (n-n*) excited states were strongly mixed
in the MS-CASPT2 wave-function, and part of the oscillador strength passes to the
second (n-m*) excited states. It has been recently shown that the lack of dynamic
correlation might lead to an artificial mixing of two n-n* states of different nature

(one of them statically neutral but dynamically ionic) [35, 36] and this is what could
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happen in this case. This situation was even more marked in the 5-FU molecule, so
we had to study this mixing problem more accurately in this later system, as will be

shown in the corresponding section.

4.3.4 Conical intersections

After the initial population of the So(n-n*) state, the decay to the ground state will
require two radiationless transition. We found two conical intersections corresponding
to these two transitions, as well as another CI that opens the possibility of a transition

from the ! (n-m*) state to the ground state.

The geometry of the minimum of the (n-7*)/(n-n*) CI located is shown in Figure
4.8. The main geometrical changes comparing with the GS geometry correspond to a
loose of the planarity of the ring that adopts a boat-like conformation. The dihedral
angle formed by N;CyN3Cy, which accounts for the curvature of the ring, is 19.3° in
this case. Nevertheless, this structure presents another peculiar geometrical change,
the pyramidalization of Cs, that leads the H bonded to this atom to be placed outside
the plane of the ring, with the dihedral angle formed by C¢CsC4Hs of 50.3°. The
pyramidalization of C; also preludes the overlap of its mono-occupied orbital with the
7 orbitals of the other atoms of the ring. Consequently, the C4Cs and C5Cg bond
distances change. The first one changes from 1.467 A to 1.381 A, when the other
increases from 1.342 A to 1.525A. It indicates a breaking of the C5;Cg double bond
while the C,C5 shows now some double bond character. The energy of this conical
intersection is lower than the vertical excitation energy to S,. It is situated at 6.11 eV
when S, lies at 6.85 eV in the Franck-Condon area (at the CASSCF level) energies.
We also must notice that the breaking of the planarity pointed out before destabilizes
a lot the ground state, with an energy of 3.26 eV at this conical intersection relative
to its equilibrium geometry. Due to the lack of dynamic correlation in the CASSCF
calculations, the conical intersection minimum located at this level is not anymore in
the conical intersection seam when the energies are recalculated at the CASPT2 level,
as !(n-n*) and !(n-7*) energies are not degenerated any longer (see table 4.5). Anyway,

the CI must exist in a nearby region.

Due to the inertia of the nuclear movement along the relaxation from the FC area
and to the fact that the (n-n*) state is thermodynamically favoured relative to the
(n-7*) state, the system will continue relaxing on this surface that, after this first CI,
is now the S; state. Continuing the relaxation on this surface, the system reaches
the second CI with the ground state. In this CI the main geometrical change, when

compared with the previous conical intersection, concerns essentially the position of
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Figure 4.8: Geometries of the minima of the conical intersections loc-
ated among the first three states of uracil. Optimizations carried out at
the CASSCF(14/10)/6-31G(d) level, except the (nn*/GS) CI located with a
CAS(10/8)(bond lengths in Angstroms).
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Table 4.5: CASSCF and CASPT2 energies of the conical intersections min-
imized at the CASSCF (in eV). Active space of (12,9) for CASPT?2 calculations
and (14,10) for CASSCF optimizations

(e-1*)/(n-n*) CI  (n-n*)/GS CI* (n-n*)/GS CI

CASSCF So 3.26 5.18 5.97
(o) 6.10 6.07

(r-n%) 6.11 5.18 9.32

CASPT2 So 2.46 4.29 5.72

! (o) 4.85 5.97

(e 5.56 4.49 7.99

MS-CASPT2 So 2.33 4.18 5.61
L(n-n*) 4.96 6.10

(e 5.95 4.84 8.34

2 Calculations with an active space (10,8)

the hydrogen atom on Cs;, which goes more markedly out of the plane of the ring.
The dihedral angle has increased to 66.4° compared with 50.3° of the previous conical
intersection. This CI is lying at lower energy than the previous one, about 1 eV down
at CASSCEF level, at 5.18 V. For this structure the (n-n*) and ground states are almost
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degenerate as well at the CASPT?2 level. Indeed, the energy difference between both
state is only of 0.2 €V while it was of 0.7 eV in the previous CI. It means that the
dynamic correlation affects almost equally to these two states. At this geometry the

(n-7*) state is higher in energy, as will be shown later.

The experimental findings of Kohler and his hypothesis of the involvement of the
(n-7*) dark state in the mechanism of the slow deactivation reaction [16] made of
crucial interest to characterize the point of crossing of this state with the GS. The
geometry of the minimum of this CI shows huge changes. First, C4Og bond length
increases to 1.546 A and C5Cg to 1.570 A, while C4C5 bond length decreases to 1.268
A. The planarity of the ring is lost, but in a different way than in the previous Cls
located. This time is the hydrogen linked to N3 atom the one that goes out of the
plane. This conical intersection is higher in energy than the initial vertical excitation
to the *(n-n*) state. At CASSCF level, the (n-7*/GS) CI energy is about 6 eV, while
the (n-1*) state at this geometry is more than 3 eV higher.

4.3.5 Paths

The structures and energies of the critical points gives a very valuable information
about the reaction mechanisms, but it is necessary to know the paths that the system
can follow to have the complete knowledge of the (static) reactive possibilities. To
get this information, the best option would be to calculate the minimum energy paths
between the critical structures involved in the reaction, but this option not always
works correctly computationaly speaking. We have calculated linearly interpolated
internal-coordinate (LIIC) paths. In some points, it is also convenient to know the
gradient of the PES of the reactive states. The CASPT2 potential energy profiles
allow to give a qualitative overview on the energetics of the path. The barriers found
along a linear interpolation are upper bounds of the actual barriers, thereby if a LIIC

path does not show any barrier, the MEP will also be barrierless.

The first path to be considered was the one followed by the system just after the
initial excitation. Given that the state populated is the (n-n*) and that the gradient of
its PES at the FC geometry leads towards the (n-7*) pseudo-minimum, we calculated
the path from the FC region to the So(n-n*) planar pseudo-minimum. The energies at
the CASSCF level show a barrierless path, but the CASPT?2 results are quite different,
showing a small barrier of 0.35 eV (Figure 4.9).

If the system relaxes to the region of the (n-n*) planar pseudo-minimum, one of
the possible paths from there would be towards the (r-n*)/( n-n*) CI. The situation
is similar to that of the previous path: at the CASSCEF level this is a barrierless path,
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Figure 4.9: LIIC profile for the (n-n*) and (n-7*) PES obtained at the MS-
CASPT2 level between the (n-1*) state at the FC geometry and the (n-n%)
planar pseudo-minimum.
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while at the CASPT?2 level there is a barrier of 0.13 eV (Figure 4.10).

Figure 4.10: LIIC profile for the (r-n*) and (n-n*) PES obtained at the MS-
CASPT?2 level between the (n-n*) planar pseudo-minimum geometry and the
(r-1*/ n-n*) CI geometry.
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Given that the existence of the (n-n*) planar pseudo-minimum seems to be an
artefact of the computational method, another possibility for the relaxation on the
(n-m*) PES immediately after the initial excitation that should be considered is the
movement towards the (r-n*) /( n-*) CI, what would yield a change from the S, to the
S; PES. This LIIC path, depicted in Figure 4.11, does not show any barrier, leading
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directly to the final structure with a continue decrease of the (n-7*) energy. We must
not forget that the structure of this minimum energy point of the conical intersection
was optimised at CASSCEF level and that the CI can be located somewhere else at
the CASPT2 level. In fact, !(n-n*) and !(n-7*) cross at point 7 of the path. Tt does
not imply that this structure be a minimum of the CI hipersurface at the CASPT2
level, but it is an upper bound for it. We know indeed that at the CASPT2 level, the
minimum energy point of the conical intersection must have a geometry close to that

of point 7 and lower energy.

Figure 4.11: LIIC profile for the (r-n*) and (n-n*) PES obtained at the MS-
CASPT2 level between the FC geometry and the (n-n*)/(n-n*) CI geometry.
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The last possibility considered for relaxation along the (n-n*) PES from the FC
region was the evolution of the system towards the (n-n*)/GS CI. Obviously, before this
crossing, the (t-n*) PES must cross the (n-7*) PES, but this does not have to happen
necessarily through the (r-n*/n-n*) CI minimum energy point. For this reason we also
obtained the LIIC path from the FC structure to the (n-n*)/GS CI (see Figure 4.12).
The first points of this path are calculated with an active space (12,9) containing the
nps orbital, so the energy of the ground, (n-n*) and (n-7*) states have been obtained.
After the (n-n*) state crosses the (n-n*) surface at the first stages of the path, the
active space was reduced to (10,8), leaving the npg orbital in the inactive space. This
active space is able to describe only the (n-1*) excited states, so only the ground state
and the (n-n*) state energies are reported in the last part of the path. The path found
is barrierless at the CASSCF level as well as at the CASPT2 level as shown in Figure
4.12.

With the whole of the above results we can propose a path for the fast deactivation

mechanism of uracil. After the initial population of the (n-n*) state, the system relaxes
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Figure 4.12: LIIC profile for the (n-n*), (n-7*) and GS PES obtained at the
MS-CASPT?2 level between FC geometry and the (n-n*)/GS CI geometry.
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bending the ring. The planar minimum, if it exists, will not be populated because of
the presence of a barrier that, although small, will make this path little probable. The
system will reach the CI with the (n-n*) system (not necessarily at the minimum of
the CI) keeping the (n-7*) electronic distribution that from now on will be S; instead
of So. The vectors of the branching space of the CI, that show the coordinates that
will make the system leave the degeneracy, are show in Figure 4.13. They correspond
to a stretching of the C4;Og bond and a breaking of the ring planarity. The first one
will lead to the (n-*) minimum, as this minimum is characterized by an elongation of
the C4Og bond. The second one will lead to the second CI, the (n-n*)/GS one, where

the bending of the phenyl ring is even more marked.

From the static point of view, both directions are in principle equally probable
but, taken into account the dynamics, we must consider that to arrive to this CI the
system is relaxing bending the ring. The inertia of the movement of the nuclei when

arriving to the CI will drive the system mainly towards the (n-n*/GS) CIL.

To get additional information we also calculated the LIIC path from the (n-n*)/(n-
7*) CI minimum to the (n-7*)/GS CI minimum. This path is also barrierless on the
(n-1*) surface, the out-of-plane motion destabilizing hugely Sy (see Figure 4.14). The
Sy surface will have a (n-n*) character along that path, while Sy will be of (n-7*)

character. Once at the (n-1*)/GS CI, the molecule relaxes back to the Sy minimum.

The small proportion of molecules that relaxes towards the (n-n*) minimum without

any barrier at the (n-n*)/(n-n*) CI will be trapped in this dark state, as demonstrated
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Figure 4.13: Branching space of the (n-7*)/(n-n*) conical intersection ob-
tained at the CASSCEF level.
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Figure 4.14: LIIC profile for the (n-n*) and GS PES obtained at the MS-
CASPT?2 level between the (n-1*)/(n-n*) CI geometry and the (n-n*)/GS CI
geometry.
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by Kohler.[10] The LIIC path from this !(n-7*) minimum to the (n-n*)/GS CI (see
Figure 4.15) shows a barrier of more than 30 kcal-mol~*. This high energy gap make
highly unprobable the decay to the ground state trough this CI. On the other hand,

the barrier between the (n-n*) minimum and the (r-n*/n-7*) CI is thermodynamically
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accessible and the wave packet might recross to the n-=* PES. In that case, this path
would be associated with the longer life-time of the decay mechanism. Moreover, this
barrier between (n-n*) state and the conical intersection with the ground state is very
small for adenine, and adenine derivatives does not exhibit slow channel decay . It
suggests that the slow decay channel must be connected with the presence or not of a

barrier on this path.
Figure 4.15: LIIC profile for the (n-n*), (n-n*) and GS PES obtained at the

MS-CASPT?2 level between the (n-n*) minimum geometry and the (n-n*)/GS
CTI geometry.
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Once we got all these paths, we can draw a general scheme of the reaction profile,

as shown in Figure 4.16

It has been proved that the ultrafast decay channel experimentally characterized
with subpicosecond lifetime must go from the (n-n*) excited state, the one populated
at the FC geometry by the initial excitation, situated on the S; PES, to the ground
state through a conical intersections that is reached along a barrierless path. This
path involves the breaking of the ring planarity as well as a pyramidalization of Cj
that pushes Hs out of the initial plane of the molecule. For the slower decay chan-
nel we propose that at the first (n-7*)/(n-1*) CI which the system reaches along its
relaxation path, a small part of the molecules decay along the S;(n-7*) PES and is
trapped into the dark (n-7*) state. The path leading to the deactivation funnel (con-
ical intersection with the ground state) presents a large energetic barrier, so it will be
strongly unfavored. The wave packet may then crosses back trough the (n-n*)/(n-n*)

CI to come back on the (n-n*) PES, accounting for the longer lifetime. The com-
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Figure 4.16: Resume of the reaction path profile, energies in eV
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petition between the different pathways will determine the efficiency and rate of the

competitive radiationless decays to the ground state.

In order to confirm these global scheme, we have investigate both solvent and
substitution effects on different aspects of the reaction mechanism, but focusing mainly

on the fast deactivation mechanism. Indeed, the solvent shifts the energy levels and
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may change the ordering of these states involved in the photochemistry, as it has been
shown that solvent blue-shifts (no-n*) excitation energies much more than (r-n*) ones.
In the same way, the effect of substitution should be investigated, with special attention
in Cs, given that changes in this atom are the most important ones along the reactive
paths. Consequently, solvent and substitution effects will be the subject of the next

sections of this chapter.

4.4 Modelization of the solvent effect: Uracil in aqueous

solution.

To reproduce accurately the solvent effects is important in general because most of the
experiments are performed in solution. So, to be able to compare directly experimental
and theoretical results, the solvent effects should be included in the calculations. To
check the importance of the environment in the photochemistry of uracil, we restudied
the critical points of the deactivation mechanism presented in the previous section in
an aqueous environment. To take into account the solvent, we used the PCM model
as explained in the chapter of computational details. In a second step, to modelized
short range effects (like H-bonds), we took some explicit water molecules into account

in the description of the system.

When using the PCM model, the geometries of the minima found in gas phase were
reoptimized in aqueous solution at the CASSCF level (using Gaussian package) and
the energies refined at the CASPT?2 level with the Molcas package. Unfortunately, the
reoptimization of the CI's with PCM was not possible with the commercial version
of the Gaussian package available, so for this structures only the PCM energy was

recalculated.

The structures obtained for the ground state, ! (z-n*) and ! (n-7*) minima in aqueous
solution are shown in Figure 4.17. Changes relative to gas phase geometries are very
small for all the three geometries, with bond distances changes smaller than 0.01 Ang-
stroms. We can conclude, then, that the solvent does not modify substantially the

structure of the critical points.

The energies of the of the lowest states at these structures are collected in Table
4.6.

It can be observed that in the Franck Condon region the (n-n*) state becomes
the first excited state. This state is the one that absorbs the excitation, showing an

oscillador strength of 0.40.This inversion (relative to the gas phase ordering of the
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Figure 4.17: Geometries of the (a) Ground State (b) (n-7*) minimum and
(¢) (m-*) minimum, optimized at CASSCF level. Distance in Angstrom. Gas
phase values in parenthesis.
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Table 4.6: Energies (in eV) of the critical points at the CAS-
SCF(12,9) /CASPT2 level. Emission energies in parenthesis.

Structure State Energy
Ground state So 0.0
(n-n*) 556
(m-1*) 5.31
(n-7*) minimum So 0.78
(n-n*)  4.39 (3.61)
(m-1*) 5.66
(m-1*) minimum So 1.14
(n-1*) 4.56
(m-n*)  5.26 (4.12)
(r-1*) /(n-7*) CI 5.54
(n-1*) /Sy CI 6.12
(m-1%) /S CI 4.51*
#Calculation with an active space
(10,8)

lowest excited states) is due to the fact that the solvent destabilize the (n-n*) state
by 0.4 eV while it stabilizes the (n-n*) state by more than 0.2 eV. This result is in
agreement with other theoretical studies about the influence of solvent [22, 33|: using
TD-DFT method and highly correlated basis set, Improta et al. found a blue-shift of
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0.5 eV and a red-shift of 0.2 eV for the (n-n*) and (n-n*) excitation respectively.

Regarding the energy of the excited state minima, we also observe some differences
relative to the gas phase. Although absolute energies of both minima does not change
substantially from those of uracil in gas phase, the emission energies are both blue-
shifted. While in gas phase the (n-7*) bright state has an emission energy of less than
4 eV, it increases up to 4.12 eV in water. The same occurs with the dark state, whose
vertical decay energy is blue-shifted from 3.20 eV to 3.61 eV. The Stokes-shift is larger
than 1 eV, which is in good agreement with experimental data: Gustavsson et al.
found an emission energy for the bright state of 31301 cm™! (3.88¢V) and a Stoke shift
of 0.91 eV (7242 cm™').|22] Improta et al found with the TD-DFT method that the
fluorescence energy of the bright state is blue-shifted by almost 0.4 eV relative to the
gas phase results.[33] It should be pointed out that even if in solution at the ground
state geometry the (n-n*) state is more stable than the (n-7*) state, the minimum of

the first is more energetic than the (n-r*) minimum, like in gas phase.

The similarity of the relative energies of the excited state minima on the gas and
aqueous phase indicate that the decay mechanism must not be modified drastically
in solution. Indeed, the (n-n*)/(n-n*), (n-n*)/Se and (n-n*)/Sy Cls shows energies
comparable with those in gas phase. The (n-1*) /Sy CI lays 4.51 eV above the electronic
ground state at the ground state geometry, while the crossing between both excited
states lays at 5.54 eV, which is almost iso-energetic with the (n-n*) state in F.C. As
the initially populated state, the (n-n*) one, is the first excited state at the ground
state structure, the system must relax directly on this surface. Like in gas phase, it can
decay directly to the ground state trough the CI, without passing by the corresponding
minimum, but a part of the wave packet might go to the (n-n*) surface trough the
(n-1*) /(n-n*) CI. The recrossing from the (n-7*) surface to the (r-n*) PES and further
cross to the ground state, would account for the longer decay lifetime, like in the gas

phase.

In order to modelize better the influence of solvation, taking into account short-
range effects, calculations should be done using explicit water molecules. We performed
some test calculations in this way. The number and position of the water molecules
was decided based on a previous study performed by Improta et al [29], who showed
that four water molecules were adequate to modelize this system. The ground state
geometry was then reoptimized at CASSCF level using the cluster shown in figure 4.18
and PCM as well. Once more, bond distances do not change significantly relative to
the previous models. Absorption energies, collected in table 4.7, do not show either
substantial differences from those obtained with the PCM model. The (n-1*) state

is even more stabilized by the addition of the four explicit water molecules, but this
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change will not modify the deactivation mechanism. It should be pointed out that
even with the water molecules and PCM, at the CASSCF level, the (n-n*) state still

lies in the second excited state.

Figure 4.18: Geometry of the Ground State minima of Uracil with four water
molecules, optimized at the CASSCF level. Distances in Angstroms.

Table 4.7: Absorption energies of Uracil with 4 water molecules at the CAS-
SCF(12,9)/CASPT2 level (in eV), oscillador strength in parenthesis.

State ‘ Energy
So 0.0
(n-1*) 5.52
(m-*) | 5.24 (0.56)

Further exploratory calculations with explicit water molecules have been performed
in other critical points. The preliminary results show the same trends than the results
presented here for the ground state geometry, with non-crucial qualitative changes.
Nevertheless, it can be interesting to develop with further details this study, although
it is beyond the scope of this thesis.

4.5 b5-fluorouracil

As said before, 5-fluorouracil is the uracil derivative that shows the longest decay
time. For this reason, it is an interesting case to see how the substitution modifies
the topology of the PES of the low-lying states to predict the effect of these changes
according with the deactivation mechanism proposed in our work on uracil. If the

changes agree with the experimental observations, our hypothesis on Uracil will be
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validated. For 5-FU we developed a similar study to that on uracil, but making
emphasis on the differences that might explain the longest decay time in 5-FU. The
procedure followed, then, is the same than in the previous case, that means geometry
optimization at CASSCF level using Gaussian package and then energy calculations
at CASPT?2 level with MOLCAS.

4.5.1 Ground state

The ground state geometry obtained for 5-FU is quite similar to the one obtained for

uracil (see figure 4.19)

Figure 4.19: Ground state geometry of 5-fluorouracil optimized at the CAS-
SCF level.

The change of the hydrogen atom by a fluor one does not modify significantly the
ground state geometry. The bond distances are basically the same than those for uracil
and the molecule is planar as well. Our results are in good agreement with the few
theoretical works published about 5-FU in gas phase [38, 39|.

4.5.2 Vertical excitation energies

The absorption energies of the singlet excited states have been calculated using an
active space of 12 electrons and 9 orbitals, in order to use the same active space for
all critical points, except some of the CIs that have been optimized with an active
space of 10 electrons in 8 orbitals. In these cases we excluded from the active space
the lone pair of Og given that, like in uracil, the excited states that involves excitation
from this orbital is too high in energy. We found, like for uracil, that at the CASSCF
level, the first excited state in the FC zone has !(n-n*) character while the second one
is of !(n-n*) character (see table 4.8). The third excited state has as well a !(n-7*)

character.

The two (n-1*) states are characterized by the combination of two (n-n*) excitations

with non-negligible weights in both states. Although in principle only the first three
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Table 4.8: Vertical excitation energies

S1(n-*)  Sy(mn-n*)  Ss(n-n*)

CASSCF (basis set 6-31G)* 5.72 6.84 8.45
MS-CASPT2 (basis set 6-31G)* 5.14 3.59 7.05
MS-CASPT2 (basis set ANO) 5.22 5.21 7.27

states are involved in the deactivation mechanism, test calculations including 4 roots
show that in the Perturbed Modified CAS-CI (PM-CAS-CI) functions obtained at the
MS-CASPT2 level there is some mixing of the two CASSCF wavefunctions of the (-
7*) excited states. When the same kind of calculations are performed at other critical
points of the (n-t) PES (see latter), this mixing is shown to be much more important,
so this MS-CASPT?2 results show the need of taking into account the two (n-n*) states
in the CASSCF calculations to get an accurate global description of the first (n-n*)
excited state. For this reason the rest of the study was performed including four roots
in the state average of the CASSCF calculations. A consequence of the mixing of the
CASSCF wavefunctions is that the PM-CAS-CI functions are characterized mainly by
a unique (n-*) excitation. It is interesting to point out that the mixing of (n-n*)
states in 5-FU is more pronounced when this calculations are performed with a 6-
31G(d) basis set, in such a way that even at the MS-CASPT?2 level, both (n-n*) states
have a non-negligible contributions of the two different (n-n*) excitations. It seems that
the inclusion of correlation helps to get a cleaner description of the states of interest,
based on an unique excitation. For that reason we switched to the ANO basis set. At
the MS-CASPT2 level of theory with ANO basis set, the absorbing state (the state
with the largest oscillator strength) is the first (n-n*) excited state, which is practically
degenerate with the (n-1*) excited state. This is a differential feature between U and
5-FU, given that for the first system the energies of these states computed at the
CASSCF(12,9)/MS-CASPT2/ANO-S level (using for these comparative calculations
the same basis set than for the 5-FU) are 5.08 eV and 5.22 eV for the (n-n*) and
(n-m*) states respectively, not degenerate. The degeneracy between (n-n*) and (n-n*)
states in uracil is only found when an aqueous environment is considered and a certain
number of explicit water molecules are included in the cluster (together with the solute
molecule) treated at the quantum mechanical level.[22] The stabilization of the (r-n*)
state relative to the (n-n*) state in 5-FU can be explained by the inductive effect of
the fluorine atom that destabilize the 7 orbital involved in the (n-1*) excitation that

gives place to the (n-1*) state, as have also been observed in previous studies. [22, 40]

The value for the absorption energy for 5-FU (5.21 eV at the MS-CASPT?2 level)

can only be compared with the experimental data of the absorption maximum in water,
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of 4.66-4.68 eV.[22, 40| It has to be taken into account that the polar media of the
experimental measurement stabilizes the excited (n-n*) state relative to the ground

state.

4.5.3 Excited states minima

Minima of the PES corresponding to the states S; and S, were located. Once again,
the geometrical differences when compared with the ground state are in line with the
excitation (see figure 4.20). For the (n-n*) state, we found a minimum with a geo-
metry which deviate very little from planarity. Three bond lengths differ significantly
from those of the ground state geometry, one of them being logically the C,Og bond,
which is elongated by 0.17 A. The other two are the bond distance (C5Cyg), which is
elongated by almost 0.06 A, and the bond distance (C4Cs), shortened by 0.1 A. These
changes correspond well with an excitation of one electron from the npg orbital to an
antibonding n* orbital of the ring. About the (n-7*) minimum, the geometry shows
a slight break of the ring’s planarity. The excitation breaks the double bond (C5Cg)
which is elongated by 0.085 A while the (C4Cs) is shortened by almost 0.12 A. Once
more, due to the state-average of the three first states used in the procedure of the
optimization, we still have an elongation of the (C,Og) bond. This minimum, opposite
to the one of the uracil case, is not subject of debate. Indeed, contrary to the results
for U, for 5-FU this minimum was located at both CASSCF and CASPT?2 levels of
theory. The MS-CASPT2 geometry is very similar to the CASSCF geometry, with
the breaking of the C5-Cg double bond slightly more marked. This structure is almost
planar, with a slight pyramidalization of C; and Cg. It is interesting to observe the
elongation by 0.14 A of the C4-Og bond. This geometrical change favours the (n-7*)
state so at this geometry this is more stable than the (n-n*) state. At this geometry we
found a strong mixture of the (n-1*) CASSCF states in the PM-CAS-CI wavefunctions
obtained at the MS-CASPT2 level. Also in this case the (n-n*) CASSCF functions are
characterized by two (n-n*) excitations, while in the MS-CASPT?2 functions only one
excitation in each state has a large weight. The orbitals involved in the first excitation
are mainly the = and =* orbitals of the C5-Cg ethylenic moiety while in the second
excitation the orbitals involved are the mo orbital of the C4-Og bond and the same
r* that before, which explains the lengthening of the C4-Og bond. The need of the
inclusion of dynamic correlation to obtain a correct description of the (n-n*) state is

more evident in this calculation.

The adiabatic and vertical energies of the excited state minima are shown in table

4.9. As said before, there are few studies on 5-FU, both from the experimental and
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Figure 4.20: Excited states minima of 5-fluorouracil
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theoretical point of view and the few theoretical studies have been done in solvent.
Anyway, as solvent will both stabilize the (n-n*) minimum and destabilize the (n-
7*) minimum, we can consider that our results show a good agreement with those of
Gustavsson et al.[41] The fluorescence energy show a small red-shift from 3.89 to 3.80

eV, values predicted by Gustavsson et al. in water.|22]

Table 4.9: MS-CASPT?2 energies (in eV) at optimized geometries. The en-
ergies in bold in each column correspond to the state that was minimized.
Fluorescence energies are reported in parenthesis.

Ground state (n-n*) minimum (7-7*) minimum

So 0.00 0.68 1.20
S 5.22 4.15(3.47) 4.38
S, 5.21 4.85 4.75(3.55)

4.5.4 Conical intersections

The conical intersections between the Sy, *(n-n*) and *(n-n*) states have been optim-
ized also for 5-FU and their geometries and energies are shown in figure 4.21 and in
table 4.10.

Table 4.10: MS-CASPT?2 energies (in eV) of the conical intersection minima.

(e /nn*) CI (nn*/GS) CI* (nrn*/GS) CI

MS-CASPT2 Sq 2.35 4.21 5.44
St 4.56 3.93
Sn 0.47 7.36 5.86

2 Calculations with an active space (10,8)



UNIVERSITAT ROVIRA I VIRGILI
AB-INITIO INSIGHT INTO THE ORGANIC PHOTOCHEMICAL DIVERSITY: NON-RADIATIVE DECAY IN URACIL AND DERIVATIVES
AND INTRAMOLECULAR CHARGE TRANSFER MECHANISMS IN THE BENZONITRILE FAMILY

Yannick Mercier

DL:T.

1371-2011

68 4. URACIL, DNA/RNA AND LIGHT

Figure 4.21: Geometries of the conical intersections located between the
lowest-energy states of the 5-fluorouracil
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The (n-n*)/(n-n*) CI is quite similar to that obtained for uracil. It has a "boatlike"
formation with a dihedral angle formed by N;CyN3Cy of 28.5°, to be compared with
the value of 19.3° for uracil. Bond distances are also quite similar of those found for
uracil. The (n-7*)/GS CI has as well the same structure than in uracil, and its energy

is much higher as well than the (n-7*) minimum by almost 1.3 eV

The (n-7*)/GS CI geometry optimized for 5-FU shows remarkable differences from
that found for U. For 5-FU the bend of the ring is smaller (28° for 5-FU to compare
with 36° for U) while the dihedral angle formed by the F atom with the ring is larger
(101° for 5-FU to compare with 66° for U). According to this, the C4-Cs bond distance
is larger than that found in U (1.461 A for 5-FU to compare with 1.410 A for U). The
influence of the fluorine substitution is larger in this geometry than in any other
because this structure is mainly characterized by the out-of-plane movement of this
atom. A similar effect was found in another study performed by our group on 5- and

6-aminouracil (5-AU and 6-AU) as will be shown in the next section of this chapter.

4.5.5 Mechanistic overview

The direct involvement of the (n-7*) planar minimum in the radiationless deactivation
path has been checked by a MEP calculation on the '(n-7*) PES from the Franck-
Condon region. Due to the computational requirements of this calculation, it has only
been performed at the CASSCF level. The minimum energy path obtained in this
way leads the system directly to the (n-7*) minimum, confirming the involvement of
this species in the deactivation mechanism. To complete the profile of the deactivation
path, a LIIC path was calculated between this minimum and the (n-n*/GS) CIL The
profiles of the Sp, '(n-7*) and !(n-7*) PES calculated at the MS-CASPT2 level are
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shown in Figure 4.22. We can observe that the minimum of the (n-n*) state appears,
at the CASPT2 level, slightly displaced relative to the geometry optimized at the
CASSCEF level (the minimum MS-CASPT?2 energy point corresponds to step no. 3).
After an extended plateau, a barrier of 0.22 eV relative to the initial '(z-7*) energy
(0.32 eV relative to the minimum energy point) appears before a pronounced slope
that directs to the (n-7*/GS) CI. The involvement of the minimum in the deactivation
mechanism and the existence of a barrier to reach the funnel of deactivation to the

ground state, explains the enlargement of the excited states lifetimes observed in 5-FU

relative to U.

Figure 4.22: Evolution of the (n-7*) excited state from (n-7*) minimum to
the (n-1*/GS) CI geometry along a linear interpolation intrinsic coordinates
(LIIC) path, MS-CASPT2 energies.
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Although the MEP from the FC region directs to the St minimum, it is convenient
to check if there exist a direct and barrierless path from the FC region to the Sn/S0
CI avoiding the well of the minimum. For this reason, we obtained the profile of the
'(n-7*) PES between those two geometries by means of a LIIC path calculation. The
results obtained at the MS-CASPT2 level are shown in figure 4.23.

In the case of the 5-FU, contrary to uracil, this path shows a small barrier of around
0.30 eV that slows down the relaxation process. A small barrier similar to this has

also been found in previous studies.[17]

As said before, the minimum of the !(n-x) state is quite similar to that of U and,
like in that case, it is the lowest energy excited minimum also for 5-FU. Again, the
geometry of the minimum energy point of the CI of this state with the ground state
is quite similar to that of U. The energy of this point is higher than that of the initial
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Figure 4.23: Evolution of the (n-n*) excited state from FC geometry to
the (n-1*/GS) CI geometry along a linear interpolation intrinsic coordinates
(LIIC) path, MS-CASPT2 energies.
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absorption energy, so this deactivation path can be ruled out. Nevertheless, it could be
possible that the !(n-n) minimum were populated, given that it is thermodynamically
favoured. This process would proceed through a (n-n*)/(n-n*) CI. The geometry
optimized for this CI at the CASSCEF level is very similar to that obtained for U, but
when the energies of the !(n-n*) and ! (n-7*) states at this geometry are recalculated
at the MS-CASPT2 level, it is found that these states are far from degenerate. This
is due to the different contribution of the dinamic correlation effect to the energy of
these states. The effect of the correlation leads to the opposite effect at the Franck
Condon region: while at the CASSCF level these states are far from degenerate, we
found that they have the same energy when recalculated at the CASPT2 level. We
have, then, a point of the CI hypersurface and, although this geometry does not have
to be the minimum energy point of the CI, it provides useful information because it
indicates that the crossing of these PES occurs very early in the deactivation process.
Nevertheless, given that the state populated in the initial excitation is the (n-1*) state
and that the forces of this PES at the FC geometry are far from negligible, it can be
expected that the preferential evolution of the system will be the relaxation on the
1(z-7*) surface instead of the internal conversion to the !(n-t*) state. In fact, some
dynamic studies based on DFT calculations of the PES of U and 5-FU, predict the
percentage of the wavepacket populating the Sn minimum.[42| In the case of U this is
of a 10-25%, weakly dependent on the solvent, while for 5-FU the !(z-7*) — *(n-n*)
decay channel is open in acetonitrile but closed in water, where the !(7-7*) state is

more stable that the *(n-t*) state.

The global picture of the deactivation mechanisms that our results draw for 5-
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FU, depicted in Figure 4.24, shows that the excited state populated after the initial
excitation, the !(n-n*) state, overcome a radiationless deactivation to the ground state
via a '(n-n*)/GS CI that is reached following the geometry relaxation of the system
on the !(n-n*) surface after the initial excitation. Opposite to uracil, for 5-FU there
is not a direct path because the initial relaxation of the system on the '(r-n*) surface
directs towards a minimum that corresponds to an almost planar geometry. To reach
the !(z-n*)/GS CI from there, the system must overcome a small barrier, high enough
to slow down the deactivation process. The alternative path, leading directly from the
FC geometry to the CI avoiding the minimum, also shows a barrier, so also in this

case the process will be slower than in the case of U.

Figure 4.24: Schematic representation of the radiationless deactivation mech-
anism of 5-fluorouracil. Energies in eV, distances in Angstroms.

The characteristics of the deactivation mechanism of 5-FU derived from our com-
putational results compared with that of the parent system, uracil, correlate well with
the experimental measurements that assign longer excited state lifetimes to the fluoro
derivative. The good agreement of the mechanistic hypothesis derived from our results
with the experimental observations supports the suitability of the methodology used
to perform this study. At the same time, the hypothesis proposed in our previous work

of the absence of a planar minimum in the '(n-7*) excited state of U is reinforced.
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4.6 Aminouracil

As said in the introduction of this chapter, the amino substitution in position 5 and
6 of the uracil ring modifies in different ways the photochemical properties of the
amino derivatives compared with the parent uracil. While 6-AU has an excited state
lifetime as short as uracil, about 100 fs, 5-AU shows a slower decay of about several
picoseconds, that depends on the wavelength of the excitation source. Moreover, both
molecules show very different shifts in their absorption and emission bands relative
to uracil. This differential influence in the luminescent behaviour of the amino-uracil

derivatives is the main point of interest of this study.

4.6.1 Ground state geometry and absorption spectra

For the ground-state structure of 5-AU, two minima were found, one with the amino
group almost coplanar to the ring, and another with the substituent rotated in an
almost perpendicular orientation (see figure 4.25 a) and b)). Although the first geo-
metry is in agreement with the experimental results, it is an unstable structure, as it
corresponds to a shallow minimum 1.4 keal-mol™! less stable (at the CASSCF /6-31G*
level) than the rotated minimum. The inclusion of an explicit water molecule in the
description of the system was shown to avoid this problem, making the planar min-
imum more stable, so all the calculations have been done in this way. To keep the
comparability, this water molecule was also included in the 6-AU system. To check
the possible influence of this water molecule in the results, several test calculations
were performed of the “nude” uracil derivatives. First of all, some geometries of sta-
tionary points of the 6-AU PES were reoptimized without the explicit water molecule,
finding negligible changes in the geometrical parameters. Then the relative energies
of different states at fixed geometries and relative energies of different areas of the
PES were compared for both 6-AU and 5-AU, with and without the explicit water
molecule, and again no significant differences were found. Consequently, given that
the results show that the inclusion of one water molecule does not change significantly
the relative energies for both systems or the geometries in the case of 6-AU, all the
energetic data reported in this paper at the CASPT2/CASSCF level are referred to
the 5-AU-H50O and 6-AU-H,0O systems. The geometry of the ground state for both

molecules and the position of the water molecule can be seen in figure 4.25 ¢) and d).

Once obtained the ground state geometries, we calculated the vertical excitations
energies, shown in table 4.11. Calculations indicate that the two lowest energy excited
states of 6-AU and 5-AU are qualitatively similar to that of U.[22, 7, 7, 29] A bright
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Figure 4.25: Geometry of the ground state optimized at CASSCF(16,11)/6-
31G* level for (a) 5-AU planar (b) 5-AU rotated (c) 5-AU-H20 and (d) 6-
AU-H20. Distances in Angstrom.

transition with (n-n*) character is predicted, and close in energy, calculations predict
the existence of a dark transition with (n-7*) character. Another (n-n*) state, labelled
(n-1*)q, is found with a small but non-negligible oscillator strength, more than 1.5
eV higher in energy than the first (n-7*) state. These calculations are in agreement
with the experimental results that indicate that the amino substituent significantly
affects the properties of the lowest energy excited states of U. For 5-AU calculations
predict that the lowest energy excited state is '(n-n*), whose transition energy is
significantly red-shifted (by 1 eV) relative to the corresponding transition in U. The
presence of another bright transition (So—!(x-7%),), blue-shifted by 1.5 €V with respect
to (So—!(m-n*)) is also correctly predicted. 5-amino substitution alters also the energy
ordering of the !(x-7*) and !(n-7*) excited states. While in U the latter is significantly
more stable than the former, at least in the gas phase, for 5SAU !(n-n*) is predicted to
be the lowest energy excited state in vacuo. From the quantitative point of view, it
is noteworthy that computations significantly overestimate the effect of the 5-amino
substituent on the absorption spectra, since the predicted red-shift of the (So—!(n-n*))
transition energy is twice as large as that found experimentally in water Calculations

confirm instead that an amino substituent in position 6 does not have a dramatic effect
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on the uracil absorption spectrum so the energy of the (Sp—!(n-7*)) transition in 6-AU
is rather similar to that found in U. On the other hand, a quantitative disagreement
is found for 6-AU: the (So—'(n-7*)) transition is predicted to be slightly blue-shifted
(by 0.2 eV according to MS-CASPT2) with respect to U, while the experimental band
maximum is red-shifted by 0.1 eV. Regarding the '(n-n*) state, MS-CASPT?2 results
predict that this state is the lowest energy excited state of 6-AU, like in U.[22, 7, 7, 29|
Calculations fully agree with the experiments, instead, concerning the substituent
effect on the intensity of the lowest energy bright transitions. Steady-state absorption
spectra indicate that the extinction coefficient of 6-AU band is remarkably larger than
that of U, whereas that of the 5-AU band is smaller. This trend is fully reproduced
by our results values of the oscillador strength of the (n-n*) states ®already in the gas
phase, although the experimentally observed substituent influence on the intensities is

much more important.

Table 4.11: Vertical excitation energies (eV) computed at the
CASPT2(14,10)/ANO level on CASSCF(16,11)/6-31G(d) optimized geomet-
ries (state averaged results for four roots of equivalent weight).

CASSCF CASPT2 MS-CASPT2  f@
5-AU
Hr-¥) 6.29 4.40 4.42 0.256
L(n-1*) 5.47 5.45 5.50 0.000
Yrn-n*)y | 7.57 6.38 6.58 0.109
6-AU
Hr-n*) 6.66 5.23 5.42 0.544
L(n-1*) 5.45 5.51 5.61 0.000
Ynn*)y | 7.73 6.80 6.93 0.040
Ub
(r-m%) 6.56 5.14 5.22 0.390
(n-n*) 5.00 5.00 5.08 0.000
Yr-n*)y | 7.09 6.19 6.28 0.020

@ oscillador strength from CASCI
b Calculations with an active space (12,9)

4.6.2 Emission energies

The next step on this study was the location and optimization of the minimum of the
two first excited states. In fact, to interpret the experimental fluorescence spectra, it
is more important to focus on the lowest energy bright state. This state, '(n-n*), is
expected to play a dominant role in fluorescence for two reasons; (1) it corresponds
to an allowed ("bright’) transition and (2) calculations predict the 'dark’ !(n-n*) state
to be located well above the '(z-7*) state for both 5AU and 6AU. We thus center
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our analysis to the study of the *(n-n*) minima. Energies of the optimized structures
found for 5-AU and 6-AU are shown in table 4.12. For 5AU and 6AU our calcula-
tions predict a behaviour rather different with respect to that depicted for U. For
5-AU, calculations indicate that a stable minimum exists on the (n-1*) surface, with a
slightly bent geometry. The most relevant changes are seen in the C5Cg bond length
(increase of 0.05 A relative to the ground state geometry) and for C,Cs (decrease of
0.02 A) The C,Os bond length increases also of 0.02 A. One interesting feature is
the change of the bond length of the amino substituent: it is shortened by 0.03 A,
which shows that the coupling between the amino part and the ring is stronger in the
excited state. The C; atom is not pyramidalized, differently from the case of uracil.
For 6-AU, optimizations of the (n-1*) state do not lead to a stable minimum, although
DFT calculations show the presence of a pseudo-minimum in a flat region of the PES
when the ring is constrained to planar geometries. Afterwards the ring bends strongly,
leading to a region of a conical intersection with the ground state where the NHy sub-
stituent undergoes a large out of plane motion. The experimental fluorescent spectra
of 6-AU shows a very broad band, which may indicate that it contains contributions
from the planar geometries of the region of the PES close to the Franck Condon point.
Only a multidimensional quantum dynamical study could assess the involvement of

this region in the excited state deactivation path.

Table 4.12: Energies (in €V) computed at the CASPT2(14,10)/ANO level
on CASSCF(16,11)/6-31G(d) optimized geometries (state averaged results for
four roots of equivalent weight) .

geometry state 5-AU 6-AU
Ground-state So 0.00 0.00
lnr®)  5.50 5.61
Vrn®) 442 5.42
'(n-7*) minimum So 1.31 1.73
Lmn*)  4.46 4.65
Wrm*) 641 5.80
!(7-7*) minimum So 0.20 b
Hnen*) 548
Y(r-m*)  3.54 (3.34)

& Fluorescence energies in parenthesis.
b 10 real minimum, leads to the CI region with
the ground state.

As a whole, our computational results, schematically depicted in figure 4.26, can
explain the main differences observed experimentally between these two aminouracil
derivatives and uracil. While our calculations for uracil indicate that after the ini-

tial excitation, the wave-packet on the !(n-n*) should go directly to the CI with the
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ground state, explaining the ultrafast decay, the case of 5-AU is different. The pres-
ence of a minimum on the ! (n-7*) surface, with planarization of the amino group and
partial formation of a double bond for the CsN bond obviously affects the emission en-
ergy, explaining the significantly larger Stokes shift of 5-AU and its larger fluorescence
quantum yield and the consequent longer life time of the excited state when compared
to U. Regarding 6-AU, CASPT2 calculations predict a very fast departure from the
ring planarity, with a simultaneous out-of-plane motion of the 6-amino substituent,
which finally leads to a CI with Sy. No real energy barrier is predicted for this process,

in line with the ultrafast decay shown by time-resolved experiments.

Figure 4.26: Schematic profile describing the absorption and the emission
processes of the bright S(n-n*) state in U (green), 5 AU (blue), and 6 AU (red).
Energy differences are not in scale.

\
BAU

The picture provided by our calculations is thus in qualitative agreement with
the experimental trends concerning both the steady-state absorption and fluorescence
spectra as well as time-resolved experiments. On the other hand some quantitative

discrepancies can be found, mainly on the shift of the absorption bands.

4.7 Conclusions

We can now resume the results presented in this chapter and compared the different
systems studied. The presence of a substituent on uracil C5Cg double bond has a
dramatic effect on the absorption and the fluorescence spectra of U. Furthermore, the

spectral features strongly depend on the position of the substituent, as shown by the
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very different behaviour exhibited by 5-AU and 6-AU. Actually, substitution in Cg
leads to smaller differences relative to the parent system: our results show no barrier
in the decay processes of U and 6-AU, that experimentally shows as short excited
state lifetimes as those of U. On the other hand, both 5-AU and 5-FU, show well
defined minima in the ! (n-n*) surface and a barrier in the decay path, what correlates
well with the experimental measurements that assign longer excited state lifetimes to
these compounds. In fact, substitution in Cs could hinder the out-of-plane motion
of the Cy substituent which, for U and its derivatives, is necessary to reach the CI
between the bright excited and the ground state. As a consequence, we can expect
that the deactivation mechanism result to be more complex than that found for U.
Anyway, significant differences may exist between different 5-substituted derivatives:
the dark !(n-n*) state, which can take part into the !(7-7*) dynamics of U and 5-FU,
should not be involved in 5-AU, since it is significantly less stable than !(n-7*) in the
FC region. Another theoretical prediction that can be compared with experimental
measurements is the Stokes shift. The values obtained theoretically (in the gas phase)
for U, 5-FU and 5-AU (1.63, 1.66 and 2.05 eV respectively) reproduce the trend found
in the experimental results in aqueous solution (0.9, 1.0 and 1.5 eV respectively).
The good agreement of the mechanistic hypothesis derived from our results with the
experimental observations reinforce the hypothesis proposed in our work of the absence
of a planar minimum in the !(7-7*) excited state of U. At the same time this agreement

supports the suitability of the methodology used to perform this study.

Regarding this last point, the analysis of the results shows that it is necessary to
include the dynamic correlation in the calculations for several reasons. To begin with,
the effect of the inclusion of the correlation is different for the different states involved
in the mechanism, so to calculate relative energies and localize crossing points, the
correlation must necessarily be taken into account. An appropriate choice of the basis
set used, like the ANO-S basis set in our case (defined to optimize the inclusion of
the correlation energy), will further improve the results. On top of this, we have seen
(in a more explicit way in the case of 5-FU, but also for AU derivatives) that the
description of the *(n-n*) state changes when the coupling among states is considered
(at the MS-CASPT?2 level of calculation). It precludes a correct description of this
state at the CASSCF level, which provides a good approximation in other cases, so
the MS-CASPT?2 treatment is essential in this case, together with the inclusion of at
least 4 roots in the initial CASSCF calculations. These results are another illustration
of the fact that the CASPT2 method can not be used like a “black box” without a
convenient initial study of the computational parameters to be used, and a subsequent
detailed analysis of the results. Anyway, in order to have a complete description of the

ultrafast deactivation mechanism, a dynamical treatment of the problem is necessary.
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But to get accurate results, a good description of the PES is essential, so high level

quantum methods must be used to obtain it.
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WE ARE FACED WITH THE PARADOXICAL FACT THAT EDUCATION HAS BECOME
ONE OF THE CHIEF OBSTACLES TO INTELLIGENCE AND FREEDOM OF THOUGHT.

BERTRAND RUSSELL

EDUCATION IS A CONDITION OF IMPOSED IGNORANCE!

NoaMm CHOMSKY
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Chapter 5

Charge transfer reaction

5.1 Introduction

One of the most frequent photochemical reactions is the Charge Transfer(CT) process
in which, following the initial excitation, an electron is transferred from a donor group
(D) to an acceptor one (A). It can occur between two separate molecules (intermolecu-
lar CT) or between two regions of a single molecule (intramolecular CT, ICT). The
prototype of ICT reaction involves an organic molecule with two n systems linked by
a single bond. The photochemical excitation can be localized in one of the & systems
of the molecule, leading to a called Locally Excited (LE) state, or produce the charge
transfer leading to an ICT excited state like depicted in Figure 5.1. The ICT reaction
leads to both geometrical and electronic changes, and possibly to a decoupling between
the donor and acceptor parts. Following Platt’s nomenclature, established for benzene
and its mono- or di-substitued derivatives [1], these states are classified as 'L, and 'L,

respectively.

Figure 5.1: Scheme of the LE and ICT state of a D-A system

. G} o T

LE State ICT State

One interesting property of these systems was found by Lippert et al. almost
fifty years ago |2, 3] in 4-(N,N-dimethylamino)-benzonitrile (DMABN;, see figure 5.2).
In this system the donor moiety is the amino group while the acceptor part is the
benzonitrile. DMABN was the first molecule found that showed dual fluorescence, that

is, it can fluoresce simultaneously at two different frequencies, depending on the solvent
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polarity and temperature. These two fluorescence bands correspond to the radiative
desexcitation from both types of excited state, LE and ICT. The emission from the LE
excited state is named normal fluorescence while the one from the ICT excited state is

called anomalous fluorescence (see figure 5.3 for a scheme of the fluorescence spectra).

Figure 5.2: Scheme of the DMABN molecule

HiC.  .CH
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N
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Figure 5.3: Scheme of the dual fluorescence spectra
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For DMABN, Lippert et al. observed that in nonpolar solvents only the normal
fluorescence appears, while in strongly polar solvents both bands are present, with the
long-wavelength fluorescence growing in intensity with the increase of the polarity of
the solvent. After determining that the fluorescent species of this anomalous band
show a high dipole moment, they attributed this band to the 'L, state, on the belief
that its structure should have a highly dipolar quinoid character. Their hypothesis
was that due to the reorientation of the polar solvent, the 'L, state is stabilized and

turns into the lowest excited state allowing it to emit.
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In general, this kind of systems could emit from both excited states, depending
on the relative equilibrium between them (that can be tuned by the polarity of the
solvent) and on the activation energy of the CT process (see figure 5.4). That means
that for the anomalous band to appear, the cinetic and thermodynamic conditions
must be favourable to the ICT state. Since the discovery by Lippert, DMABN has
become the prototype of the systems showing dual fluorescence and the most studied

one.

Figure 5.4: Schematic representation of the LE and CT states leading to a
fluorescence spectra a) with only a normal band, b) with dual fluorescence.
a) b)
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The systems presenting ICT are of great interest in many field, as fluorescence
indicators [4, 5] or as potential molecular logical gates [6]. With the interest arisen by
this molecule, experimental as well as theoretical data started to accumulate and other
hypothesis regarding the fluorescent species and the mechanism of the ICT reaction
appeared, as can be read in the extensive review of Grabowski et al. [7]. At the same
time, other D-A systems with dual or anomalous fluorescence have been found, and
the debate about the ICT process has become more entangled. Although the last
years have permitted to clarify some aspects of the long-running controversy, there
are still some points that are subject of debate. Basically, two issues of the reaction
are always investigated. First, the reaction path that leads from the Franck-Condon
region to the ICT state and then the geometrical and electronic structure of the ICT

state responsible for the anomalous band.

From the schematic picture of the global reaction shown in figure 5.4, one can see

that the reaction take place on two excited surfaces. An early theoretical ab-initio



UNIVERSITAT ROVIRA I VIRGILI
AB-INITIO INSIGHT INTO THE ORGANIC PHOTOCHEMICAL DIVERSITY: NON-RADIATIVE DECAY IN URACIL AND DERIVATIVES
AND INTRAMOLECULAR CHARGE TRANSFER MECHANISMS IN THE BENZONITRILE FAMILY

Yannick Mercier

DL:T.

1371-2011

88 5. CHARGE TRANSFER REACTION

study by Serrano-Andrés et al. on DMABN [8] demonstrated, based on the high value
of the oscillador strength of this excited state, that the second excited state Sy, 'L,
is the one that absorbs the initial radiation. As emission is only possible from the
first excited state (according to Kasha Rules), there must be a non-adiabatic path
leading from the S, to the S; surface. Then, once on the S; surface, an adiabatic
path must connect both LE and ICT excited states. The profile of this path will
be the key of the fluorescence pattern. The main hypothesis about the first part of
the path, leading from the S, to the S; surface, is that after the initial excitation,
an ultrafast internal conversion occurs through a funnel. A study of the DMABN
at ab-initio level made by Gomez et al. [9] confirmed that after population of the
S, state in FC, a quick relaxation without a significant barrier leads to a Sy/S; CI
where the deactivation can occur. Moreover, they found that this nonradiative decay
can take place along an extended conical intersection seam. Anyway, some of the
DMABN derivatives studied experimentally that show dual fluorescence present very
small energy difference between the S; and the S state, which might indicate that part
of the decay might occur trough vibrionic coupling as well. About the adiabatic path,
it has been considered for a long time that after the internal conversion the ICT state is
populated directly from the LE state. An extensive experimental work on DMABN and
derivatives suggested, based on time-resolved picosecond emission techniques, that the
rise time of the ICT fluorescence corresponds to the decay time of the LE emission [10],
although both processes were quicker (4 ps) than the instrument response functions
(>20 ps). Recent studies using femtosecond time-resolved techniques suggest that the
mechanism of this reaction might be more complex than thought, with the involvement
of a no™ state along the path to the ICT state. This hypothesis has been supported

as well by recent femtosecond transient absorption measurements [11, 12, 13].

The second controversial point lies on the structure of the emitting species. On this
point many theories have been postulated during the last thirty years, and even if most
of then are now discarded, it is of interest to revisit them. As we have said earlier, both
geometrical and electronic structure must be characterized. Some considerations about
the electronic character should then be explained before talking about the proper ICT

structure.

The Valence Bond (VB) theory is useful to describe the different excited state that
are present in this reaction. Indeed, it allows to differentiate not only the LE and
ICT states in terms of the electronic distribution, but also the different possible ICT
states. As shown in figure 5.5, the ground and LE states have a covalent structure
derived from the combination of the typical two resonant electronic structure of the

benzenic ring (structure (I) and (IT) for the ground and the LE states respectively).
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Figure 5.5: Scheme of the electronic structures of the different state of DM-
ABN according to VB descriptions
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On the other hand, the CT structures have a zwiterionic character (structures (III)
and (IV)). This CT state can be described in terms of quinoid (Q) or antiquinoid
(AQ) structures. The quinoid structure, labelled (III) in figure 5.5, is characterized
by shorter C-C central bonds of the benzene ring as well as shorter Cpenzene-Npyrroto
bond. In the AQ structure (IV), stabilized by two resonant structures, the two central
C-C bonds of the benzene ring and the Cyepzene-Npyrroio bond are elongated while the

others are shortened.

Different ICT structures have been proposed in the last thirty years as potential
ICT emitting species. They are basically differentiated and named by their geometrical
structure (see Figure 5.6). The Twisted ICT (TICT) was proposed by Grabowski and
co-workers |14]. It is characterized by a twist of the amino group relative to the
plane of the phenyl ring. In the second one, proposed by Zachariasse et al. [15, 16],
the nitrogen atom of the donor group (the amino group) is rehybridized, adopting a
pyramidal conformation. This model is called Wigged ICT (WICT). Later, Zachariasse
proposed another model with a planar structure (Planar ICT (PICT)), with the amino
group being coplanar to the phenyl ring [17, 18]. The last model is the Rehybridization
by ICT (RICT) [19, 20] where the cyano donor group is rehybridized, from a sp to a

sp? configuration, leading to a closure of the C-C-N angle.

Today, the controversy lies essentially between the PICT and TICT models for
the numerous derivatives of the DMABN that have been studied. Some experimental
studies and almost all the theoretical calculations indicate that the twist angle is the
reaction coordinate for the population of the ICT state |9, 21|, but there are experi-
mental works that support the PICT model. One of the arguments to support one or

the other is based on the relation between the electronic and geometrical structures.
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Figure 5.6: Scheme of the structures of the different ICT models
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In a twisted configuration, the electronic coupling between the donor and acceptor
parts must be very small due to the zero overlap of the molecular orbitals of the two
moieties. The N-Phenyl bond that join them has for this reason a single bond charac-
ter so this distance is long. On top of this, the spectrum of the ICT state should be
equal to the addition of those of the donor and acceptor moieties. On the other hand,
in a PICT geometry, the coupling of the donor and acceptor parts should be strong
leading to an N-Phenyl bond with a double-bond character and consequently shorter.
Several experiences confirmed the benzonitrile radical character of the ICT emitting
state, supporting so the TICT model. For example, the ICT-state absorption at 420
and 320 nm shows the same kind of absorption spectrum than this radical anion [22],
and picosecond time-resolved resonance Raman spectra of the ICT state show similar

characteristic modes than the benzonitrile anion as well [23].

Another set of experiments studied DMABN derivatives with geometrical con-
strains. Derivatives with a pretwisted amino group that show dual fluorescence sup-
port the TICT hypothesis 7], but other rigid derivatives that can twist only partially,
and still show the anomalous band, support the PICT structure as emitting species
[24].

The aim of the work presented in this chapter is to clarify some of the contro-
versial points regarding the ICT phenomena. With this idea in mind, we choose for
our study DMABN derivatives with different characteristics. First of all, we studied
a set of bicyclic systems of increasing rigidity that exhibit different fluorescence pat-
terns. The possible relation between geometrical constrains and dual vs. normal or
anomalous fluorescence can help to elucidate the geometrical structure of the emitting

species. On top of this, the agreement between the experimental observations and
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the theoretical predictions can be used to corroborate the adequacy of the theoretical
methodology used to develop this study. Following, we studied different isomers of the
di-tert-butylaminobenzonitrile (DTABN). First of all, we were interested in studying
the influence of the bulky aminosubstituent that imposes a non-planar ground sate
geometry. Secondly we also studied the influence of the position of the substituents,
studying the orto- meta- and para-DTABN isomers. In the last part of this chapter
we present the results of the study of the tetrafluoro-DMABN (4F-DMABN). We were
interested in studying the influence of fluoro substitution because it has been observed
experimentally that the presence and number of fluor atom modifies strongly the spec-
tral features of both absorption and emission. In fact, the 4F-DMABN shows only a
CT band, strongly red-shifted, even in non-polar solvents [25].

5.2 Computational details

The different electronic states of the molecules named before have been studied with
the CASSCF method using a 6-31G(d) basis set. The 12 electrons and 11 orbitals
that constitute the active space include the benzene m and ©* orbitals, the amino
nitrogen lone pair, and the four = and ©* orbitals of the cyano group. Full geometry
optimizations were performed without any symmetry constraint. Numerical frequency
calculations were carried out to determine the nature of the stationary points. Intrinsic
reaction coordinates (IRCs) were also computed to determine the pathways linking the
critical structures (stationary points and CI). Conical intersections were optimized
using the algorithm of Beapark et al.|26] State averaged orbitals were used, and the
orbital rotation derivative correction to the gradient (which is usually small) was not

computed.

To incorporate the effect of the dynamic valence-electron correlation on the relative
energies of the lower excited states, we made CASPT2 calculations based on the CAS-
SCF(12,11) reference function. CASPT?2 single-point energies were calculated at the
CASSCF (12,11)/6-31G(d) optimized geometries using an average of states between
the three lowest-energy singlet states So/S;1/S;. Nevertheless, in some zones of the
potential energy surfaces where the S; and S, states were almost degenerate and very
high with respect to the ground state, an average 0.5/0.5 between the S; /S, states was
used. This is the case for the So/S; conical intersection. All CASPT2 computations
were performed using the completed Fock matrix to define the zero-order Hamiltonian
together with an imaginary level shift of 0.2 to prevent incorporation of intruder states
|27, 28]. The CAS state interaction method (CASSI) |29, 30| was used to compute the

transition dipole moments of the various excited states in the Franck-Condon region,
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which were then used together with the excitation energies to determine the values
of the oscillator strength. Valence bond (VB) structures were determined using the
results of the computation of the second-order exchange density matrix Pij and the
diagonal elements of the electronic density matrix [31]. The elements of Pij have a
simple physical interpretation, which is related to the spin coupling between the elec-
trons localized in the orbitals residing on the atoms i and j. An illustration of the

meaning of these matrix elements can be found in ref [31].

In the case of the DTABN, due to the size of the system, we also made some
QM/MM calculations, as it will be explained in the corresponding section. The CAS-
SCF calculations were carried out with either the Gaussian 98 or the Gaussian 03 set
of programs, whereas the CASST and CASPT2 computations were performed with the
MOLCAS 6.0 and Molcas 7.0 program packages.

5.3 Bicycle derivatives of DM ABN

The main reasons why in recent years the TICT model has been the most postulated
explanation of the ICT mechanism are, apart from the theoretical results, the exper-
imental observation of only ICT fluorescence in systems with a twisted ground-state
equilibrium geometry (like for example, in 3,5-dimethyl-4-(dimethylamino)benzonitrile
|16]) even in nonpolar solvents, and the absence of ICT fluorescence in the emission
spectra of rigidized systems such as 1-methyl-5-cyanoindoline (NMC5) [18], 1-methyl-
6-cyano-1,2,3,4-tetrahydroquinoline (NMC6) [18, 32|, and 1-ethyl-5-cyanoindoline (NEC5)
[33], even in strongly polar solvents like acetonitrile or methanol. However, when
the aliphatic ring becomes more flexible, as in the case of 1-methyl-7-cyano-2,3,4,5-
tetrahydro-1H-1-benzazepine (NMC7) [18, 34], fast and efficient ICT emission is ob-
served both in polar and nonpolar solvents. Furthermore, a recent Density Functional
Theory study performed by Jamorski et al. [35, 36] demonstrates that NMC7 is
already twisted around 60° in its ground-state geometry. These authors, therefore,
suggest that only the twisted ICT model can explain the fluorescence characteristics
of this kind of compounds since the high rigidity of the cycle in NMC5 and NMC6
prevents the TICT structure from forming whereas it forms easily in the more flexible
NMCT7. Nevertheless, not long ago Zachariasse et al. again proposed the PICT model
because they observed fast and efficient ICT emission in 1-ter-butyl-6-cyano-1,2,3,4-
tetrahydroquinoline (NTC6) [37] in all solvents investigated, from nonpolar n-hexane
to polar acetonitrile or methanol. They suggested that the ICT emitting species is
planar in NTC6 because the torsion of the amino group is sterically hindered. They

also suggested that the different luminescence behavior in these systems is attribut-
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able to a different magnitude of the initial energy gap between the two excited states,
AE(S1,S2), in the Frank-Condon region. For NTC6, this energy gap must be small
so it allows vibronic coupling, while for NMC6 and NMC5 the AE must be large.
On the other hand, Kéhn and Héttig [38] suggest that NTC6 may still be able to
twist in its ICT state and that data in ref [37] do not necessarily exclude a TICT
mechanism. Although in a previous work of our group a TICT structure was found
to be the ICT emitting species for DMABN, this result can not be generalized for
every system showing dual fluorescence. For this reason we chose a set of systems
with different rigidity to study their excited states and analyze the energetics in rela-
tion with their fluorescence patterns. In particular, we have studied 5-cyanoindoline
(NHC5), 6-cyano-1,2,3,4-tetrahydroquinoline (NHC6), NMC6, NTC6, 7-cyano-2,3,4,5-
tetrahydro-1H-1-benzazepine (NHCT7), and NMC7 (see figure 5.7).

Figure 5.7: Structures of the systems of the series studied
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For the sake of comparison, the results previously obtained for the more flexible
ABN and DMABN systems are also included. We will show that the topology of the
potential energy surfaces in NXC6 and NXC7 do not change in comparison with their
more flexible counterparts ABN and DMABN, since NXC6 and NXC7 are able to
twist. Actually, the energy gap between the two initial excited states, AE(S;,S2), and
the energetics of the LE and ICT minima are the key to explain why the luminescence

behaviour is different in the systems studied.
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5.3.1 Excitation energies in the Franck-Condon region

Table 5.1 shows the computed excitation energies of NHC5, NXC6, and NXC7 in the
gas phase, together with the dipole moments and the oscillator strengths of the lowest
excited states determined by CASSCF and CASPT?2 calculations.

Table 5.1: Excitation energies (kcal-mol™'), dipole moments (4, in Debyes),
and oscillator strengths (f) obtained at the Franck-Condon region in the gas
phase for the different systems studied

molecule state AFEgcr AEprs  exp® AE(S1,5)pr2 ¢ f

ABN LE 111.0 101.9 ~92P 2.3  0.068
CT 152 118.1 =109 11.8 0.478
DMABN LE 111.0 99.1  92-102¢ 16.2 6.0 0.006
CT 140.7 106.3  99-106° 13.8 0.608
NHC5H LE 110.5 99.1 7.2 5.3  0.063
CT 146.1 110.4 14.5 0.399
NHC6 LE 109.9 98.4 11.3 2.7  0.006
CT 144.6 109.7 12.8 0.500
NMC6 LE 109.9 97.2 6.7 5.9 0.006
CT 139.3 103.9 99.54 13.5 0.556
NTC6 LE 109.4 95.3 -0.7 6.1 0.005
CT 137.9 94.6 95.74 14.0  0.508
NHC7 LE 111.8 102.3 10.4 5.2 0.000
CT 145.9 112.7 11.8  0.398
NMC7 LE 111.2 101.7 0.3 5.2 0.000
CT 147.3 102.0 96.4° 13.8 0.388

@ Experimental values of absorption energies are included for comparison
b Absorption energy in n-heptane [16]

¢ Absorption energy in the gas phase [39]

4 Absorption energy in n-hexane [37]

¢ Absorption energy in n-hexane [18]

The corresponding excitation energies of ABN and DMABN are also included for
comparison. These energies were calculated as the vertical difference between the
excited state and the ground-state energies, at the ground state optimized geometry
that will be discussed in the next section. No qualitative or quantitative differences
are observed between these systems at the CASSCF level. The first excited state
is the LE (L,-like) one in all cases with very similar dipole moments of around 5-6
D. The oscillator strengths for this excitation are very small, indicating its weakly
allowed character. The CT (L,-like) state is the second excited state, characterized
by a high dipole moment of around 12-14 D and a strong oscillator strength, which

indicate that it should be considered as the initially promoted state. This state will
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carry most of the energy after absorption because of the allowed character of the trans-
ition. Although the CASSCF results agree qualitatively with the experimental data
in nonpolar solvents [18, 37|, the energies are highly overestimated, particularly for
the CT state, where the disagreement is larger than 30 kcal-mol~!. To obtain more
accurate results, we recalculated the energies with the CASPT2 method to include
the dynamic correlation. As can be seen from the results shown in Table 5.1, the
dynamic electron correlation has a different quantitative effect on the LE and CT
states. For both states the CASPT2 excitation energies are smaller than the CAS-
SCF ones, but the LE state undergoes a smaller stabilization of around 10 kcal-mol™?,
whereas the CT state is stabilized by around 30 kcal-mol™*. These CASPT?2 results
are now in reasonable agreement with the available experimental data. It seems that
dynamic electron correlation effects are of critical importance for obtaining quantit-
atively accurate results, especially in the computation of the excitation energies. A
direct consequence of this discriminatory effect of the dynamic electron correlation is
that the energy gap between the two excited states decreases. The variation of the
CASPT?2 energy difference between the LE and CT states throughout the series of
compound studied is depicted in Figure 5.8. The energy difference is smaller when
the alkyl chain is larger (for example, AE(S;,S2) in ABN is more than twice the gap
in DMABN), as the charge transfer state is stabilized in molecules with long, more
polarizable chains attached to the nitrogen atom of the amino group. This effect is
surprisingly strong for NTC6 and NMC7, where the CT state is degenerate with the
LE. It should be pointed out that these are the only systems in the series that present
anomalous fluorescence even in nonpolar solvents. Zachariasse suggested that the ef-
ficiency of the ICT reaction in n-hexane was much greater for NTC6 and NMC7 than
for DMABN because of the decrease in the energy gap.|37] Our results seem to confirm
this. The fact that the energy of the CT state is almost degenerate with that of the LE
state in the Franck-Condon region in NTC6 and NMC7 could be explained by (a) the
geometry of the ground state in these systems and (b) the effect of the substituents in
the amino group. As we will discuss in the next section, the ground state in NTC6 and
NMCT displays a pretwisted geometry that favours the CT over the LE state because
it is strongly stabilized by the twisting mode. Additionally, replacement of methyl by
tert-butyl (NMC6/NTC6) or of hydrogen by methyl (NHC7/ NMCT7) enhances ICT
efficiency because the charge generated by the electron transfer is delocalized by the
interaction between the amino nitrogen lone pair orbital and the molecular orbitals of
the alkyl substituents. This assumption was also made by Serrano-Andrés et al. |8] in
an extensive theoretical study on DMABN, where the main component of the reaction

pathway was assumed to involve an amino group twist.
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Figure 5.8: (a) Excitation energies of the LE and ICT states at the Franck-
Condon region for the compounds of the series studied. (b) Energies of the
LE, PICT, and TICT minima for the different systems studied relative to their
corresponding ground-state minima.
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5.3.2 Critical points

We discuss now the geometry of the various critical points located on different PES
and describing their wave functions in terms of VB language. Actually, the structural
and electronic descriptions of the various minima are at the heart of the ICT con-
troversy. First, we located (at the CASSCF level) the various minima on the Sy, Sy,
and Sy PES of NHC5H, NXC6, and NXC7 that correspond to the ground-state, LE,
TICT, and PICT stable species. As in ABN and DMABN [9], we found a planar ICT
stable species lying on the S, potential-energy surface but could not locate a S;-PICT
minimum. Twisted ICT minima were located on the S; surface of every compound
of the series studied except for NHC5, which cannot adopt this structure because of
its greater rigidity. The S;-RICT minima, too high in energy in ABN and DMABN
to be mechanistically interesting, were not looked for. The geometries of the minima
located are shown in Figure 5.9 together with the VB structures derived from the
analysis of the corresponding wave function. This VB structure derive from the values
of the second-order exchange density matrices and the one electron matrices which are

shown in Figure 5.10.

These results show that the electronic structure of the ground state minimum (Sq-
GS) corresponds to an in-phase combination of the two Kekulé structures. It is clear
that this covalent nature is retained in the S;-LE state, with similar dipole moments
but with an anti-Kekulé benzene moiety. The So-PICT and S;-TICT minima have

similar zwitterionic characters with a partial or net positive charge on the nitrogen
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atom of the amino group and a resonant quinoidal phenyl anion, giving rise to large
dipole moments. The values of this property obtained here are systematically lower
than the experimental data because the latter were measured in polar solvents while
the former were calculated in the gas phase (see table 5.3 further down). The major
difference between So-PICT and S;-TICT is the magnitude of the charge transfer
(fraction of electron transfered), which, as expected, is slightly greater in TICT (see
Figure 5.10). The values of the second order exchange density matrixes collected in
figure 5.10 show that the coupling between the nitrogen lone pair and the phenyl ring
is larger in the ICT structures, PICT and TICT, than in the more covalent ones, GS
and LE.

Let us now discuss the relaxed geometries shown in figure 5.9. We will pay special
attention to the wagging angle ¥ (angle between the plane of the amino group and the
phenyl ring) and the twist angle. The values of these parameters for the optimized

minima are collected in table 5.2.

Table 5.2: Selected geometrical parameters of the optimized structures: wag-
ging angle () and twist angle (o)

| ABN | DMABN | NHC5 | NHC6 | NMC6 | NTC6 | NHC7 | NMC7
Structure | 9 ¢ |9 ¢ |0 @ |V @ |V @[V ¢ |0 ¢ [V o
So-GS |43 026 0 |33 0|24 0|19 0|0 33/0 338|0 46
Si-LE |40 0 |21 0 |31 0[20 0|19 0|0 35[0 36|0 44
S-TICT | 0 900 9 |- -]0 62/0 65/0 69|00 82[0 85

The ground-state geometries of ABN and DMABN are untwisted with a pyramidal
amino group with wagging angles of 43° and 26°, respectively. This geometric feature
is retained in NHC5, NHC6, and NMC6 (see Table 5.2). However, NTC6, NHC7, and
NMCT possess somewhat twisted ground state equilibrium geometries with twist angles
of 33°, 38°, and 46°, respectively, and a practically nonpyramidal amino group (near sp?
hybridization). This finding can be explained by the strong steric hindrance between
the tert-butyl group, in NTC6, and the o-hydrogen in the phenyl ring. In NXC7, the
conformation of the aliphatic ring imposes a pretwisted ground-state geometry rather

than a planar one.

The optimized geometries for the S;-LE minima closely resemble those of the
ground state. Similar wagging and twist angles are found in the corresponding geo-
metries (Table 5.2). The main difference is that the phenyl CC bonds in the excited
state are expanded, as expected from the out-of-phase combination of two Kekulé

structures.
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One of the main arguments against the TICT model, in which the amino group
is perpendicular to the benzene ring, is the general agreement that it can only be
adopted by very flexible 4-aminobenzonitriles, like ABN and DMABN. Actually, in
the five-membered ring compound NHCH no TICT structure was located because of
the restricted flexibility of the amino group, which was structurally fixed to be nearly
coplanar to the ring. However, in the NXC6 systems the alkyl chain is long enough
to allow a partial rotation of the amino group. Thus, we located twisted ICT minima
in NHC6, NMC6, and NTC6 at 62°, 65°, and 69°, respectively. The more flexible the
aliphatic ring is, the larger the twist angle, which reaches values of 82° and 85° in
the TICT structures of NHC7 and NMC7, respectively. Our calculations show that,
as in ABN and DMABN, these TICT species are slightly bent with the nitrogen of
the amino group and the carbon of the phenyl ring taking the group out of the ring
plane and in an anti position. As in ABN and DMABN, the phenyl ring of all the
S1-TICT and So-PICT structures exhibits a quinoidal geometry: the two CC central
bonds of the benzene ring are much shorter than the other four CC bonds. However, in
the 5;-TICT structures, the N-C,peny bond length is larger than in the ground-state
one (almost single bond length) whereas in So-PICT the N-C,pepy bond is shorter
(practically double bond length).
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Figure 5.9: Geometries of the ground-state, LE, PICT, and TICT minima
and VB structures of the different systems studied
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Figure 5.10: Values of the second-order exchange density matrix (in italic
blue) and the one-electron density matrix (in black) of the ground state, LE,
TICT, and PICT minima of the different systems studied.
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5.3.3 Mechanistic overview

The luminescent characteristics of the n-electron donor-acceptor systems studied here
will be determined by the relative energies and the connection between the poten-
tial energy surfaces of the low-lying excited states LE and ICT. As we will use the
CASPT?2 energies obtained for the NHC5, NXC6, and NXC7 systems in this study,
CASPT?2 calculations for DMABN (not included in reference [9]) have also been run
for comparative purposes. The CASSCF/CASPT?2 relative energies and the dipole
moments of the structures located are shown in table 5.3. The LE minima of all the
molecules of the series studied (including ABN and DMABN) lie on the S; surface
(S1-LE). For the ICT, the planar minimum was found to be always on the Sy surface
(So-PICT) while the twisted one was always located on the Sy surface (S;-TICT). It
is worth noting that although at the CASPT2 level some of the PICT species are
more stable than the TICT ones, the emission will never take place from the second
excited-state potential-energy surface, so the PICT species cannot emit. Two elements
force the geometry of the ICT species and determine their relative energies. First, let
us consider the restricted flexibility of the aliphatic ring. The shorter the alkyl chain
is, the more difficult it is for a stable TICT structure to form, to such an extent that
this structure has not been located for NHC5. The population of the LE and PICT
minima, therefore, is favoured for compounds with short alkyl chains. Second, we must
take into account the steric hindrance between the substituents of the amino group
and the o-hydrogen in the phenyl ring. This hindrance enforces pretwisted geometries
for the ground-state and LE species, destabilizing them relative to the TICT species.
In fact, in those systems with a pretwisted ground-state structure (NTC6, NHC7, and
NTCT7) the high energy of the PICT species (that is, higher than the energy of the
TICT structure) indicates that the planar geometry is very unfavourable. On the
other hand, in systems with a planar ground state (i.e., ABN, NHC6, and NMC6) the
PICT structure is more stable than the TICT structure, although the former lies on
the S, potential-energy surface and the latter on the S; one. These results can be seen
in Figure 5.8, which shows a diagram of the CASPT2 energies of the LE, PICT, and

TICT structures for each system.

Because the CT state is So in the Franck-Condon region but S; in the TICT struc-
ture at the CASSCF level, the first part of the reaction path after light absorption
must be nonadiabatic. That is, at this level of theory the S; and S, surfaces must
cross. We have located the lowest energy point on the S;/S, conical intersection in
these systems. Their energies are collected in Table 5.3. Because the geometry optim-
ization of these critical points is carried out at the CASSCF level, when the energies
are recalculated at the CASPT2 level it is found that the S; and S, states are no
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longer degenerate. Unfortunately, although Molcas package allow to recalculate these
geometries at CASPT2 level, it is computationally too expensive to do it as a routinary
procedure. Given that for the purpose of this study it is not necessary a quantitative
determination of the minimum energy point (MEPt) of the S,/S; CI, we have ana-
lyze these points at the CASSCF level. Figure 5.11 shows the MEPt of the So/S; CI
together with the two degeneracy-lifting coordinates that define the branching space
(the derivative coupling vector and the gradient difference vector) in all systems stud-
ied. The characteristics of the conical intersections found for NHC5, NHC6, NMC6,
NTC6, NHC7, and NMCT are the same as those reported for ABN and DMABN [9]:
there is an extended seam that runs parallel to the CN(Me), torsion coordinate. The
branching space does not involve either the amino group twist or the pyramidaliza-
tion coordinates; rather, it is dominated by skeletal deformations of the phenyl ring
coupled with C-N stretch, so the S;/S, degeneracy is preserved along the amino group
torsion. Thus, S; — S; internal conversion can take place at the full range of torsion
angles depending on the vibrational energy in torsional coordinates following photoex-
citation, but the highest probability corresponds to the minimum energy point of the
seam. This structure has different twist and pyramidalization angles for the different
alicyclic derivatives of the series, as will be discussed below. The deexcitation will be
followed by an adiabatic equilibration between the LE- and ICT-emitting species on
the S; potential energy surface. The energy of the T'S of this adiabatic path will be
similar to that of the S; /S, CI, as the TS is generated in the neighbourhood of the CI
due to the associated avoided crossing. For all systems the initial excitation energy
is larger than the energy of the minimum of the CI seam, which means that the TS
of the LE-ICT interconversion is always accessible. The luminescence behaviour will
also depend on the relative energy of the LE- and ICT-emitting species. As Figure
5.8 shows, the TICT structure is thermodynamically favoured over the LE structures
only for NTC6 and NMC7, which are the only structures capable of producing the

anomalous fluorescence band in nonpolar solvents.

Our computational results show that the overall topology of the potential-energy
surfaces of the LE and ICT states in these 4-aminobenzonitrile alicyclic derivatives do
not change substantially in comparison with the ones of the more flexible ABN and
DMABN. Thus, the S; LE-TICT equilibration and dual fluorescence will be controlled
in this series of compounds by (a) the position along the amino group twist coordin-
ate where the So/S; CT-LE internal conversion takes place and (b) the S; adiabatic
reaction path between the LE and TICT minima. Taking this into account we can
distinguish several types of systems. For ABN, NHC5, NHC6, NMC6, and NHC7, the
amino group is untwisted at the lowest point of the Sy/S; conical intersection seam,

so the branching at the CI favors population of the LE state. Moreover, the S;-LE
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species are much more stable than the S;-TICT ones (see Figure 5.8 and Table 5.3),
so the equilibrium will favour the LE species. This explains why, in these molecules,
ICT emission cannot be observed in the fluorescence spectra. Note that in NHC5 the
Sa/S; conical intersection will lead directly to the S;-LE structure since this system

cannot adopt any other stable structure on the S; potential-energy surface.

On the other hand, the lowest energy point of the S; /S, conical intersection located
at the CASSCF level for NTC6 and NMC7 shows the amino group slightly twisted
(21.2° and 31.9°, respectively), so branching at the CI favours formation of the TICT
state. Nevertheless, in these cases, the energy gap between the two excited states in
the Franck-Condon region is small enough to allow vibronic coupling between the CT
and LE states, so both minima would be populated simultaneously. The adiabatic S;
reaction path connecting them will displace the equilibrium toward the TICT minimum
because it is less energetic. Consequently, observation of dual fluorescence emission in
nonpolar solvents is in very good agreement, with our results. It is worth pointing out
that the LE and CT states are degenerate in the Franck-Condon region only for NTC6
and NMC7. This, together with the fact that the stability of the TICT species is
greater than that of the LE species, is the key to explaining the ICT emission of these
molecules in nonpolar solvents. These characteristics are clearly reflected in Figure
5.8.

A polar solvent will stabilize the ICT state even further, so in this case the initial
excitation will populate the CT state that will correspond to the first excited state. The
system will relax over the S; surface directly to the S; minimum, the TICT emitting
species, without undergoing any internal conversion. This direct mechanism explains
why the ICT reaction is much more efficient in these systems than in DMABN in
polar solvents. The DMABN is a halfway case. The geometry of the minimum energy
point of the S; /Sy conical intersection minimum is a pyramidal untwisted structure,
but the LE and TICT minima are almost degenerate in the gas phase. This is in good
agreement with its luminescent behaviour, which presents only the LE normal band
in nonpolar solvents and dual fluorescence in polar ones, where the TICT minimum
will be stabilized further than the LE one.
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Figure 5.11: S;/S, conical intersection geometries and branching space co-
ordinates of the different systems studied.
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Table 5.3: CASSCF and CASPT?2 relative energies (kcal-mol™') and dipole
moments (y, in Debyes) of the critical points (minima on the S; and Sy PES

and CI’s) of the systems studied in the gas phase.

Molecule Structure AFE CASSCF AFE CASPT2  u  fexp
ABN So-GS -109.4 -95.6 5.5 6.6°
S;-LE 0.0 0.0 5.4 8b
S1-TICT 25.2 15.7 11.7
S,-PICT 35.0 14.5 12.1
S /S,-CI 26.9 8.1,21.2]* 6.1
DMABN So-GS -106.6 -91.5 6.1 6.6°
S;-LE 0.0 0.0 6.1 9.9°
S;-TICT 2.4 0.4 13.5 17"
So-PICT 28.5 7.1 13.8
S1/S,-CI 23.8 6.1,18.3]* 7.1
NHC5 So-GS -105.6 -92.3 5.6
S;-LE 0.0 0.0 5.5
S;-TICT - - -
So-PICT 30.8 10.2 12.7
S1/S,-CI 29.9 [11.8,22.3]* 7.2
NHC6 So-GS -105.3 -90.7 5.9
S;-LE 0.0 0.0 5.9
S;-TICT 23.4 17.4 11.3
So-PICT 35.3 10.4 12.9
S1/S,-CI 28.0 [10.9,22.8]* 7.6
NMC6 So-GS -105.4 -89.12 6.1 6.8°
S;-LE 0.0 0.0 6.0 10.6¢
S;-TICT 14.0 10.6 12.1
S.-PICT 32.6 6.6 13.4
S1/S,-CI 25.9 [9.8,16.2]* 7.6
NTC6 So-GS -104.9 -86.1 6.1 6.8
S:-LE 0.0 0.0 6.0
S;-TICT 5.9 -3.8 13.0 17.6¢
So-PICT 33.1 5.9 13.8
S1/S,-CI 23.3 [3.9,15.2]* 8.7
NHC7 So-GS -107.0 -97.4 5.3
Si-LE 0.0 0.0 5.1
S;-TICT 12.3 4.7 12.9
S.-PICT 36.8 8.1 12.4
S1/S5-CI 22.9 [1.9,133]* 7.0
NMC7 So-GS -106.4 -96.9 5.4
S-LE 0.0 0.0 5.3
S;-TICT 3.0 -1.6 13.6 174
S,-PICT 38.2 6.7 12.5
S1/S2-CI 22.9 [3.6,5.3]* 7.4

*CASPT?2 energies corresponding to the S; and S, states.

P[15]  <[37]

(18]
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5.3.4 Conclusion

According to our results, two factors rationalize the photophysical differences between
the systems studied. First, the position of the TICT and LE potential-energy surfaces
in the first stages of the ICT reaction must be considered. If the CT state is higher
in energy than the LE in the Franck-Condon region and the lowest energy point on
the CI is located at a planar geometry, the LE minimum will be populated first. On
the other hand, if the CI lowest energy point has a twisted geometry or the CT state
is lower in energy than the LE in the Franck-Condon region, the TICT minimum will
be populated first. In the next stage of the reaction the second factor plays its role.
The relative energies of the LE and TICT minima will determine the displacement
of the equilibrium between the two species along the adiabatic path that connects
them over the S; surface. The minimum that is not reached in the first stages of the
reaction can now be populated if it is more stable than the other one. This factor is
strongly sensitive to the presence of polar solvents that will preferentially stabilize the
CT state. Thus, our conclusions agree partially with Zachariasse’s generalization that
relates the efficiency of the ICT process to the energy gap between the S; and S, states
in the Franck- Condon region.[37] On the other hand, and in contrast to Zachariasse’s
hypothesis, our results suggest that the ICT species responsible for the anomalous
fluorescence band in the NTC6 and NMCT7 spectra must have a twisted structure. We
present computational evidence that a twisted ICT structure can very well be adopted
by these bicyclic but still slightly flexible molecules. A full perpendicular twist of the
amino group is not necessary to get a stable ICT structure on the S; surface when
the alkyl chain is long enough. Therefore, the experimental results in ref [37] do not
necessarily exclude a TICT fluorescence emission. Nevertheless, it is possible that in
other systems structural or environmental changes (in the donor or acceptor moieties
with the addition of further substituents and/or the inclusion of solvent effects) could
modify the relative energies of the key structures or their location. This, in turn,
can modify the outcome of the CT reaction and change the fluorescence behaviour in
different compounds. In particular, the PICT structure can stabilize to such an extent
that it becomes a first excited-state structure. In this case, it could be a radiative
species of the anomalous fluorescence band in competition with the TICT species.
This qualitative modification of the interplay between the LE and ICT surfaces would
explain why there is so much contradictory evidence in favour of the TICT and PICT
models. As a result, it is not advisable to propose a general mechanism for the CT

reaction, and each particular case must be studied in detail.
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5.4 DTABN

In the previous section, we studied some bicyle derivatives of DMABN in order to
check how the rigidity influence the LE/ICT equilibrium and the structure of the
emitting specie. With the same idea, in this section we study DMABN derivatives,
but in this case, with bulky substituents on the amino group that modify the structure
of the molecules by means of steric effects that enhance the twist of the amino group
relative to the benzene ring. In particular, we will study three isomers of the (di-
tert-butylamino)benzonitrile : 4-(di-tert-butylamino)benzonitrile (p-DTABN), 3-(di-
tert-butylamino)benzonitrile (m-DTABN) and 2-(di-tert-butylamino)benzonitrile (o-
DTABN). This study will also allow us to analyze the influence of the position of the
substituent on the luminescent patterns. Another goal of this work, on a different line
of interest, was the analysis of the applicability of ONIOM methodology to this kind of
problems. The size of the system studied here is at the limit of the applicability of the
CASSCF/CASPT2 methodology (given the size of the molecule and, more crucially,
the size of the active space used in these calculations). This situation makes convenient
the use of less expensive methods, ONIOM in this case, but still allows us the use of
the more reliable CASSCF /CASPT2 method to check the accuracy of the lower level

calculations in some test points.

To our knowledge, there is up to now only one experimental work published on these
molecules,|40| where Zachariasse et al studied the photochemistry of p-DTABN and
m-DTABN. Both molecules show a similar absorption spectra in n-hexane and MeCN,
with a structured benzonitrile-like absorption band between 35000 and 40000 cm™*
and a weaker unstructured band at lower energies. Absorption is in both cases around
25 times weaker than that of p-DMABN. In the fluorescence spectra, p-DTABN as well
as m-DTABN show a broad emission band. For p-DTABN the maximum of this band
is located at 25630 cm~! in n-hexane and at 20900 cm ™! in MeCN, while for m-DTABN

1'in n-hexane and at 21280 cm™~! in MeCN. It is interesting to

it appears at 26290 cm™
note that the red-shift is the same in both isomers. The fluorescence originates in the
ICT with a minor or null contribution from the LE state. The fluorescence quantum
yields are low, increasing as the polarity increases from 0.0053 to 0.039 in the case of
p-DTABN and from 0.013 to 0.027 for m-DTABN. This is the first case reported of a
meta-ABN derivative that shows anomalous fluorescence. This work also reports the
ground state geometry of the meta isomer determined by X-ray crystal analysis. In
particular, they report a value for the twist angle of 86.5°. They also predict a value of
75-79° for he twist angle of the para isomer, based on the correlation established with
other systems between the extinction coeflicient of the maximum of the lowest-energy

absorption band and the amino twist angle determined from X-ray crystal analysis.
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These molecules show, then a twisted geometry even at the ground state.

5.4.1 Peculiarities of the computational method used in this

study

DTABN has 39 atoms and the active space needed in these calculations is, like in
the case of DMABN, of 12 electrons in 11 orbitals. The computational cost of the
calculations for systems of this size makes advisable the use of a cheaper method at
least for the most expensive calculations of the study. Given the nature of the system
to study, we considered that the ONIOM method (explained in Chapter 3) could be
a convenient choice. This method is one of the hybrid methods that mixes ab-initio
(QM) and Molecular Mechanic (MM) methods and are especially designed for large
systems for which a complete ab-initio treatment would be cost-prohibitive. In our
case, the CASSCF method was used for the ab-initio calculation of the benzene ring
with the amino group and cyano group, but both tert-butyl substituents were replaced
by methyl groups. The low-level method used was the UFF force field. In this way, the
sterical interaction of the tert-butyl substituents is taken into account, but not their
electronic influence in the moiety where the excitations are located. The active space
used was the same than that used for DMABN, that is an active space of 12 electrons
in 11 orbitals, including orbitals of the benzene ring, both n orbitals of the cyano
group and the doubly occupied orbital of the amino’s nitrogen. Once the geometries
were optimised with the ONIOM method, the energies were recalculated using the
CASSCF/CASPT2 method for the whole system. In order to check the accuracy of
this choice, we also optimized some structures with a full CASSCF method as will be
commented later. The basis set used was the 6-31G(d) in all calculations. Gaussian03

and Molcas7.0 were the two packages used in this study.

5.4.2 Ground State geometries and absorption spectra

We first optimized the ground state geometry for the three isomers in the gas phase
with the ONIOM method. The geometries of the minima on the ground state PES
located in this work are shown in figures 5.13, 5.14 and 5.12. All three of them show
a strongly twisted di(ter-butyl)amino group with angles of 89.5°, 88.2° and 90.6° re-
spectively for the para-, meta- and ortho-isomers. We only can compare the theoretical
structural parameters obtained with experimental X-ray data of the meta-isomer, the
only one for which this information is provided. [40] The theoretical twist angle is in

good agreement with the experimental value of 86,5° found for the meta-isomer. On
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the other hand, the agreement is not so good for the value predicted in reference [40]
for the twist angle of the para-isomer, of 75-79°, to be compared with our result of
89.5°.

The amino N is also pyramidalized in the geometries determined theoretically, with
angles of 17.1° (para-), 20.1° (meta-) and 16.6° (ortho-), values to be compared with
the experimental data for the meta-isomer of 32.4°. For this geometrical parameter,
the agreement is not very good. Comparison of the experimental and computational
bond distances for the meta-isomer (see figure 5.13) shows a good agreement with
deviations in general smaller than 0.01 Angstrom. The dipole moments of the ground
states are 3.9 Debye for p-DTABN and 4.6 Debye for both m-DTABN and o-DTABN.

Figure 5.12: para-DTABN geometries (distances in Angstrom) and VB struc-
tures obtained at the ONIOM (CASSCF(12,11)/UFF) level.

In order to check the accuracy of the ONIOM method, we also optimized the
ground state geometry of the meta-isomer at the CASSCF level to be compared also
with experimental results. The differences between structures optimised using ONIOM
and CASSCF are very small. The largest difference is found for the C-N bond distance
between the benzene ring and the amino group, but even in this case the difference is
small: 1.431 A obtained with the CASSCF method, to be compared with the value
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of 1.444 A obtained with the ONIOM method. The experimental value, 1.437 A, is
intermediate between the theoretical ones. These results validate the use of ONIOM
method.

Figure 5.13: meta-DTABN geometries (distances in Angstrom, X-Ray ex-

perimental values in red) and VB structures obtained at the ONIOM (CAS-
SCF(12,11)/UFF) level.

Meta-S0

1.390

Meta-CT-Q Meta-CQ-AQ
1.167

From the optimized ground state geometries, we calculated the excitation energies
to the first eight singlet excited states. The character of the excited states is determined
analyzing the excitations that give place to their electronic configurations. Among the
first four excited states, the ones involved in the processes of interest, there are two
LE states (originated by n-n* excitations, with both n orbitals located mainly in the
benzene ring) and two excited states of charge transfer character. On these states, an
electron from the lone pair of the amino nitrogen (ny), is promoted to a n* orbital
located on the ring. In the para-isomer, thanks to the local symmetry of the ring,
the excited CT states can be classified into quinoid (CT-Q) or antiquinoid (CT-AQ)
following the Valence-Bond terminology, depending on the location of the nodes of the
n* orbital. We will keep this classification also for the ortho and meta isomers (relative

to the cyano group), although it could not be applied strictly in these cases.

The relative energies and oscillator strengths of the first excited states of the three
isomers calculated at the CASSCF/CASPT?2 level are shown in Table 5.4. For all three
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Figure 5.14: ortho-DTABN geometries (distances in Angstrom) and VB
structures obtained at the ONIOM (CASSCF(12,11)/UFF) level.

Ortho-s0 , Ortho-LE

Ortho-CT-Q

isomers both CT states, CT-Q and CT-AQ, are the excited states of lower energy,
followed by two states of LE character. The state with the largest oscillator strength
is the fourth excited state, the second LE state, located 140-149 kcal-mol~! above the
GS. These results contrast with the ones obtained previously by our group for the
DMABN: in that case the lowest excited state had LE character and a low oscillator
strength (0.006) while the second excited state had CT character and a high transition
probability (f=0.608), with an excitation energy of 106.3 kcal-mol~! (obtained at the
CASPT2(12,11)/6-31g(d) level).

With these data, the absorption spectra computationally predicted for the DTABN
isomers are in good agreement with the experimental findings reported in reference
|40] and with the differences found between the DMABN and DTABN spectra. In
reference [40], very weak absorption is reported for the para- and meta-DTABN in the
range of the 27000-40000 cm~!, with extinction coefficients 25 times lower than those
of DMABN that has the maximum of the absorption band at around 35500 cm™!.
Our calculations predict that for all DTABN isomers absorption will hardly take place
in the range studied experimentally, given that the main absorption band is located
at higher energies, around 50000 cm~!. For the DMABN, though, our calculations

locate the main absorption band within the range studied, near the one observed
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experimentally, at 37000 cm™1.

The differences between the absorption spectra of
the para- and meta-DTABN isomers observed experimentally are also reflected in the
computational results: there is a blue-shift of the CT absorption-band and a small

red-shift of the LE band in the m-DTABN spectrum relative to that of DTABN [40].

Table 5.4: Excitation energies (in kcal-mol™') obtained at CASPT2 level
(CASSCEF values in parenthesis) and oscillator strengths (f).

p-DTABN m-DTABN o-DTABN

root | AE CASPT2 f | AE CASPT2 f | AE CASPT2 |
r2 CT-Q | 91.7 (142.9) 0.001 | 94.6 (147.3) 0.002 | 89.1 (140.2) 0.001
r3 CT-AQ | 107.9 (163.5) 0.001 | 101.5 (156.2) 0.001 | 102.1 (156.0) 0.001
r4 LE | 112.1 (109.7) 0.001 | 111.7 (109.3) 0.003 | 111.4 (109.1) 0.003
r5 LE2 | 149.1 (176.8) 0.277 | 149.9 (178.8) 0.226 | 140.3 (177.4) 0.250
r6 160.2 (171.6)  0.063 | 165.3 (174.0) 0.032 | 173.9 (175.2) 0.010
r7 176.2 (195.0)  0.000 | 176.6 (195.4) 0.000 | 173.6 (192.3) 0.000
8 184.2 (184,8) 0.029 | 183.3 (183.1) 0.025 | 184.0 (183.1) 0.017

5.4.3 Excited state minima and emissions

Optimised geometries for the lowest excited states of the para-, meta- and ortho-
isomers obtained using the ONIOM method are shown in figures 5.12, 5.13 and 5.14.
Valence Bond (VB) structures were determined using the results of the computation
of the second-order exchange density matrix Pij and the diagonal elements of the
electronic density matrix shown in figure 5.15. This information allows us to make
clear the LE or CT character of a state attending to the occupancy of the ny orbital
(doubly occupied in the ground and LE states, singly occupied in the CT states) and
the Q or AQ character attending to the P;; values of the bonds of the benzene ring.

Structures corresponding to the lowest energy LE, CT-Q and CT-AQ have been
located. All of them show strongly twisted geometries. LE minima show anti-kékulé
benzene moieties (in contrast with the in-phase combination of the two Kekulé struc-
tures of the ground state) and consequently an elongation of the C-C bonds of the
ring. CT minima show changes relative to the ground state geometry, modifying the
ring C-C distances according to their Q or AQ character (the two central C-C bonds
are shorter/larger than the other four for the Q/AQ species). Both CT states have an
elongated N-phenyl bond, due to the charge transfer from the nitrogen to the benzene
ring and the subsequent weakening of the bond. The geometries of DTABN isomers
are very close to those of DMABN, except for the twist angle, that is much larger in
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Table 5.5: Energies (in kcal-mol™) of the optimized structures of the low-
energy states of the p-, m- and o-isomers of DMABN. The state optimized is
in bold, vertical energies to the ground state in parenthesis and experimental
absorption and emission energies in parenthesis and italics.

p-DTABN m-DTABN o-DTABN
E CASPT2 u E CASPT2 u | ECASPT2 u
GS 0.0 3.9 0.0 16 0.0 16
CT-Q 95.4 (88.8)  154|  99.0 (97.6) 13.7 93.6 9.1
CT-AQ 111.4 14.9 105.8 13.6 106.4 9.0
LE 112.1 (102.6) 3.7 | 111.6 (101.7) 45 111.3 46
GS 11 40 i1 16 13 16
CT-Q 94.7 15.5 98.6 13.7 92.5 9.1
CT-AQ 111.2 14.9 105.2 13.4 106.0 9.0
LE 107.6 (103.5) 3.6 | 107.0 (102.9) 4.5 | 106.4 (102.1) 4.6
GS 13.2 3.7 7.9 4 8.9 12
CT-Q 883 (75.1) (73.8) 13.7|91.1(832) (75.2) 14 | 86.1(77.2) 9
CT-AQ 118.8 14.5 109.9 13 111.3 8.7
LE 119.6 46 116.0 3.8 115.9 43
GS 9.8 3.7 5.5 3.9 9.6 13
CT-Q 101.7 15.6 97.4 14.1 98.7 8.7
CT-AQ  103.2(934)  150| 100.6 (95.1)  12.8 | 100.9 (91.3) 8.6
LE 119.0 3.4 113.6 3.8 117.5 43

DTABN due to the steric repulsion of the di-tert-butyl group that precludes the exist-
ence of planar low-energy minima. The electronic structures are as well very similar to
the ones found previously for DMABN. Dipole moments of the CT-Q species are 15.4
D for p-DTABN and 13.7 D for m-DTABN, which are lower than the experimental
values, 17.1 + 0.4 and 17.0 £ 0.7 D respectively. The o-DTABN CT species show a
dipole moment much lower that the other two, 9 D, due to the ortho-position of the
cyano group. The CT-AQ species show similar trends (15.0 D, 12.8D and 8.6D for the
p-, m- and o-isomers) while the predicted values for the LE species are as expected

much lower (3.6, 4.5 and 4.6 D respectively).

A schematic representation of the energetics of the excited state minima for all
the isomers is shown in figure 5.16. The CT-Q state is the lowest excited state for all
the geometries localized here and its minimum is located as well on the S; PES for
all isomers. On the other hand, the CT-AQ minimum lies for all isomers on the S,
PES, with energies 0.40-0.65 eV higher than the corresponding CT-Q minimum. LE
minima of the meta- and ortho- isomers lies on the S5 PES while for the para-isomer
it is located on the Sy PES. In all cases LE state is almost degenerate at its minimum
geometry with the CT-AQ state, inverting the relative energies only in the case of the

para-isomer.
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Figure 5.15: Electronic structures: values of one-electron density matrix
(in black) and of the second-order exchange density matrix (in blue) of the
optimized structures of the lowest energy states of the p-, m- and o-isomers of

DTABN.
Meta ortho
N 1.994 . 5_”,1.09?
0.995 0.000 5'/N1.103
S0 0.336 _L_ o338 c~ 0615
0.346 0.988 0.985 0.898
0334 _ 1.043
0.985 . 0.318 0.316
0.996 0.926 0.985
0.342 0.310 ~C. 0.576 0.330 0.342
0990 o914 1098 7 1.001
0.908 C 0.926 o
0.617 | 0.576 1.092
1.093 N 1.098
LE
0.931
221 e 0545
0982 (o913 \N1.103
0.615
0.906 C 0.931 1.093
0618 |o.54?
1.094 N 1.102
0.096
1.119
CT-Q o04n
1.017
0.1
0.905 C 0.922
0617 | 0.530
1.095 N 1.159
N 1.000 N 1.001 1001 N 1.136
0.129 0560 g
0.223 . 0.911 - 1998
0.294 L_0.295 0.276 0.041 0.096 0.235 ¢ 0.615
1.239 1.240 1.036 1.283 1.269 ! 13?.901
CT-AQ o0.052 0.053 0.346 0.184 0.168 0.296
1.147 1.148 1.167 0.913 0.993 1.160
0.317 0.313 0.099 0397 "C. 0.566 0.477 0.064
1068 395 . 1.123 1.077
0615 N
0.894 C 0.911 1.103
0.614 | 0.573
1.106 N 1.117

According to Kasha’s rule [41], it is expected that emission takes place only from
the first excited state, so for DTABN we can only expect fluorescence from the CT-Q
species in all three isomers. Our results are in perfect agreement with the experimental
spectra that show only CT emission bands for both p- and m-DTABN. We predict a
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Figure 5.16: Schematic representation of the energetics of the excited state
minima for all three isomers. Relative energies in kcal-mol™!, dipole moments
in D in parenthesis.
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similar emission pattern also for the ortho isomer. The vertical energy from the CT-
(Q minima to the ground state can be compared with the emission energies measured
experimentally. We found 75.1 kcal-mol~! vs. 73.3 kcal-mol~! for the p-isomer and 83.2
kcal-mol~! vs. 75.2 kcal-mol~! for the m-isomer. The agreement is quite satisfactory,
taken into account that we compare gas phase theoretical results with measurements
obtained in n-hexane. For o-DTABN, for which no experimental data are available up

to now, our results predict an anomalous emission of 77.2 kcal-mol~!.

To check that the CT-Q state is the lowest energy excited state in the whole range

of geometries involved in the ICT process, we calculated the profile of the 4 lowest
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Figure 5.17: CASPT2 energy profiles of the first excited states of p-DTABN
from the FC zone to the LE minimum obtained by a LIIC path. Energies in
ev.
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excited states of DTABN along the interpolated paths connecting the F.C. region
with the LE minimum and from the LE minimum to the CT-Q minimum for the para-
isomer. As can be observed in figures 5.17 and 5.18, the CT-Q state is always the
lowest energy excited state. This characteristic is expected to be also found for both
m- and o-isomers. This result points out clearly that the only species susceptible of
fluorescence (following Kasha’s rule) is the CT-Q in all DTABN isomers.

5.4.4 Conclusions

The global topology of the lowest excited states of DTABN isomers is in general similar
to that of DMABN, but at the same time there are some important differences in the
interplay between PES that lead to a very different luminescent behaviour. The origin
of the differences is the steric hindrance of the amino substituents of DTABN that
impose rotated geometries. This rotation favours the twisted CT state, that becomes
the lowest-energy excited state, in contrast with the DMABN system. For DMABN,
planar geometries are possible where the LE state is the lowest-energy excited state.

Consequently, while in DMABN there are two S; minima of very different character
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Figure 5.18: CASPT2 energy profiles of the first excited states of p-DTABN
from the LE minimum to the CT-Q minimum obtained by a LIIC path. En-
ergies in eV.
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that can be populated and can then give place to two different fluorescence bands
(normal and anomalous) depending on the conditions of emission, in DTABN only the
CT-Q minimum is located on S;. This is then the only minimum that can eventually be
populated after the initial excitation and produce the anomalous fluorescence observed

experimentally in polar and non-polar environments.

5.5 DMABN-4F

Recently, Zachariasse et al.[25] investigated the introduction of a fluorine atom in
different positions of the benzene ring in 4-aminobenzonitrile derivatives, and stated
that there is no indication of ICT emission in alkane solvents but the internal conver-
sion (IC) is enhanced by the fluoro substituent. Neither the introduction of two F-
substituents in the phenyl ring of ABN to get 2,5-difluoro-4-aminobenzonitrile (ABN-
2F), are sufficient to induce an ICT reaction [42]. However, for the tetrafluoroaminoben-
zonitriles, unlike ABN and DMABN, the fluorescence spectra, both in polar and non-
polar solvents, consist only of an ICT emission while the fluorescence band from the
LE state cannot be detected [42, 25, 43].
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Figure 5.19: Scheme of DMABN and DMABN-4F
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The aim of the study of this section is to understand how the substitution of
the four hydrogen atoms in the benzene ring by fluorine atoms can modify the lu-
minescent behaviour of these compounds. We have studied the 2,3,5,6-tetrafluoro-4-
(dimethylamino)benzonitrile (DMABN-4F) (see figure 5.19) and compared our results
with those of DMABN. Our computational results show that the global topology of
the potential energy surfaces (PES) of the LE and ICT states do not change substan-
tially in comparison with the DMABN but the CT state is stabilized in such a way
that the different interplay with the LE state induces strong qualitative changes. This
stabilization is evident only when dynamic electron correlation is taken into account

in the calculations.

5.5.1 Critical points

The first step on this study was to obtain the geometries of the stable species and the
critical points of the PES of DMABN-4F. They were optimised at the CASSCF(12,11) /6-
31G(d) level, and the energetics were refined at the CASPT2/cc-pVDZ level. These
structures of the minima localized are shown in figure 5.20. The values of the second
order density matrix and the one electron density matrix were also calculated to gen-
erate a Valence-Bond (VB) picture of the systems and get the charges over the atoms.
These results are also shown in figure 5.20. At the CASSCF level, we located the
So-GS, S1-LE, S;-TICT and S;-RICT stable species with the same electronic charac-
teristics as in DMABN [9]. Because of the strong steric hindrance between the two
methyl substituents of the amino group and the fluorine atoms in the benzene ring, the
So-GS structure has a twist angle of 55°, very different from the planar geometry of
DMABN. This angle is slightly larger than the 33° obtained from the X-ray data.[44]
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However, previous theoretical results predict twist angles ranged from 30° to 54° de-
pending on the computational method employed [43]. The vertical excitations from
this geometry were then calculated, to obtain the energies and the electronic character
of the first excited states. Table 5.6 shows these computed CASSCF and CASPT?2 ab-
sorption energies of DMABN-4F in the gas phase together with the experimental data
obtained in nonpolar solvents. The corresponding DMABN spectrum is also shown

for comparison.

Figure 5.20: Geometries and electronic structures (in red), values of the
second-order exchange density matrix (in italic blue) and the one-electron
density matrix (in black) of the ground state, LE, TICT, and RICT min-
ima in DMABN-4F. All bond lengths are given in A and dipole moments in
Debyes.
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Let us first analyze the CASSCF results. At this level, the CT (L,-like) state
is located above the LE (L,-like) state in both molecules and is characterized by a
high dipole moment and large oscillator strength. This indicates that this is the ini-
tially promoted state as it will carry most of the energy after absorption because of

the allowed character of the transition. Nevertheless, the energy gap between the two
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Table 5.6: Absorption energies (kcal-mol™'), dipole moments (u, in Debyes)
and oscillator strengths (f) obtained for DMABN and DMABN-4F at the
CASSCF/6-31G(d) and CASPT2/cc-pVDZ level in the gas phase.

Molecule State AE CASSCF AE CASPT2 AE Exp* u f

DMABN LE 111.0 93.3 92.2 6.0 0.006
CT 140.7 102.7 101.9 13.8 0.608
DMABN-4F LE 121.0 97.9 Not visible 5.0  0.009
CT 125.6 95.7 95.5 14.2 0.318

# Maxima of the low-energy absorption band measured in n-hexane. See refer-
ence [42].

excited states, AE(S1,52), is much smaller in DMABN-4F than in DMABN. These res-
ults agree again with Zachariasse’s generalization that relates the efficiency of the ICT
process to the energy gap between the S; and S, states in the Franck-Condon region
|37]. Interestingly, the inclusion of dynamic electron correlation in the calculations
introduces some qualitative changes relative to the CASSCF results. For DMABN,
the CASPT2 energies show the same ordering of the LE and ICT excited states (at
the FC region as well as along the ICT path). For DMABN-4F, though, the situation
is different: at the ground state geometry the CT (L,-like) and LE (L,-like) excited
states appear almost degenerate but the CT (L,-type) state is Sy, 2.2 kcal-mol~! below
the LE (L,-like) state (Table 5.6). This result is in strong agreement with the fact
that the weak shoulder ascribed to absorption to the LE (L,-like) state in DMABN
spectra is not visible in the spectra of DMABN-4F in n-hexane [43|. Furthermore,
the CASPT2 energetics is in good agreement with the absorption energy experimental
data. This effect will be enhanced in a polar solvent, which will comparatively stabilize
the CT state even further.

Let’s analyse the stable species located in the first excited PES. S;-LE has an anti-
Kekulé benzene moiety, twisted structure, with a torsional angle of 88°, and the C of
the ring bonded to the amino group is pyramidalized, so the nitrogen and the carbon
atoms of the dimethylamino group are slightly out of the plane, like in So-GS. S;-TICT
and S;-RICT have similar zwitterionic characters (VB structures shown in Figure 5.20)
that give rise to a large dipole moment. Both ICT species display a quinoidal structure
in the benzene ring, that is, the two CC central bonds of the benzene ring are much
shorter than the other four CC bonds. The computed dipole moment of 13.1 D for S;-
TICT is in a good agreement with the value of (13.8 4 0.4) D estimated by Zachariasse
for the emitting ICT species [42]. At this level of theory, the S;-LE — S;-TICT in
DMABN-4F is an exoergic process, by 10.7 kcal-mol™!, in contrast to DMABN where



UNIVERSITAT ROVIRA I VIRGILI
AB-INITIO INSIGHT INTO THE ORGANIC PHOTOCHEMICAL DIVERSITY: NON-RADIATIVE DECAY IN URACIL AND DERIVATIVES
AND INTRAMOLECULAR CHARGE TRANSFER MECHANISMS IN THE BENZONITRILE FAMILY

Yannick Mercier

DL:T.

1371-2011

5.5. DMABN-4F 121

it is an endoergic process, by 2.4 kcal-mol™!. The S;-RICT minimum, though, is
located 50.1 kcal-mol~! above S;-LE, so it is too high in energy to be mechanistically
interesting (see Table 5.7). An antiquinoidal twisted ICT structure, with the two CC
central bonds of the benzene ring much longer than the other four CC bonds, has also
been localized lying on the S, potential energy surface in DMABN and DMABN-4F
(Figure 5.21), So-TICT, in agreement with previous calculations performed by Haas
and co-workers [45, 46]. Given that the fluorescence emission will never take place
from the second excited state potential energy surface, the antiquinoidal TICT species

cannot be an emitting one. No S;-PICT minimum could be located.

Figure 5.21: Geometry and electronic structure (in red), of the antiquinoid
TICT structure localized in the Sy PES in DMABN and DMABN-4F. All bond
lengths are given in A.
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Because the CT state is Sy in the Franck-Condon region but S; at the TICT
structure at the CASSCF level, the first part of the reaction path after light absorption
must be nonadiabatic. That is, at this level of theory the LE and CT surfaces must
cross. The characteristics of the conical intersection (CI) found for DMABN-4F are
the same as those reported for DMABN [9]: there is an extended seam that runs

parallel to the CN(Me), torsion coordinate. Nevertheless, the structure of the lowest



UNIVERSITAT ROVIRA I VIRGILI
AB-INITIO INSIGHT INTO THE ORGANIC PHOTOCHEMICAL DIVERSITY: NON-RADIATIVE DECAY IN URACIL AND DERIVATIVES
AND INTRAMOLECULAR CHARGE TRANSFER MECHANISMS IN THE BENZONITRILE FAMILY

Yannick Mercier

DL:T.

1371-2011

122 5. CHARGE TRANSFER REACTION

point of this S /S, conical intersection seam located in DMABN-4F has different twist
and pyramidalization angles. Figure 5.22 shows this structure together with the two
degeneracy-lifting coordinates defining the branching space (the derivative coupling

vector and the gradient difference vector).

Table 5.7: Relative energies (in kcal'mol™) and dipole moments (,
in Debyes) of the structures located in DMABN and DMABN-4F at the
CASPT2/cc-pVDZ level in the gas phase.

DMABN DMABN-4F

Structure AFE? W AFE W
Si-LE 0.0 6.1 0.0 4.8
S1-Q-TICT 0.1 13.5 -17.1 13.1
So-AQ-TICT 14.6 14.1 15.7 14.4
So-PICT 8.4 13.8

S1-RICT 22.8 16.8 22.9 16.0
Si-TSre/ricr” 5.2 10.5

S1/S2-CI [7.3,21.4] 7.7 [-9.3,3.5] 9.8
So/S1-CI [-2.4,-13.5] 7.5 [-13.5,-18.8] 9.3
S1-TSre/cr 8.2 5.5 -7.0 6.9

2 Calculations performed at the CASSCF(12,11)/6-
31G(d) optimized geometries. P See Figure 5.27 for
DMABN-4F.

Figure 5.22: S; /S, conical intersection located at CASSCF level for DMABN-
4F. Degeneracy-lifting coordinates: (a) gradient difference vector and (b) de-
rivative coupling vector. All bond lengths are in A.

(b)
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5.5.2 Mechanistic overview

Figure 5.23 shows a scheme of the mechanism of the ICT process in DMABN and
BMABN-4F obtained on the basis our CASPT2 results that will be explained in detail

in this section.

Figure 5.23: Schematic potential energy profiles of the ICT reaction for DM-
ABN and DMABN-4F obtained at the CASSCF(12,11)/CASPT2/cc-pVDZ
level. Energies are in kcal-mol ™!,
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Figure 5.24: Forces in the potential energy surface of the Sy (CT) state
calculated at CASSCF level in the Franck-Condon region of DMABN-4F.

The results of the previous sections show that the initial excitation populates the
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CT state. To determine how the system evolves immediately afterwards, the forces on
the S;-CT energy surface in the Franck-Condon region were calculated at the CASSCF
level (Figure 5.24). They show that DMABN-4F tends to relax directly towards the
TICT minimum. This feature was confirmed by an interpolated energy path calcu-
lation at the CASPT2 level on the S;-CT (L,-like) PES between the Franck-Condon
geometry and the S;-TICT minimum (Figure 5.25). No activation barrier was found,
so it is expected that after the initial photoexcitation the ICT reaction proceeded adia-
batically smoothly downhill towards the TICT minimum. These results are consistent
with the ultrafast formation of an emitting ICT species in the excited singlet state of
DMABN-4F in contrast to DMABN [42, 43].

Figure 5.25: CASPT2/cc-pVDZ energy profiles of the LE (blue) and CT
(red) states from the Franck-Condon region to the S;-TICT minimum for
DMABN-4F obtained by a LIIC path. Energies are in kcal-mol~?.
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The emission from the S;-LE species could not be detected in the fluorescence
spectrum of DMABN-4F, but the excited-state absorption (ESA) spectra of DMABN-
4F in n-hexane show a decay of the LE and a corresponding rise of the ICT absorption
|42]. This indicates that the S;-LE minimum must be populated and that it must be
directly connected with the ICT one. To check it, we calculated the energy profile of
the LE and CT states by linear interpolation between the Franck-Condon geometry
and the S;-LE minimum. The results are shown in Figure 5.26. They show that the
LE and CT states are almost degenerated all along this pathway. Moreover, at the
S1-LE minimum, the LE state is lower in energy than the CT one. The crossing point
between the two surfaces lies only 0.6 kcal mol~! above the S;-LE minimum, thus this

minimum will be populated quickly and effectively.
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Figure 5.26: CASPT2/cc-pVDZ energy profiles of the LE (blue) and CT
(red) states from the Franck-Condon region to the S;-LE minimum for the
DMABN-4F obtained by a LIIC path. Energies are in kcal-mol™!.
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No transition state connecting adiabatically the LE and TICT minima could be
located because of the flatness of the surface. In order to evaluate the LE—TICT
energy barrier, we computed the energy profile of the LE and CT state by linear
interpolation between the S;-LE and the S;-TICT minima. The results are depicted
in Figure 5.27. They show that the activation barrier for the LE—-TICT process is
only 0.3 kcal-mol™!, whereas the activation barrier for the backward process is 17.4
kcal-mol~!. Therefore, the equilibrium is strongly displaced towards the S;-TICT,
explaining the presence of the ICT emission for DMABN-4F even in nonpolar solvents.
The computed energy of this emission, of 58.4 kcal-mol™! agrees satisfactorily with the
59.6 kcal-mol~! obtained in n-hexane [42].

F-substitution in the phenyl ring of aminobenzontriles leads to smaller fluorescence
quantum yields and shorter decay times than in the parent compounds. The number
of fluorine substituents seems to be an important factor in the opening of the internal
conversion channel, enhancing the accessibility to a conical intersection that leads to

the electronic ground state.

The yield of internal conversion, @, in n-hexane at 25°C is considerable larger for
2,3,5,6-tetrafluoro-4-aminobenzonitrile (ABN-4F) (1.00) and DMABN-4F (0.92) than
for 3-fluoro-4-(1-azetidinyl)benzonitrile (P4CF3) (0.35), and for ABN and DMABN
where it is of minor importance (0.10 in both cases) [42, 47]. Therefore, it seems
interesting to discuss the possible nonradiative decay channels by internal conversion

from S; as a competing photochemical reaction to the LE—ICT reaction, and show
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Figure 5.27: CASPT2/cc-pVDZ energy profiles of the LE (blue) and CT
(red) states from the S;-LE to the S;-TICT minima for DMABN-4F obtained
by a LIIC path. Energies are in kcal-mol ™.
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3 95.6 917 1000
4 9.6 88.6 g 1
5 976 848 g 0
6 98.1 84.0 w
80,0
7 101.1 82.6
8 103.5 81.2 70.0 v LE
9 105.8 80.0
10 108.1 79.0 o004+, —=CT
11 1106 783 1 2 3 4 &5 6 T 8§ 9 10 11 12
S— TICT 12 1133 780 Reaction coordinate

up the differences on this deactivation reaction for DMABN and DMABN-4F.

Figure 5.28: S;/S; conical intersection located at CASSCF level in DMABN-
4F. Degeneracy-lifting coordinates: (a) derivative coupling vector and (b)
gradient difference vector. All bond lengths are in A.

@
@
'

(®)

To characterize this radiationless decay channel on DMABN-4F, we located first
the minimum energy point of the Sy/S; CI that would correspond to the funnel for the
S1—Sy internal conversion. To check if this IC is accessible, we located the transition
state (TS) of the path connecting the S;-LE minimum with the CI. The energy of
this TS corresponds to the measured activation energy of the IC [47|. The geometries
of these critical points for DMABN-4F are shown in Figures 5.28 and 5.29, and the
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Figure 5.29: Transition state connecting the Sq/S; conical intersection with
the S;-LE minimum, located at CASSCF level in DMABN-4F. All bond
lengths are in A.

1.435 |,

J/lﬁs 1,.410.\;)

energetics for DMABN and DMABN-4F are collected in Table 5.7.

The structure of the Sy/S; CI shows a strong pyramidalization of C3, in such a way
that the benzene ring looses the planarity and the H (or F) atom bonded to Cs is well
out of the plane of the molecule. This distortion is strongly unfavourable energetically
for the ground state, so the energy gap between S; and Sy is rapidly reduced along this
coordinate. The fluorine atoms enhances the tendency of sp? hybridation on C atoms,
facilitating the folding of the ring and lowering the energy of this path on DMABN-4F
relative to DMABN. Accordingly to this fact, the CASSCF results give a CI on DM-
ABN 2.8 kcal-mol™! above the S;-LE minimum, while for DMABN-4F the CI is 3.9
kcal-mol~! below the same minimum. The same tendency is found for the TS: it is 19.9
kcal-mol~! for DMABN, but only 2.6 kcal-mol~! for DMABN-4F. It is worth pointing
out that the geometry optimization of these critical points is only carried out at the
CASSCEF level, so when the energies are recalculated at the CASPT2 level, these do
not necessarily correspond to critical points of the PES at the CASPT2 level. This is
the case for the Sg/S;-CI: when the energies are recalculated at the CASPT2 level, it
is found that the Sy and S; states are no longer degenerated. For the same reason,
the energy of the transition state denoted as S;-TSpg/cr in DMABN-4F is lower than
the supposed initial point of the path. Nevertheless, comparison of the CASPT2 ener-
gies of DMABN and DMABN-4F lead to the same conclusion than CASSCF results:
the nonradiative decay from S; to the ground-state is almost a barrierless process in
DMABN-4F while for DMABN the barrier is non negligible. It is noticeable that the
CASPT?2 activation barrier obtained for this system (8.2 kcal-mol™?!) is in very good
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agreement with the 8.3 kcal-mol™! estimated experimentally in n-hexane [47]. In view
of these results, it can be concluded that internal conversion becomes the dominating
process from the S;-LE minimum in DMABN-4F in such a way that, if this minimum
is reached, it will be quickly depopulated through the Sq/S;-CI precluding the normal
fluorescence emission. These results explain the fact that normal fluorescence could
not be detected for DMABN-4F and its ICT fluorescence quantum yield in n-hexane is
only ®; = 2.6 1073 [42]. On the other hand, the activation barrier found in DMABN
explains that internal conversion in this molecule only becomes an important decay

channel above room temperature.

5.5.3 Conclusion

The stabilization of the ICT state is further enhanced by the fluoro substituents of
DMABN-4F relative to the effect of the methyl substituents added to the ABN to
give DMABN. Consequently, the anomalous fluorescence band, non-existent in ABN,
appears in polar solvents in the DMABN spectrum and is eventually the only band
shown in the DMABN-4F spectrum. Moreover, in DMABN-4F, the steric repulsion
precludes the existence of planar low-energy structures, so the GS and LE minima are
pretwisted, which supports the hypothesis of a TICT structure for the CT fluorescent
species. The agreement of our results with the available experimental data supports

the conclusions of our study.

5.6 Conclusion

Our different studies on DMABN and derivatives give informations on the role that
the substituents and their position play on the fluorescence behaviour of potential
ICT systems. Both geometrical constrains, through a series of alyciclic derivatives
and DTABN isomers, and electronical effects, with the fluoro substitution, have been
studied. Globally, our results show that the fluorescence patterns of the ICT systems
are given in most cases by the energy differences between the LE and TICT excited
states, both at the Franck-Condon region and at the minima. These last ones are
generally located on the S; PES. The geometrical constrains that preclude rotation or
planarity of the molecule will destabilized the TICT or the LE minimum preferentially,
favouring the normal or the anomalous fluorescence. Nevertheless, although in all cases
studied up to now PICT minimum is located on So PES and therefore can not be a
luminescent species, we could not rule out the stabilization of these species in other

systems and the consequent involvement on the fluorescence emission. The small
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energy differences between the minima of the species involved in the ICT process
make that a small quantitative change could produce important qualitative changes.
For this reason, these results prove that it is not possible to make a prior: prediction
of the fluorescent behaviour of a new system, based on the results for similar systems.
Unfortunately, the experience accumulated up to now make advisable to carry out

specific studies for any new system of interest.

The agreement of our predictions with the experimental observations support the
suitability of the computational method used for the study of this kind of photochem-
ical problems. The good agreement of compared absorption and emission energies
shows that CASSCF /CASPT2 methodology can be used not only for qualitative but

also for quantitative predictions.
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LA UTOPIA ESTA EN EL HORIZONTE. CAMINO DOS PASOS, ELLA SE ALEJA DOS
PASOS Y EL HORIZONTE SE CORRE DIEZ PASOS MAS ALLA. ;ENTONCES PARA QUE
SIRVE LA UTOPIA? PARA ESO, SIRVE PARA CAMINAR.

Epuarpo GALEANO
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Chapter 6
Conclusion

Two photochemical processes have been studied in this work: the non-radiative decay
in uracil and some of its derivatives and the intramolecular charge transfer mechanism
in DMABN derivatives.

In the first part, about uracil and its derivatives, the 5-fluorouracil and the 5- and
6-aminouracil, we confirmed the ultrafast decay mechanism. Uracil, which has the
shortest excited lifetime of this family of compounds, shows a direct pathway from
the FC region to the ground state without any barrier along the axis coordinate that
breaks the planarity of the benzene ring that explains this ultrafast decay. After the
initial excitation, the wave packet decay quickly to the ground state surface trough
Cls without passing by any of the minimum on the upper excited states surface.
Part of the wave packet might go to the S;(n-n*) minimum, which is connected with
the ground state by a CI energetically innaccesible. The part of the wave packet
temporally trapped in the S;(n-7*) minimum might then cross back to the (n-n%)
surface accounting for the largest excited state lifetime, as the other potential path,
trough the (n-n*)/GS CI shows a huge barrier. This late structure has been found for
the first time in this work, allowing to discard definitively this option as a probable
mechanism of nonradiative decay of Uracil. We have then explained the longer lifetime
of the derivatives. In the case of 5-FU, a small barrier on the relaxation path explains
why the decay, even being still quick, is not as fast as in uracil. Differences between
the two amino derivatives have been related to the presence or not of a minimum on
the (n-n*) surface: while this minimum is not present for 6-AU, which shows a direct
decay pathway, it exists in 5-AU so the decay is slower, waht accounts for the larger
lifetime of excited 5-AU. Our results are in very good agreement with the experimental
measurements, in particular the absorption and emission energies predicted in this

work. As these are biological systems, which are usually found surrounded by solvents,



UNIVERSITAT ROVIRA I VIRGILI
AB-INITIO INSIGHT INTO THE ORGANIC PHOTOCHEMICAL DIVERSITY: NON-RADIATIVE DECAY IN URACIL AND DERIVATIVES
AND INTRAMOLECULAR CHARGE TRANSFER MECHANISMS IN THE BENZONITRILE FAMILY

Yannick Mercier

DL:T.

1371-2011

138 6. CONCLUSION

modelizing the solvent will become a more and more important issue in their studies.
Our first results confirmed the influence of the solvent, for example on the order of the

lower excited states.

On the other hand, the results on systems derived from the DMABN molecule
are in good agreement with experimental results as well. We confirmed the TICT
hypothesis that support this structure as the emitting species, even in more rigid sys-
tems: the bicycle derivatives showing anomalous fluorescence all present a stable and
energetically accessible TICT minimum. The pathway to reach these emitting species
when dual or anomalous fluorescence appears has been explained in terms of equilib-
rium between the LE and TICT-states. Influence of different substitutions, depending
on their characteristics (electronic effects in the case of the fluor substitutions, or steric
effects for the DTABN isomers), and of the substitution position have been studied

with nice agreements with the experimental observations too.

In both cases, the choice of a multiconfiguration ab-initio method has been proven
to be reliable as computational results fit the experimental data available. The import-
ance of the dynamic correlation in the accuracy of the calculations is clearly demon-
strated. This point is of great interest as the recent developments in methodology and
computational facilities now allow to do full optimizations at this level. If these cal-
culations are still expensive and time-comsuming, it brings great expectatives for the
future of the computational science in the field of photochemistry. Moreover, meth-
ods mixing different levels of calculations as used in the study of bulky derivatives of
DMABN seems to give interesting results as well, even if they have to be handle with

care and their validity checked in any case.
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