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Apresentacao

O Simposio Brasileiro de Quimica Teérica (SBQT), na sua XVIII edicao
em 2015, completa 34 anos. O sucesso verificado nos encontros anteriores
avaliza o fato de que esse evento se torna progressivamente a maior instancia,
nacional ¢ latino americana, de expressdo da comunidade de Quimica Teorica.
Este sucesso alcancado pelo SBQT reside no fato dele permitir a articulagdo
dos grupos de pesquisa em Fisica, Quimica ¢ areas Bioldgicas direcionando
e otimizando os esforgos para o desenvolvimento de métodos teodricos e
computacionais de interesse comum ¢ para a utilizagdo ¢ aprimoramento de
técnicas experimentais existentes no pais. Atualmente, a Quimica Tedrica no
Brasil engloba contribuigdes de diversas areas especificas tais como Quimica
Quantica, Dindmica Atdmica e Molecular, Simulacdo Computacional de
Sistemas Liquidos e Solidos, Modelagem Molecular de Sistemas de Interesse
Biolégico e Tecnologico, Catalise Quimica, Fisico-Quimica Organica, entre
outras. Nesse contexto, sdo inegaveis as contribuigdes do SBQT para o
desenvolvimento da area no pais.

A tecnologia e a inovagdo tecnoldgica exercem um papel importante e
fundamental na vida das pessoas e na economia dos paises. Seria inconcebivel
pensarmos o desenvolvimento do mundo contemporaneo sem a presenga da
tecnologia e dos seus impactos. Importantes instituigdes, como o Conselho
Econdmico e Social das Nagdes Unidas, tém discutido Ciéncia, Tecnologia e
Inovacdo e seus impactos na economia do século 21. No Brasil, varias acdes,
envolvendo diversas institui¢des, tém sido realizadas nesta dire¢do. Dentre
elas, destacam-se o Plano Brasil Maior do Ministério do Desenvolvimento,
Industria e Comércio Exterior e a criagdo da Empresa Brasileira de Pesquisa
e Inovacdo Industrial (Embrapii). A Revista Processos Quimicos do Servigo
Nacional de Aprendizagem Industrial (SENAI), comprometida com a inovagao
e a transferéncia de tecnologias industriais, edita esse volume especial
dedicado ao SBQT, considerando a ampla contribuicdo que a Quimica Teorica
tem dado a tecnologia e a inovagdo tecnologica, e portanto ao fortalecimento

da competitividade da industria brasileira.

Kleber C. Mundim
Hamilton B. Napolitano

Editores da Revista Processos Quimicos
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Artigos Gerais

Classic Study on the Growth of
Metal Clusters Al Na,,_ (3= N = 55)
Using Genetic Algorithms Modeled
by the Gupta Potential

Acassio R. Santos, Breno R. L. Galvaoc, Caio L. Firmeaq,
Fabricio de L. Fariasa & Jadson C. Belchiorb

Introduction

As a new area of research, nanoscience has been
in development since the 1980s. Its main scope is the
study of nanoscopic phenomena (1nm = 10-9m), where
clusters refer to a new type of materials (nanoparticles),
in the order of 2 to 10n (n = 6 or 7) atoms or molecules.
These particles may be identical or related to two or
more distinct species: monoatomic and monomolecular
clusters, polyatomic and/or polymolecular clusters, or
molecular clusters. Clusters consisting of a small amount
of atoms (2-1000 atoms) are denominated nanoclusters.
Such systems are adequate models of researching by
the means of theoretical methodologies, as they have
a smaller number of particles. On the other hand, they
may present difficulties regarding experimental studies,
such as structural determination.'

Theoretical studies concerning clusters are relevant
and contribute to the interpretation of experimental
measures. Among these studies, we may find those that
determine the structures of atomic and/or molecular
clusters, possibly using mathematical tools related
to spatial geometry applied according to theoretical
models. Besides, the quantitative study of potential
energy provides us with the basis for the understanding
of chemical and physical phenomena of atomic and
molecular clusters.>

Particularly, the determination of isomers of greater
cluster stability has ample relevance to the development
of new materials, where the more stable structure of
cluster corresponds to that of lower energy. In order to

determine the cluster structure and energies, one should
calculate the conformation of lower energy on the
potential energy surface (PES), i. e. the global minimum
(GM). Generally, the determination of a minimum
is considered an optimization problem. The sheer
number of isomers with diverse structures constitute
one of the chief difficulties in the determination of
the GM in PESs, where it may be verified that there
is an almost exponential growth in the number of
minimum structures related to the number of particles,
i. e, the system size**. Therefore, optimization
methods have been developed in order to contribute
to the above-mentioned difficulties, whether they are
biased or non-biased. The former utilize chemical or
physical information regarding the material and initial
conditions such as starting geometry, whilst the latter,
in contrast, does not use previous information, and the
initial geometry is instead defined at random and thus
optimized until a minimum of lower energy is found.
This current study proposes the application of non-
biased methods, since they may reduce the occurrence
of problems such as the determination of local
minima, which are recurring in other methods due to
the imposition of certain types of geometries or of a
PES region. The non-biased methods of optimization
have two instruments that may be considered the most
effective overall: 1) the exhaustive utilization of local
minimization, and 2) the discovered structures of local
minima, used as initial conditions to the comparison
and selection of new structures to be minimized. Among
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Artigo Geral 1

these methods, the Basin-Hopping >¢ and the Genetic
Algorithm (GA)” have been the most promising * ¢ *
%, incorporating the two above-mentioned instruments.
Within this work, we will focus on the applications of GA
in the research of nanoalloys of Al and Na. In traditional
non-biased methods, such as the Monte Carlo and the
Molecular Dynamics Simulated Annealing approaches,
the difficulties on finding the global minima (GMs)
remain'® ',

The interest in the research of metal clusters arises
mostly from the possibility of creating new alloys from
materials in nanoscale, the so-called “nanoalloys”. The
theoretical research of nanoalloys has an important
role in materials science, and some of its most relevant
objectives are: the prediction of stability in structures,
their growth, and assistance in the interpretation of
spectroscopic and other experimental measures. In this
context, it should be highlighted that a great number of
methods were reported in the last few years regarding
the effective global optimization of atomic and
molecular systems.

Methodology

Inspired by Darwin’s theory of evolution by natural
selection, the genetic algorithms (GA) concern the
field of artificial intelligence, and, more specifically,
evolutionary computation. It consists in a technique
that solves a problem by using an evolutionary process
where the surviving solution is, consequently, the best
adapted, i. e., developed.

We may compare the GA method with the cells of
a living organism — DNA blocks — located in specific
positions and components of the same group of
chromosomes. These blocks codify certain proteins as
well as a given feature of the organism, such as skin
color. The parental gene pool crossover is to combine
during the reproductive process, resulting in a new
chromosome that may mutate due to alterations in
the DNA, which are usually caused by some factors
such as failure in the copies from the parental gene
pool. Biologically formed, the offspring adapts or
not to its environment, where survival is a measure
to its adaptation'’. The mathematical modeling of
this analogy consists in the application of the GA
technique to the resolution of a problem by searching

14

a solution that may come up among a variety of other
possible solutions and be considered the best option,
according to the marking of possible solutions in
conformity with its adequacy to the intended answer.
In this context, the GA have often been employed in
the determination of maxima to the adequacy values
regarding the potential energy surfaces associated to
the cluster structure!'*!. Once the GA standard method
is applied, the use of evolutionary genetic operators
(OP) becomes quite common, bearing resemblance to
the crossover operators among individuals (also known
as the mating operator), as well as to the Mutation
and Natural Selection operators, used towards a
test population with the purpose of optimizing, for
instance, the cluster structure. The determination of
the best-adapted individuals depends on the “quality”
assessment, i. e., on the adequacy of each individual
that contributes to the system. In the GA model,
such assessment is obtained according to the Fitness
Function (FF)" that, in the context of the clusters, is
used to assess the respective energies.

The solutions found in the use of the observed
technique (GA) are usually considered adequate,
since it is not always possible to find or prove which
solution is optimal. The GA used in this research has
two other evolutionary operators that distinguish them
from the standard GA: the Annihilator (AN) and the
History (H)'®!7.

Considering the composition and size of the cluster
(total amount of atoms), its population is generated at
random, given that the spatial coordinates from each
atom in each cluster are generated at random inside a
search space previously defined. After this stage, the
GA method uses a list of atomic Cartesian coordinates
from each cluster, with the purpose of generating their
respective genes, which evolve to the next generation
by the application of genetic evolutionary operators
from the standard method of Crossover, Mutation and
Natural Selection. In this context, the genetic operators
are applied to the current population, immediately
after each individual of this population is relocated
to its nearest local minimum according to the quasi-
Newtonian standard method (BFGS) 8.

In the current research, the parental individuals are
chosen to the application of the Crossover OP through



the roulette-wheel selection method. Therefore, the
probability of a choice depends on the adequacy of
the individual. Once this process occurs, the use of
the Mutation OP may or may not be put into effect,
considering that this operator is slow and less frequent,
so that its application may occur strictly to a fraction
of a population from each generation. This does in
no way differ from the GA standard method, and yet,
in the Mutation OP, the AN removes both offspring
individuals and mutants yielding the same energy
when compared to already existent individuals from
the same generation, while H “memorizes” information
concerning the population of that generation for a next
use. Hence, the remaining individuals are classified
in a list and arranged according to their FF values,
where the last-placed in the list are discarded, so it
may persist with a constant number of clusters within
the population (Natural Selection)".

Figure 1: Flow chart indicating the operation of the GA used in this research.
The traced box on the left corresponds to the operators of the standard
method, while the traced ellipsis to the right indicates the new operators.

The described procedure is a loop from the
standard GA (except for a minor interference of AN
and H) and is repeated in a determined number of
times until convergence, in which it is not possible
to produce any more energy. To the GA, henceforth,
the global minimum has been found. However, since
it is a stochastic process, it is possible that the true
global minimum may not be found. For this reason,
the better improvement of the modified GA in this
research lies in the realization of new cycles, starting
from the point where the AN promotes a mass
extinction of the system optimized by the standard
method. In this case, the procedure reboots and the
initial population is no longer generated at random,
but provided by H. This new complete loop may now
be repeated until, after a determined number of times,
no isomer with energy lower than the last more stable
obtained is found .

Thus, considering the basic functioning of the GA,
it is pointless to target a problem regarding clusters
with overly strict ab initio treatments, such as the DFT
method (Density Functional Theory), due to the great
quantity of local minimizations that the optimization
algorithm is supposed to perform. For this reason, an
analytical description, experimentally parameterized
to the potential energy among the atoms of the system
(demanding much simpler computational requirements),
is the most reasonable option. Expressions used in
potential energy associated to a many-body system are
denominated “empirical many-body potentials”, widely
recognized for being capable of modeling in close
approximation the bonds between metal atoms, as well
as of reproducing accurately the thermodynamic and
structural properties, mainly from most of the transition
metals'7?,

Currently, it is recognized that the empirical many-
body potential energy expressions are capable of
reproducing thermodynamic and structural properties of
many transition metals with good accuracy, such as the
energy of sublimation, the constant of network, elastic
constants and vacancy formation energy?®'?*. This is, to
the date, one of the most practical manners of addressing
simulations of punctual or extended defects, as much
as interface or surface properties in metal alloys '°.
Thus, in the last few years, there has been frequent use
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of empirical potentials towards the analysis of several
problems, in the example of the materials science.

The empirical many-body potential energy
expressions present a superior efficiency when
compared to simpler potential expressions that only add
contributions due to pair interaction, from which the
latter is usually the most adequate in the reproduction
of basic features of metal systems. This occurs because
in the former it is included the essential feature of band
regarding metal alloys 2°. Such expressions concern the
effect of each individual (j) from the system in reference
to one of the components (i) of the same system, not
inasmuch as it depends solely on the interaction of each
pair (ij), but considering also the influence in which
the neighbors, so far as to a certain distance from each
individual in question (j), exert on the caused effect in
the assessed component (i). We must highlight that all
these contributions are added to all existent i and j in the
system.

We have it that the Gupta potential belongs to a class
of pair-functional potentials based on the Tight-Binding
Second-Moment Model. The Gupta potential may be
written in the manner of repulsive pairs Vr and term of
many-body coupling Vm. The energy of a given atom i
constituted by the interaction with all the neighboring
atoms j is, accordingly:

n

Velus = Z{V’r’(ﬂ} — Vm(n)) 01

4

where Vr represents pair repulsion among metal ions,
and is given by:

Vrin) = iﬁexp(—p (% - 1)) 02

Subsequently, the many-body term, Vm, represents the
cohesion of many bodies given by the valence band, i. e.,

n

Vin(n) = [Z fexp (—2q (:—:— 1))} 03
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The parameters A, p, 10, e q are values obtained
from adjustments in experimental data of the cohesion
energy, parameters of network and elastic constants,
independent of the crystalline structure at 0 K, not only
to pure metals but also to alloys. The term rij is the
distance between atoms i and j; the parameters q and p
are dimensionless and determine the extent of the terms
of band and repulsion, respectively; whereas A and {
have energy units and establish the force of these terms.
The term 10 is the average distance to the atom’s nearest
neighbors in the bulk of the metal 2.

The parameters to homodiatomic interactions (Al-
Al, Na-Na) within this research were obtained from the
literature 242, Simple arithmetic means were used in
order to address the heterodiatomic interactions (Al-Na)
%, In this context, the Gupta potential may be used to
model an extensive diversity of solids and clusters, as
well as of some alloys.

At Table 1 we present the values of the parameters
used in this research.

Table 1: Empirical parameters of the Gupta potential to the system Al-Na

r0A) | C(eV) p q | AEV)
Al-Al 2,8637 | 1316 8,612 2,516 | 0,1221
Na- Na 3,6989 0,2911 10,13 1,30 0,01596
Al-Na 3,2818 0,8035 9,371 1,90 0,06903

The average bond energy is an important quantity that
may be associated to the clusters and defined as '°:

B fw:(N)
E,— 2=~ 2 04
5 N

The value of Eb must be asymptotically close to the
value of the cohesion energy of the bulk related to the
atoms that compose the cluster, in the case the clusters
are relatively sizable 6.

The second difference of average bond energy among
clusters is also a useful quantity to the analyzed structures
2627 Tts calculation may be performed by the following
equation:



A2 EpN)=2E, (N) - By (N-1) -Ep (N+1) 05

Through this expression, it becomes possible to
assess the energetic behavior of a cluster of N atoms in
reference to its “neighbors”, i. e., a cluster of N + 1 and
another of N — 1. Hence, we may observe stability peaks
when A E (N) > 0 or instability when A E (N) <0.'¢

In spite of being a useful quantity, the efficiency of
the second energy difference may be, in some fashion,
unreliable, since the stability comparison occurs only
to the neighboring clusters. For instance: there might
be cases where neighboring clusters may present a very
high energetic instability, leading to the demonstration of
a stability peak by the cluster of N atoms, not because the
structure is stable, but otherwise, because the neighboring
clusters were too unstable.

In order to analyze the alloy clusters, the excessive
energy provides another useful quantity, which may
give information regarding the likelihood of the alloy
formation in relation to the formation of the corresponding
pure cluster 2% In our approach, the excessive energy
of an agglomeration of N atoms in a AlxNaN-x alloy is
given by:

Esm (AJ:B}T—x) =

06
Vetus(Ay) Vetus (By)

N N

Venns(AsBry) - X

Negative values to Eexc (AxBN-x) favor the
formation of the corresponding nanoalloy. In this
research, we performed the calculation of the excessive
energy to all combinations of Al NaN_ where 3 <N <55.

Results and Discussions

The results obtained regarding the geometries of
pure aluminum (Figure 2) and pure sodium (Figure 3)
clusters were analogue, and agree with the literature 2>
concerning systems of this type, where, however, other
methods were utilized to deal with the issue.
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Figure 2: Structures obtained as global minima using the GA regarding
pure Aluminum clusters from: a) Al, to m) Al .

Figura 3: Structures obtained as global minima using the GA regarding
pure Sodium clusters from: a) Na, to m) Na,..

The pure aluminum structures present sturdier
atom compaction if compared to those of sodium.
This may be explained by the differences in the
atomic radius between those two elements, which are
reflected in the equilibrium of interatomic distances
provided by the Gupta potential to distinguished
atoms. We have verified that the structures of the
pure Al clusters are quite similar to those of pure
Na, whereas the most important difference occurs
in the clusters of 9 and 11 atoms. We noticed that
the dihedral angle in the sodium clusters is sharper
when compared to the aluminum clusters. Once we
compared the structures obtained by the GA using the
many-body Gupta potential to the pure aluminum with
recent results from the literature, such as those from
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Kiohara et al. (2013)*!, we verified that the Gupta
potential, despite being a classic method, presented
the cluster structure to the systems Al, Al,, Al Al
and Al with striking resemblance to those obtained
via ab initio calculations, such as DFT and CCSD(T).
Since we did not find aluminum doped with sodium
clusters in the literature, we managed to provide a
few assumptions and observations concerning the
behavior of their structures from the analysis of pure
sodium and pure aluminum clusters. The following
figures present some results to the second energy
difference of the clusters Al Na regarding different
nuclearities.
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Figure 4: Second energy difference of the clusters aluminum-sodium
of 7 atoms.
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Figure 5: Second energy difference of the clusters aluminum-sodium
of 8 atoms.
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Figure 6: Second energy difference of the clusters aluminum-sodium
of 10 atoms.
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Figure 7: Second energy difference of the clusters aluminum-sodium
of 15 atoms.

By performing an analysis of the second energy
difference to the aluminum-sodium mixtures, we
verified that higher stability peaks occurred with a
value of x=1, i. e., when we had but a single atom
of aluminum in the cluster structure. However,
considering a more detailed analysis of the clusters
in an alloy, the excessive energy may become a useful
quantity, because it provides the likelihood of the
bimetallic alloy formation, when compared to the
pure corresponding cluster %%, Next, we present the
results from the excessive energies (Eexc) concerning

varying compositions of clusters of Al NaN_ (3< N
< 55).
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Figure 8: Excessive energy to aluminum-sodium clusters of 7 atoms.

Figure 11: Excessive energy to aluminum-sodium clusters of 15 atoms.
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Figure 9: Excessive energy to aluminum-sodium clusters of 8 atoms.

Figure 12: Excessive energy to aluminum-sodium clusters of 20
atoms.

a ] 5 10 15 0 5
2 ]
a5 -1
2
=] 3
=
S s z ¢
:.E ' —— AlsMal-x 3 5 —— AlaHa25
2 "
7
25
®
3 ]
s x

Figure 10: Excessive energy to aluminum-sodium clusters of 10
atoms.

Figure 13: Excessive energy to aluminum-sodium clusters of 25
atoms.
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Figure 14: Excessive energy to aluminum-sodium clusters of 30 Figure
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Figure 15: Excessive energy to aluminum-sodium clusters of 35 Figure
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Figure 16: Excessive energy to aluminum-sodium clusters of 40

atoms.
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Figure 19: Excessive energy to aluminum-sodium clusters of 55
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By analyzing the excessive energy graphics, we
observe that clusters with 3, 4, 5, 6 and 7 atoms have
better stability when the agglomerations are composed
of 2 aluminum atoms; in other words, the structures
AlNa , Al Na, Al Na,, Al,Na,, Al,Na, are the ones most
prone to be formed. When, considering the structures of
nuclearities 8, 9, 10, 11, 12 and 13, the composition is
altered and then presents stronger trend to form clusters
with the composition of 4 aluminum atoms - Al Na,
Al Na,, Al Na,, AlNa, Al Na, and Al Na,. Regarding
agglomerations of 14 atoms, the most stable structure
was Al Na,, and, to those of 15 atoms, the most stable
composition was AlNa, . To clusters of 20 atoms,
the most stable structure presented 1 aluminum atom.
Clusters with nuclearity of 25 and 30 presented better
stability with 2 atoms of aluminum in the structure.
Agglomerations of 35 and 40 atoms presented better
stability with 3 aluminum atoms. Finally, structures of
45, 50 and 55 atoms presented themselves more stable
with 4 aluminum atoms in the structure of the nanoalloy.
In Figure 20 we present alloy structures with nuclearity
up to 15 atoms.

Figure 20: Structure of the compositions Al,Na,, Al,Na, Al Na,
AlNa,, AlNaj,AlNa, AlNa5, AlNa, AlNa, AlNa, AlNa,
Al Na, and AL Na, .

We have observed that, regarding sodium structures
doped with a single atom of aluminum, the aluminum
atoms tend to occupy central positions, whilst sodium
atoms tend to occupy peripheral areas within the
structure. It is compelling to notice that there is an
ordered growth in the structure to the compositions of
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4 aluminum atoms (20-f, 20-g, 20-h, 20-i, 20-j and 20-
k), in which these atoms form a regular tetrahedron in
the center and the sodium atoms agglomerate around
those of aluminum, in a very similar fashion to a
micelle. We have also verified that the 20-a, 20-b, 20-
¢, 20-d and 20-e structures presented great similarity
to those of pure aluminum and pure sodium with the
same nuclearity. With N=8, the structures then started
presenting configurations much different from those
obtained from pure clusters.

Conclusions

In the current research, all clusters to the system
Al NaN_ (3 <N < 55) presented structures that may be
considered of lesser energy according to the modified
genetic algorithm method, along with the many-body
Gupta potential '*'". We realized that the pure aluminum
structures present sturdier atom compaction when
compared to those of sodium, which may be explained
by the differences in the atomic radius between sodium
and aluminum.

Such differences are observed in the equilibrium of
interatomic distances provided by the Gupta potential
to distinct atoms. Since there is no further research in
the literature regarding aluminum-sodium clusters, we
started from the obtained structures of pure aluminum
and pure sodium in order to predict information
regarding to corresponding nanoalloys. Once we
considered that the aluminum clusters presented more
stability than those of sodium, we focused in the use
of pure aluminum structures to serve as a comparative
basis for the GA method with the Gupta potential. By
confronting the obtained structures using the GA with
the many-body Gupta potential to pure aluminum,
consonant with recent studies in the literature such as
those of Kiohara et al. (2013)*', we have verified that,
despite being a classic method, the Gupta potential
presented cluster structures to systems Al, Al,, Al
Al and Al, in a very similar manner to those obtained
from ab initio calculations, such as the DFT and the
CCSD(T).

In conformity with what has been explained, it became
possible to demonstrate that the genetic algorithms
applied to the Gupta potential may be an effective tool in
the search for global minima structures.
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PEDOT Chain Length and
Excitation Energy Dependence
from Time-Dependent Density

Functional Theory

Ageo M. de Andrade, Luis H. Lacerda, Renan A. P Ribeiro, Sergio R. de Lazaro & Alexandre C. Junior

Introduction

Nowadays, the need to produce alternative energy
sources which can substitute fossil fuels is a worldwide
challenge. Furthermore, policy efforts must be made to
become the clean energy technologies competitive to
cheaper energy sources, and its application in the society,
especially for reducing global warming'. Since 1970, solar
photovoltaic devices has been developed with objective to
reach new low energy cost devices, but its application was
limited by low energy conversion efficiency. During last
decades, solar energy conversion up to 30% was achieved
in inorganic devices based on crystalline silicon devices;
however, they are limited by high cost and short durability?.

One way to avoid the high effective cost of solar cell
devices is to replace silicon by organic semiconductors (OS)
because its potential for easy roll-to-roll fabrication has
more processable advantages mainly, high flexibility, easy
to synthesize and endless possibilities on discovering new
materials by organic modification, and capacity to use in
flexible substrates®. However, such OS also have the problem
of the low efficiency at energy conversion®. Recently,
studies with multiple organic solar cells called “sandwich”
solar cells have shown good candidates to avoid the limited
absorption range*®. Furthermore, OS can be associated
with inorganic semiconductors to produce flexible thin film
devices with good charge transport properties’. The role of
organic materials that can be used for application in solar cell
devices is widespread in different organic classes, but the
main characteristic found in all compounds is 7 conjugation
length allowing a high charge mobility between HOMO and

LUMO orbitals®®.

Organic polymeric materials used in solar
cell devices must show high structure ordering of
polymer bulk, once this molecular property contribute
significantly for charge transport between HOMO-
LUMO orbitals spread in polymeric chain®'®!", For
better bulk formation efficiency, polymeric materials
must show planar chain among monomers to produce
charge carriers on polymeric chain'>. Considering such
property, the class of polythiophenes (PT) have attached
attention, especially by experimental results in different
synthesis routes'>!*. From many PT derivates, Poly(3,4-
ethylenedioxythiophene) (PEDOT — Chart 1) has been
investigated since 1970, initially on BAYER laboratories,
become it an interesting candidate for application as OS,
once PEDOT is easy to process in non-aqueous solvents,
and it has excellent hole transport properties, allowing
the application on different electronic devices, such
as antistatic coatings, cathodes in capacitors, organic
light emitting diodes (OLEDs), photovoltaic, and
electrochromic fims'*'6.

Chart 1. Chemical structure of Poly(3,4-ethylenedioxythiophene)
(PEDOT)
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PEDOT has been investigated to understand the
contribution of p conjugations on optical properties.
Apperloo and co-workers'” investigated the relation
between monomeric units and ultraviolet absorption
through experimental and semi-empirical results, but
from this contribution there is no significant theoretical
contributions for a better understanding of the relation
between molecular geometry, electronic structure and
absorption spectra.

In this work we present a Time-Dependent Density
Functional Theory (TD-DFT) investigation from
monomer to sixamer PEDOT to deep on optical property,
molecular geometry, m conjugation length, electronic
properties (HOMO and LUMO) and excitation profiles.
The discussion is based on theoretical results of excitation
levels on each oligomeric size comparing the differences
between each geometry from molecular orbital and
electronic property.

Computacional Procedure

3,4-ethylenedioxythiophene (EDOT) structures
from monomer to decamer (1-EDOT to 10-EDOT)
were optimized using PM618 semi-empirical
methodology available in Molecular Package 2012
(MOPAC2012) Program', where the gradient
minimization was specified as 0.01 kcal.mol-
1 applying Pulay and Camp® routines for SCF
calculation. From optimized geometries, single-point
calculation using GAMESS*2 was applied using
B3LYP/6-31+G(d,p) level of theory, with geometry
gradient convergence tolerance of 1x10-6 Hartree,
and SCF density convergence criteria set as 1x10-
6 applying Pulay’s?* routine on SCF cycles. From
single point calculations, orbital and gap energies
and orbital densities were obtained. Time-Dependent
Density Functional Theory (TD-DFT)*» was applied
up to 6-EDOT to investigate excitations in gas phase
with B3LYP/6-31+G level of theory for first 30 excited
states for each EDOT geometry producing ultraviolet-
visible (UV-Vis) spectra for all geometries of interest
(Chart 1). The discussions are centered on comparison
between theoretical and experimental UV-Vis spectra
results, the contribution of an orbital in particular for
the excited state and how the oligomer size affect the
UV-Vis spectra.

24

Results and Discussion

Optimized molecular geometries from 1-EDOT to 10-
EDOT are shown in Figure 2, they present good agreement
for a polymeric planar chain. Other theoretical works
showed similar results, where were calculated a dihedral
angle between monomers close to 180 degrees®?. From
PM6 semi-empirical methodology, the mean dihedral angle
calculated for each oligomer is shown in Table 1. Such result
shows that is possible to produce good results for conductive
polymers applying semi-empirical methodology with much
less computational cost comparing to Hartree-Fock (HF)
or DFT theory levels, once the main objective of the semi-
empirical calculations is produce a start molecular geometries
to investigate electronic property.

Table 1. Mean Dihedral Angle (in degrees) between monomers from
1-EDOT to 10-EDOT from PM6 semi-empirical methodology.

Geometry Mean Dihedral Angle
1-EDOT -
2-EDOT 179.89
3-EDOT 179.61
4-EDOT 179.35
5-EDOT 179.19
6-EDOT 179.98
7-EDOT 179.06
8-EDOT 178.98
9-EDOT 179.07
10-EDOT 179.13

Considering the good agreement produced by PM6
methodology for PEDOT oligomers geometry, a new
electronic structure calculation was performed through
DFT theory. The choice to produce molecular geometries
by semi-empirical calculations, analyzing electronic
structure through DFT theory was made considering low
computational cost to produce optimized geometries,
and better electronic description, respectively®?. From
1-EDOT to 10-EDOT molecular structures (Figure 1)
were calculated HOMO and LUMO orbitals, which are
located over all oligomeric chain. It is possible to purpose
that charge transport occur between sulfur atoms and
n-type conjugated bonds over the neighbor monomers.
The more acceptable electronic mechanism in solid state
theory is based on excitation of the electrons from HOMO
orbital to LUMO orbital. These electrons in LUMO orbital



are available to perform the charge transfer or electronic distribution is continuous in all molecular structure8. In

conduction through oligomeric chain®?®. Such charge fact, good results for PEDOT conductivity® are explained
transport is often called charge way because the charge by 7 conjugation length as shown in Figure 1.
1 EDOT 2. EDOT 3 EDOT
HOMO  LUMO HOMO LUMO HOMO LUMO
4-EDOT AEDOT
HOMO LUMO HOMO LUMO

6-EDOT

HOMO

LUMO
HOMO LUMO
9-FDOT
HOMO
LUMO
10-EDOT
HOMO
LUMO

Figure 1. Electronic densities for m conjugated length located as HOMO and LUMO orbitals from 1-EDOT

Jul / Dez de 2015 Edi¢ao Especial XVIII SBQT Revista Processos Quimicos

25



Artigo Geral 2

Potential Energy Surface (PES - Figure 2) results from
1-EDOT to 10-EDOT show that growth oligomeric chain
cause bulk formation inside chain producing a charge way
in center of the oligomer. This effect is only visualized
from six monomeric units or 6-EDOT model. In the same
context, these PES results provided information about why

1-EDOT 2-EDOT

PEDOT produces better results for electronic conduction
in large oligomeric size than a few monomeric units,
such as, 1-EDOT to 5-EDOT. Another point, for PEDOT
macrostructure there is no intramolecular interaction
becoming hard to perform charge transfer through n-n
stacking interaction among neighbor oligomeric chains.

3-EDOT

8 EDOT

D-EDOT

10-EDOT

Figure 2. Potential energy surface (PES) calculated from 1-EDOT to 10-EDOT models using DFT/B3LYP
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Recently, TD-DFT have gained attention of computational
chemists to provide information about specific excitation
of frontiers orbitals. This approach has produced better
understanding of electron-hole transfers from simulations
based on Theory Orbital Molecular (TOM). Specially for
organic semiconductors is possible to visualize where charge
transport phenomenon is localized on molecular structure.
Thus, TD-DFT simulations have represented better band-gap
energy (Eg), PES and Density of States (DOS) results, mainly
from calculations based on singlet excitation of the molecule.
In our investigation, TD-DFT calculations from 1-EDOT
to 6-EDOT electronic excitation have the dependence from
oligomer size as shown in Figure 5. A red shift is observable
as oligomeric size increases; however, from 7 monomeric
units, TD-DFT calculations showed a high computationally
cost and it was not possible to perform such calculations.

6-EDOT
5-EDOT
4-EDOT
3-EDOT
2-EDOT
1-EDOT

MNormalized Intensity

L s B e |
e b by By Bl

0=

i 200 400 600 £00
Wavelength (nm)

Figure 5. TD-DFT results for electronic excitation spectra from
1-EDOT to 6-EDOT molecules. Red shift is function of oligomer size.

Results for contribution of orbital excitation are shown
in Table 2. Lower excitation energies are always associated to
HOMO-LUMO excitation state for all simulated molecular
structures. Furthermore, the HOMO-LUMO excitation energy
or Eg is reduced from 5.18 eV (1-EDOT) to 2.37 eV (6-EDOT),
showing a dependence of the Eg in relation to  conjugation
length. Other possibles excitation states from HOMO -2, HOMO
-1 and LUMO +1 orbitals have also important contributions
for excitation energy. For 1-EDOT molecule, the electronic
excitation between HOMO -1 to LUMO orbitals represents 93%
of the total contribution for excitation in 5.57 €V, whereas, for
2-EDOT molecule, the same electronic excitation has 4.37 eV.
However, two oscillator strength were produced with different
contributions of 51% and 43% from HOMO -2 and HOMO

-1 orbitals to LUMO orbital, respectively. Oscillator strengths
associated to such electronic transitions are equals to 0.05 a.
u. and 0.07 a. u.; nevertheless, these oscillator strengths have
opposite signals for contributions, suggesting that electronic
excitation from both orbitals is possible. In the 4-EDOT oligomer,
the excitation in 3.85 eV is connected to HOMO -2 to LUMO
electronic transition representing 44% of the total contribution of
the excitation; whereas, in 4.61 eV the total contribution is 40%
of the excitation energy corresponding to HOMO -1 to LUMO
+1 excitation. For 5-EDOT molecule there is a HOMO -3 to
LUMO excitation in 3.78 eV, correspondent to 55% of excitation
energy and a HOMO -1 to LUMO +1 contribution is associated
to two important excitation energies, in 3.98 eV and 4.11 eV. At
last, 6-EDOT molecule shows an electronic transition between
HOMO -1 and LUMO +1 orbitals with 34% of contribution
for excitation energy in 3.58 eV. All these results suggest that
HOMO and LUMO orbitals are the most important frontier
orbitals because show the lowest energy excitation; however,
HOMO -3, HOMO -2, HOMO -1 and LUMO +1 are also
important for charge transport.

Table 2. Excitation Energy (E), Oscillator Strength (fosc), Contribution of the

Main Configuration Orbital (H=HOMO and L= LUMO) and States related to
singlet excitation on different EDOT oligomers from TD-DFT.

Geometry E (eV) Fosc Main Contrib.
(a.u) conf.

1-EDOT 5.18 0.15 H—-L 92%
5.57 0.09 H-1-L 93%
2-EDOT 3.94 0.52 H—-L 98%
437 0.05 H-2—-L 51%
H-1-L 43%
4.37 0.07 H-1-L 51%
H-2—->L 43%
3-EDOT 3.21 0.88 H—-L 99%
4.06 0.07 H-3—->L 80%
5.26 0.05 H-3->L+1 63%
4-EDOT 2.80 1.30 H—-L 99%
3.85 0.05 H-2—-L 44%
4.61 0.06 H-1—>L+I1 40%
5-EDOT 2.55 1.70 H—-L 99%
3.78 0.07 H-3—>L 55%
3.98 0.08 H-1->L+1 50%
4.11 0.08 H-1->L+1 30%
6-EDOT 2.37 2.08 H—-L 99%
3.58 0.19 H-1->L+1 34%
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In fact, experimental results30 show a second electronic
excitation state more energetic than HOMO-LUMO excitation;
however, the researchers do not confirm which molecular
excitation produced such electronic absorption. Our TD-DFT
single excitation calculations identify this electronic excitation
as different transitions among HOMO -3, HOMO -2, HOMO
-1 and LUMO +1 orbitals; however, such electronic transitions
confirmed are dependents from oligomer size simulated.
Therefore, the amount of energy levels are fundamentals
to rise this electronic transition of high energy. This result is
consequence of the introduction of energy levels inside band-
gap in according to Theory of Bands for solid state®.

Conclusion

The results showed in this work provided better
understanding of charge transport properties in EDOT
oligomers and PEDOT. From optimized geometries with
low computational cost, electronic structure was determined
from DFT calculations, showing bulk formation from 6
monomeric units extending for longer polymeric chains.
The same calculations provided information about frontier
orbital location, showing polymeric central region the most
important for charge transport properties. DOS explains how
band- gap energy was reduced from increase of monomeric
units, showing 7 conjugation dependence between electronic
and geometric structures. The same relation was observed
on singlet excitation theory applying TD-DFT calculations.
These results are in good agreement with experimental data
for excitation energy, becoming possible to understand the
main excitation bands in UV-Vis spectra for EDOT oligomers
and PEDOT and its relation with frontier orbitals.
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Zn-doped BaTiO, Materials: A DFT

Investigation for Optoelectronic and
Ferroelectric Properties Improvement

Luis H. S. Lacerda, Renan A. P Ribeiro, Ageo M. Andrade, Alexandre C. Jr. & Sérgio R. Lazaro

Introduction

Theoretical methods based on quantum mechanical
simulations are an important tool to study material
properties. Such methodologies are used for analyzing
the electronic, optical, structural, pyro-, piezo- and
ferroelectric properties of any materials. In case of
crystalline semiconductors materials, these properties
are highly dependent on chemical composition due
to chemical bond character. Among the crystalline
materials, the semiconductors materials stand out once
are largely employed to develop electronic, optical
devices, piezoelectric and memory devices because of
its spontaneous polarization'"'2. Then, the perovskite
materials are an important group of materials since are
the most abundant minerals in Earth.'* This material has
ABX3 stoichiometry since A is a mono or bivalent cation;
B is tetra or pentavalent cation and X is a non-metallic
element, in most cases oxygen. As well as the other
semiconductor materials, the properties of perovskite
materials are dependent of chemical bonds and symmetry
of crystalline structure.

Among the perovskite materials, a most important
is BaTiO3 material (BTO). This material is a solid that
can be found in five crystalline structures which differ
according to central atom (Ti) in unit cell. The stability
of each crystalline structure of BTO is dependent of
temperature variation as showed in Figure 1. At room

temperature (298 K), the BTO has tetragonal structure.
Such structure is characterized by Ti position out of
symmetric center of unit cell resulting in properties, such
as: optical, electronic, pyro-, piezo- and ferroelectric
properties. 416

In this work, the tetrahedral phase was investigated.
This material has a band gap of 3.30 eV and is employed
to development of integrated circuits, energy storage
device, temperature coefficient resistance thermistor,
piezoelectric sensors, sensing and monitoring devices,
thin films, optoelectronic devices, actuators and
others.!6-2!
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Figure 1. Crystalline Structures of barium titanate. a) Rhombohedra, b)
Orthorhombic, c¢) Tetrahedral, d) Cubic and ¢) Hexagonal.
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Although BTO is a not a recent discovery, such
material still is largely studied in order to improve
innumerous devices, once its properties can be
improved through of doping process. This process
consists in adding a controlled amount of impurities
in semiconductor structure that changes drastically
the properties of a semiconductor material without
changing its crystalline structure and controlling their
properties. 2> 2 In case of BTO, the doping process is
possible by substitution of Ba, Ti or O atoms.?** Among
these substitutions, the replacement of Ba atoms for
Zn atoms (BZTO) was not largely analyzed due to
few works focused in this system. Such manuscripts
evaluated only the structural, optical, electronic
properties, the grain growth and photocatalysis
application of Zn-doped BTO.%2% 2% 3% Therefore,
we propose a BZTO theoretical investigation based
on DFT/B3LYP to evaluate the effects of Zn-doping
in different amounts on BTO structural, electronic,
optical and ferroelectric properties.

Methods

BTO material simulation was performed based on
a tetragonal structure. This structure is composed by
one Ba atom, one Ti atom and two O atoms arranged
on P4mm (99) space group with lattice parameters a =
b =3.98601 A, c =4.0259 A and angles a = B =y =
90°.! The BZTO models was developed from unit cell
expansion in the direction of axes a and b resulting at 25-
100% doping (Table 1). For all models, the TZVP?! basis
set was employed to describe the Ti, O and Zn atoms;
whereas, the Ba atoms were described by Zagorac® basis
set employing the HAYWSC?* pseudopotential.

Table 1. Description of the unit cells used for simulating the Zn-doping
on BaTiO3 material.

Doped amount Unit cell Ba atoms replaced
(%) expansion
0 2x2x1 0
25 2x2x1 1
50 2x2x1 2
75 2x2x1 3
100 2x2x1 4

30

The calculation level applied was based on the
Density Functional Theory (DFT) at set B3LYP hybrid
functional** ¥; SCF convergence was truncated in 10
Hartree and Mohnkhost-Pach36 method defined as
8x8x8 using CRYSTALO9 37 ¥ software. Vibrational
calculations were also performed using optimized results
for all models to evaluation of thermodynamic stability
at room temperature (298.5 K) and 1 atm. The theoretical
results discussed in this manuscript are Density of
States (DOS) Projections and Band Structure analysis.
XCrysden*- % Software was used for structural analysis.
Personal computer using Ubuntu Linux operational
system made up by quad-core AMD processor with 32
GB of RAM and data storage capability of 3.5 TB was
used in all simulations.

Results and Discussion

STRUCTURAL PROPERTIES

The evaluation of Zn influence on structural properties
of BTO material (Table 2) was performed through lattice
parameters, unit cell angles, tetragonality factor (c/a)
and p structural coefficient (Equation 1). Such results
indicate that unit cell symmetry was not affected by Zn-
doping. While Zn-doping amount increases, a, b and ¢
lattice parameters decrease linearly (Figures 2). The
linear variation of lattice parameters was evaluated based
on Vegard’s Law*" #* that provides a linear relationship
between lattice parameters and impurity amount.
According to this empirical rule the linear variation
of lattice parameters with dopant amount variation
indicates an ideal behavior for solid solution. Then, the
Zn insertion in the BTO structure is characterized by
an ideal behaviour indicating the possible formation
of solid solution. The stability of BZTO materials are
better discussed in Thermodynamic Stability Evaluation
Section. For 50 % model, the lattice parameter ¢ are
bigger than for BTO model due to the equal amount
of Ba and Zn in crystalline structure which causes the
perturbation through of replaced atoms distribution.
However, the tetragonality index and p values indicate
that the tetragonal symmetry of unit cell is kept.

The lattice parameters are changed due to bond length
decrease in crystalline structure, once for BTO model the
average bond length for Ba — O and Ti — O are 2.865 A



and 2.033 A, respectively. As the Zn quantity increases,
these values are reduced. Thus, for Zn-doped BTO at
100 % such bonds have average bond length of 2.685 A
and 1.928 A, respectively. Although Ti — O bonds were
changed, the p coefficient structural evaluation indicates
that the Ti position is slightly modified; therefore, it is
expected the arising of ferroelectric and piezoelectric
properties for BZTO materials are not smaller regarding
to BTO.

p=d_(Ti-O axial)/c Equation 1
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Figure 2. Variation of Lattice parameters (in A), unit cell angles (in
degrees), Tetragonal factor (a/c) and structural coefficient pu for BTO
and BZTO models according to dopant amount.

ELECTRONIC PROPERTIES

The electronic properties of BTO and BZTO materials
were evaluated through the projected Density of States
(DOS) for analysing models, evaluated from last five
energy bands of the Valence Band (VB) and the first five
energy bands of the Conduction Band (CB) featuring
the band gap region (Eg). For BTO model, the O atoms
largely contribute to the composition on all VB and for
lower energy levels of CB through 2s and 2p orbitals;
whereas, Ti atoms have low contribution for VB through

of 3d and 3p orbitals and compose majority in CB
through 3d orbitals. In turn, Ba atoms lightly contribute
for VB through 5sp and 6sp orbitals; while, its 3d orbitals
contributed for CB. The doping process has showed
low influence on O and Ba contributions in VB and CB.
Nevertheless, the Ti contribution in CB was observed in
a higher energy level than in BTO model. Zn contribution
was made by 4s orbitals that has low contribution in VB
and average contribution in CB. This insertion of Zn
atoms shows a strong effect on the energy at the top of the
VB in relation to the BTO material, causing degeneration
of such energy levels, as well as reducing the contribution
of the Ti atoms in CB.

OPTICAL PROPERTIES

The optical property of a solid is defined as the interaction
between a solid and electromagnetic radiation. In case of
semiconductor materials, the interaction only occurs with
electromagnetic energy equal to or higher than Eg? *. The
optical property of BTO and BZTO material were evaluated
through of Eg values (Table 3) showing that a decrease
linearly with the Zn doping. Therefore, the presence of
Zn atoms in the crystalline structure cause changes in the
electronic structure from Zn orbitals insertion energy lower
than Ti orbitals in the CB. The band gap change after doping
process is large, once for BTO the characteristic wavelength
is located on Ultraviolet-Visible (UV-Vis); whereas, for
BZTO at 100 % the radiation characteristic is observed on
Infrared region. As shown on Table 3, all the Eg are refered
to an indirect excitation, except for 75 % model that present a
direct excitation along the G symmetry points.

Table 3. Theoretical results calculated for indirect and direct band gaps
(Eg in eV), wavelength (in nm), electromagnetic radiation range in
relation to doping amount (in %).

Doping % Eg (eV) A (nm) Radiation
0 3.28 377.91 UV-Visible
M-G)
25 2.89 429.33 Visible
(R-M)
50 2.2 561.40 Visible
(A-G)
75 1.62 764.53 Infrared
(G-G)
100 0.75 1656.50 Infrared
(A-G)
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The Figure 3 shows the band-gap variation ([1Eg)
for BZTO models in relation to BTO indicating a
linear decrease. Then, all BZTO models have band-gap
below to of BTO material. Such variation is caused by
displacement of bottom of CB to a lower energy level
than in BTO material due to Zn orbitals contribution.
Figure 4 shows the results for top of VB and bottom
of CB energy levels for all models investigated. These
results indicate that the VB level for Zn-doped models
is slightly different of the energy level observed in BTO
material. In order hand, the influence of Zn-doping
process on CB energy level is strong, since the energy
level is reduced largely.
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Figure 3. Theoretical results for BTO band gap according to Zn-dopant
amount.
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Figure 4. Energy levels calculated from DFT/B3LYP at the top of

Valence Band (VB) and the bottom of Conduction Band (CB) according
to Zn-doping amount.
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FERROELECTRIC PROPERTIES

Nowadays, the perovskite-type materials have been
largely applied in the development of ferroelectric
memories and charge storage devices because of
high values for polarizability and dielectric constants
presented by these materials.** In a ferroelectric
material the direction of charge polarization can be
reverted applying an external electrical field, which
is very important to the charge storage property.

In general, the dielectric constant (¢) determines
the charge storage capacity; whereas, the polarizability
(o) describes how much a material is polarizable
under an electrical field.43 These measures were
developed by solid state theory, in order to better
understand the ferroelectric property of the materials
and they are dependent on the tensor matrix; which
is directed similarly to the Cartesian coordinates
system. For BTO and BZTO materials, the € and
o amount were investigated based on components
presented in Figure 5.

Figure 5. Octahedral sites for tetragonal-BTO and xx, yy and zz
components used for calculating dielectric constants and polarizability.

Jul / Dez de 2015



Table 4. Polarizability (o) and dielectric constants (¢) for BTO and BZTO models.

o €
Dopagem (%) Componente Componente
XX yy 7z XX yy 7z

0 154,1379 - 6216,2654 5,3564 - 176,6886
25 320,0193 - 8975,2729 5,7011 - 66,9239
50 295,1744 298,0174 301,6386 . 105 5,3724 5,4234 223,41 .103
75 333,3171 331,4823 474,9845 . 107 6,2531 6,2241 374,29 . 105
100 162,264 - 150,181 6,359 - 5,960

The € and a results for BTO and BZTO models are
shown in the Table 4 and ind icate that doping process
improves largely the ferroelectric property because
theoretically there is an increase in all tensor matrix
components in relation to BTO; except for BZTO at
100 % model, which shows a decrease for both € and
a regarding to pure material. Thus, the higher values
for € and a were observed to BZTO at 75 % doping.
The increase observed in relation to Zn-doping, can
be understood because the octahedron distortion in
the crystalline structure that are responsible for the
increase of the dielectric constants and polarizability.
Another point is associated to the atoms random
distribution in crystalline structure causing a lower
symmetry in relation to BTO; consequently, the
electronic density is randomky distributed providing
ferroelectric and dielectric properties higher than
those in the BTO.

Table 5. Theoretical values for mixing Gibbs Free Energy variation
(AGmix) and Gibbs Free Energy variation in relation to pure BTO
(AAG) for BZTO material

Modelo (%) AG (kJ.mol-1) AAG (kJ.mol-1)
0 0 0
25 -68.8969 -51.4552
50 -41.6027 -24.1609
100 0 -45.7471

THERMODYNAMIC STABILITY EVALUATION

According to Vegard’s law, the structural results for
BZTO models indicate that this solid solution shows an
ideal character; then, it is expected that these materials
can be obtained by experimental techniques, once the
crystalline structure is linearly changed from dopant
amount. In literature, BZTO materials were synthetized
from 0 to 10 %. In manuscript of Caballero and
coauthors30 is not founded information of Zn solubility
limit on BTO crystalline structure. Assuming that the
Vegard’s law prevision is not enough to determines the
stability of BZTO materials, vibrational calculations were
performed. Such vibrational calculations were based on
DFT/B3LYP and we calculate the mixing Gibbs Free
Energy (AGmix — Equation 2) and Gibbs Free Energy in
relation to BTO material (AAG — Equation 3).

1xBaTiO+ ZnO —Ba, Zn TiO, Equation 2

AAG=AG, , - AG Equation 3

BTO

The positive value for AAG indicates that these models
are not favorable thermodynamically to be obtained the
crystalline structure; while, the negative values suggest
a thermodynamically factor favorable obtained the
crystalline structure. The thermodynamically stability
results for BTO and BZTO are present on Table 5. For
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all BZTO models, the DDGmix results are negatives in
relation to BTO suggesting that such models are stable
at room conditions. Then, these results corroborate with
structural results provided by Vegard’s law discussed
before and they strongly suggest that BZTO materials a
viable alternative to development of electronic, optical
and ferroelectric devices and they are expected to show
excellent fluorescence properties.>*-

Conclusions

We used DFT with periodic model to evaluate the
structure, electronic, optical and ferroelectric properties
for Zn-doping in barium tintanate. Electronic and
optical properties showed that Zn—doping are potential
alternatives to be employed in electronic and optical
devices, once the band-gap decrease changes the
profile wavelength to the visible and infrared range of
electromagnetic spectrum. The band-gap variation is
caused by Zn atoms influencing as Valence Band as
Conduction Band of BaTiO, material. The ferroelectric
property was evaluated for all models and presented
that Zn atoms insertion is a good alternative to improve
the ferroelectric properties of BaTiO, materials. The
vibrational frequencies and structure results for BZTO
materials indicates that all models investigated are stable
at room condition.

Then, it is concluded tha the Zn—doping on BaTiO,
crystalline structure improve electronic, optical and
ferroelectric properties and it is a potential alternatives
to application in ferroelectric devices employed in
several electronic and optical devices, solar cells, and
photocatalysis processes.
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Structural Determination of Complex Natural
Products by Quantum Mechanical Calculations

of 13C NMR Chemical Shifts: Development of a
Parameterized Protocol for Terpenes

Ana Carolina F. Albuguerque, Daniel J. Ribeiro & Mauro B. Amorim

Introduction

In the last decades, Nuclear Magnetic Resonance (NMR)
spectroscopy has established itself as one of the most
important techniques for structural determination of natural
products.! Despite the current advances in multidimensional
techniques and in probe technology,'? instances of revision of
structures erroneously established for natural products are still
common in the literature.> With the recent development of
quantum mechanical methods and the availability of modern
computers, the prediction of chemical shifts through ab
initio and Density Functional Theory (DFT) calculations has
become a very powerful tool for assistance in the assignment
of chemical shifts and in the structural determination of
complex organic molecules, such as natural products.*®

With the aim to achieve a good ratio between accuracy

and computational cost, calculated chemical shifts can be
corrected through the use of scaling factor procedures. It has
been established in the literature that the application of this
approach can reduce systematic errors inherent in theoretical
calculations.® Even though in recent years there has been
the development of several scaling factors,”" there are no
studies in the literature reporting the use of scaling factors
parameterized for a specific class of natural products.

In this work, we present the development of a calculation
protocol for terpenes, a class of natural products with a board
distribution among plant species and with great importance
due to its biological and pharmacological activities.!> This
protocol consists of GIAO-DFT calculations of chemical
shifts and application of a scaling factor parameterized with
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terpenes, in order to ensure accurate structural determination
of this class of natural products.

Methods

In order to reduce the computational costs in our
calculations, we parameterized the scaling factor using
sesquiterpene molecules, a sub-class of terpenes with
structural frameworks containing only 15 carbon atoms.'

A set of 10 sesquiterpene molecules (figure 1), whose
structures have been reliably elucidated in literature,'*%
were selected and submitted to randomized conformational
searches using Monte Carlo method and MMFF force field.
The most significant conformations of each compound,
considering an initial energy cutoff of 10 kcal.mol, were
selected to single-point energy calculations at the B3LYP/6-
31G(d) level of theory. All conformations within 5 kcal.
mol! of energy were selected to geometry optimization
calculations carried out at the mPW1PW91/6-31G(d) level of
theory. Population-averaged "*C nuclear magnetic shielding
constants (3) were calculated using GIAO method at the
same level of theory and assuming Boltzmann statistics.
Chemical shifts (3) were obtained as 8, = d,,,; — 8, where
STMS is the shielding constant of the reference compound,
tetramethylsilane (TMS), calculated at the same level of
theory. All quantum mechanical calculations were performed
in gas phase, using Gaussian 09 software package.**

The scaling factor was generated by plotting calculated
(d,,,) against experimental chemical shifts of the set of
sesquiterpenes. Thus, slope (a) and intercept (b) values



obtained from this linear regression can be used to generate
scaled chemical shifts (5_ ) from as §_ , using the expression
5 ,=a.d  +b.

In order to validate the protocol, the scaling factor was
used to obtain 8 for (4S)-3-ishwarone (11), with a rare
ishwarane squeleton,” and 9—-epi-presilphiperfolan-1-ol
(13), a triquinane sesquiterpene.’* Additionally, aiming to
evaluate the ability of the method to distinguish possible
isomers of the terpenes, we also computed chemical shifts
for the (4R)-diastereomer of 3-ishwarone (12),27 and for
the known regioisomer of 9-epi-presilphiperfolan-1-ol,
presiphiperfolan-9-ol (14)* (figure 2).

Finally, with the purpose of demonstrating that this
calculation protocol can be applied for the prediction of
chemical shifts of larger terpenes, we computed chemical
shifts for the triterpene oleana-12(13),15(16)-dienoic acid

(15)” (figure 2).
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Figure 1. Structures of sesquiterpenes 1-10, used for parameterization.
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Figure 2. Structures of (4S)-3-ishwarone (11), (4R)-3-ishwarone
(12), 9-epi-presilphiperfolan-1-ol (13), presiphiperfolan-9-ol (14) and
oleana-12(13), 15(16)-dienoic acid (15).

Results and Discussion

With the purpose to ensure that the calculation protocol
could be applied to any terpene, it was selected a series of
sesquiterpenes with varied and complex structural frameworks
(figure 1). Its *C chemical shifts were calculated according
to procedures described in previous section. Statistical
parameters, obtained from calculated and experimental
chemical shifts of molecules 1-10, are shown in table 1.

Table 1. Statistical parameters obtained from Sm and 8exp 3C chemical
shifts of molecules 1-10.

Statistical parameters Values
Mean Absolute Deviation (MAD) 2.91 ppm
Root Mean Square Deviation (RMSD) 4.08 ppm
Correlation coefficient (r?) 0.9987
Slope (a) 1.0564
Intercept (b) -2.1945
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Both MAD and RMSD parameters indicate errors
between theoretical and experimental data within the
range of expected deviations for *C nuclei calculated
with DFT.6 Furthermore, r*> value also indicates
an excellent correlation between calculated and
experimental chemical shifts.

Thereby, results in table 1 show that the calculation
protocol employed in this work, even without
the application of a scaling factor, can reproduce
experimental '3C chemical shifts with satisfactory
accuracy.

Slope (a) and intercept (b) values in table 1 were
used to obtain scaled chemical shifts for terpenes 11-15.
Table 2 shows MAD, RMSD, maximum error (E__ ) and
r* values, obtained from theoretical and experimental
data, before and after application of the scaling factor,
for molecules 11, 13 and 15.

Table 2. MAD, RMSD, Emax and r? values obtained from theoretical
and experimental *C chemical shifts for molecules 11, 13 and 15.

Statistical (4S)-3-ishwarone (11)
parameters
Before linear After linear scaling
scaling
MAD 1.33 0.46
RMSD 2.56 0.60
E . 9.30 1.20
r? 0.9999 0.9999
9-epi-presilphiperfolan-1-ol (13)
Before linear After linear scaling
scaling
MAD 1.11 0.54
RMSD 1.49 0.75
E . 2.90 1.85
r? 0.9988 0.9988
Oleana-12(13),15(16)-dienoic acid (15)
Before linear After linear scaling
scaling
MAD 1.71 1.35
RMSD 2.84 1.89
E . 10.96 5.96
r? 0.9982 0.9982
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The values of the statistical parameters, shown in
table 2, indicate once again that the calculation protocol
employed to the three validation molecules (11, 13
and 15) can generate theoretical chemical shifts well
converged towards experimental values.

Particularly, the significant reduction in MAD,
RMSD and E_  values after application of a linear
scaling procedure shows that this is a powerful tool to
reduce errors from calculated chemical shifts.

Furthermore, the results obtained for triterpene 15
show that the calculation protocol developed in this work
can be applied for the prediction of *C chemical shifts of
higher classes of terpenes with reasonable accuracy.

In order to demonstrate that the theoretical method
employed in this work is able to accurately distinguish
(4S)-3-ishwarone (11) from its diastereomers, we made
a comparison of the experimental data obtained for 11
with the theoretical data for its (4R)-diastereomer, 12.
Statistical values obtained from this comparison are
presented in table 3.

Table 3. MAD, RMSD, E _and 12 values obtained from theoretical '*C

‘max

chemical shifts of molecule 12 and experimental data of molecule 11.

Statistical Before linear After linear
parameters scaling scaling
MAD 3.23 2.47
RMSD 4.66 3.68
- 11.64 10.78
r? 0.9939 0.9939

The comparison between experimental chemical
shifts from the (4S)-diastereomer of 3-ishwarone
(11) with theoretical chemical shifts from the (4R)-
diastereomer (12) yield significantly larger deviations
than those shown in table 2. Therefore, these data indicate
that the calculation protocol is able to successfully
distinguish between diastereomers.

In a similar manner, with the purpose to evaluate
the ability of the method to distinguish regioisomers,
we also made a comparison between the experimental
data from 9-epi-presilphiperfolan-1-ol (13) with the
theoretical data obtained for one of its regioisomers,
presilphiperfolan-9-ol (14). Statistical values obtained
from this comparison are presented in table 4.



Table 4. MAD, RMSD, E_and 1> values obtained from theoretical *C
chemical shifts of molecule 14 and experimental data of molecule 13.

Statistical Before linear After linear
parameters scaling scaling
MAD 8.45 8.35
RMSD 12.64 12.88
Emax 35.57 37.45
2 0.5301 0.5301

Statistical values shown in table 4 indicate a worst
correlation and larger deviations between the two data
sets than those in table 2. Thereby, we can safely assume
that the calculation protocol employed in this work is
able to accurately distinguish between two regioisomers.

Conclusions

Considering a set of 10 sesquiterpenes, we developed
a parameterized protocol for the calculation of BC NMR
chemical shifts of terpenes. This protocol, consisted of
GIAO-DFT calculations and a linear scaling factor, was able
to yield calculated chemical shifts with satisfactory accuracy.

Therefore, the calculation protocol developed in this
work is a very attractive tool as an alternative to more
computationally demanding approaches for the calculation
of complex organic structures, such as terpenes.
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Virtual HTS and Free Energy Calculation of
Brazilian Natural Compounds Using OOMT
as Pharmacological Targets Database

Ana Paula Carregal, Flavia V. Maciel, Juliano B. Carregal & Alex G. Taranto

Introduction

The Virtual Screening (VS) methods are useful to
perform in silico search of lead compounds in large data
base. This methodology selects the compounds with
the best interaction energies for performing biological
assays. Considering the natural products are a major
source of lead compounds, VS applied to them have
great possibilities for the development of a new drugs'~.
In general, the first step in the development of a new
drug is understanding of the molecular target of interest.
The Our Own Molecular Targets (OOMT) is a bank of
proteins containing selected molecular targets for cancer,
malaria and dengue®. In this context, VS was carried
out on natural compounds against molecular targets on
OOMT for the identification of hits for diseases that
require new therapeutic alternatives.

Methods

The Brazilian natural compounds database was obtained
from ZINC platform®, which consist of 473 compounds
deposited by State University of Feira de Santana. These
compounds were selected for VS methodology applied on
OOMT. The geometry of the compounds were optimized
through the universal force field® (UFF) implemented in the
Gaussian 09W* software.

Next, docking calculation was performed against
36 receptors deposited on OOMT. The AutoDock
Vina’ software was used for docking simulation. The
effectiveness of AutoDock Vina program and the affinity
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of the compounds were evaluated using the redocking
methodology®. The intermolecular interactions were
described by Discovery Studio® software. The resultant
binding energy of each natural compounds obtained
from docking step was divided by the crystallographic
binding energy generating g values (Equation 1). Natural
compounds with g value equal or bigger than one will be
sent for further biological assay!'’.

&= Natural compounds binding energy
Crystallographic ligand binding energy

Equation 1. Determination of & values.

Then, drug-likeness property was calculated in
DataWarrior!! program to select compounds with better
pharmacokinetic properties'?. Following, the previous
Autodock Vina results were refinement by free energy
calculations using Dock6 software. Hence, the natural
compounds selected by the delta value and by the drug-
likeness were submitted to the calculation of molecular
docking, energy minimization and molecular dynamics
(MD) using Dock6" program. The system was minimized
at 5000 cycles, and then 30000 MD steps were run at 310
K, followed by a further 5000 cycles of minimization.
These calculations were run for protein, the ligand and
for the complex respectively. In this study were selected
the three most promising ligands to describe the binding
energy and intermolecular interactions.



Results and Discussion

As a result of docking simulation among 473 ligands
against 36 molecular targets generated 17028 complex
ligand-receptor. The delta values showed the most of
the natural compounds had a better binding energy than
crystallographic ligand for various OOMT proteins. This
allowed to identify the best molecular targets for this
study. The highest 6 values obtained were the molecular
targets with PDB code: 1W6M, 2QHN and 3JYA. The
IW6M, 2QHN and 3JYA receptors are involved in
cancer process. Figure 1 shows the tertiary structure of
molecular targets complexed with docked ligands. As can
be seen, the ligands ZINC69482333, ZINC01721695 and
ZINCO01557254 were able to binding to IW6M, 2QHN
and 3JYA, respectively.

Jul / Dez de 2015
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Figure 1. VS results of natural compounds on OOMT. a) Ligand
ZINC69482333 complexed with 1W6M; b) Ligand ZINC01721695
complexed to the receptor 2QHN; ¢) Ligand ZINC01557254 complexed
to 3JYA.

In this study all molecular targets selected have
involved in the cancer process. The 1W6M protein is
involved in the regulation of cell migration. It has been
associated with tumor malignancy. The possibility of
the development of an inhibitor for this molecular target
would result in inhibition of tumor migration'.

The 2QHN receptor, known as checkpoint kinase Chkl1,
performs the verification of the DNA and cell cycle delay
for the cell to repair DNA. This function is carried out in
conjunction with other proteins that in most cancers are
inhibited. The Chk1 alone can not accomplish this DNA
check function and cell death of cells with damaged DNA
would be the best option to stop tumor growth. Inhibition of
Chk1 stops the cell cycle leading it to death's.

The 3JYA protein is a cytoplasmic Pim kinase that
controls programmed cell death by phosphorylation of
substrates that regulate apoptosis and the cell metabolism.
The pharmacological manipulation of these kinases may
be useful for the treatment of various diseases such as
cancer, inflammatory diseases and ischemic disorders'®.

In addition to the & wvalues, druglikeness was
used to select the best compounds. A positive value
of druglikeness indicates that the molecule contains
predominantly fragments which are frequently present
in commercial drugs. Figure 2 shows the three ligands
selected by the VS methodology and druglikeness.
The ligands ZINC69482333, ZINCO01721695 and
ZINCO01557254 showed druglikeness values of 2,14; 2,22
and 2,42 respectively.
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ZINCO1721695

Figure 2. VS results of natural compounds on OOMT.

Summarising the VS results, table 1 shows the
binding energy and delta values for ZINC69482333,
ZINC01721695 and ZINCO01557254 ligands against
IW6M, 2QHN and 3JYA molecular targets.

The binding energy of the complex was determined
by three methods, the first one using the AutoDock
Vina and the others through Dock6 (Grid and Amber
Score Score). This protocol was applied to decrease
false positive results. The first filter for elimination of
false positive results (8 value) was applied to the results
provided by AutoDock Vina program. The Complex
IW6M-ZINC69482333, 2QHN-ZINCO01721695, and
3JYA-ZINCO01557254 were those with the largest
delta values, and therefore were subjected to energy
minimization and molecular dynamics calculations. The
Table 1 shows that natural compounds can complex with
the targets in all methods studied. In order to improve
the docking results the free energy of the complex
were carried out using AMBER Score implanted in
the Dock6 program. The AMBER score implements
molecular mechanics simulations with implicit solvent

(Generalized Born solvation modell7) applying the all-
atom force field AMBER traditional for all protein atoms
and the general AMBER force field (GAFF18) for the
ligand atoms. After these calculations it was observed
that natural compounds showed a better energy value
than those displayed by crystallographic ligands. These
results showed that the compounds ZINC69482333, and
ZINCO01721695 ZINCO01557254 can bind the molecular
targets IW6M, 2QHN and 3JYA, respectively.

The intermolecular interactions between ligands
and receptors are shown in the figure 3. In the 3D
representation the green and pink colour represent
hydrogen bond acceptor and donor regions in the
binding site, respectively; the green dash lines show
hydrogen bonds and hydrophobic interactions. In
addition, 2D pharmacophoric map shows van der Waals
and electrostatics interactions by green and pink colours,
respectively. In this context, the figures 3a, 3c and 3e
depict the 3D intermolecular interactions; whereas the
figures 3b, 3d and 3f summarize the 2D pharmacophoric
map formed by ligands ZINC69482333, ZINC01721695
and ZINCO01557254 with the proteins 1W6M, 2QHN
and 3JYA, respectively.

In general, in complex 1W6M - ZINC69482333,
the electrostatic interaction occurred with Ser1029,
Asnl1046, Argl1048, His1052 and Glul071. In addition,
van der Waals interactions were carried out with Val1031,
His1044, Asn1061, Trp1068 and Gly1069. Furthermore,
a pi-stack interaction was formed between amino acid
Trp1068 and aromatic moiety of ligand ZINC69482333
in the protein 1W6M protein.

Similar, the intermolecular interaction standard was
observed for the interaction between ZINC01721695 and
2QHN. The electrostatic interactions can be observed

Table 1. Binding energy and  value of the selected compouds.

Energy (kcal/mol)
Molecular Target Ligand d Value Autodock Vina Dock (standard) Dock (AMBER)
1W6M Crystallographic 1.44 -4.3 -26.74 -18.93
ZINC69482333 -6.2 -33.54 -26.55
2QHN Crystallographic 1.19 -1.4 -37.56 -46.08
ZINCO01721695 -8.8 -41.43 -47.41
3JYA Crystallographic 1.11 -8.4 -33.59 -64.00
ZINCO01557254 -9.3 -35.92 -77.94
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with Leul5, Glu91. On the other hand, van der Waals
interactions were carried out with GInl3, Val23, Ala36,
Leul37, Leu84, Glu85, Tyr86, Cys87 (Figure 3¢ and
3d). Additionally, Figure 2d highlights a hydrogen bond
between a water molecule and the ligand.

Finally, figure 3e and 3f shows the interactions of
ZINCO01557254 with the 3JYA molecular target. The
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Acceptor L
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Ekctrostane
vin o Vi @
Conaient bond § @ @
o @
s Ml
)
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Denor

Accepton

electrostatic interaction occurred with Lys76, Val126 and
Asp186. Besides, van der Waals interactions were carried
out with Leu44, Gly45, Ala65, 1le104, Leul20, Glul24,
Aspl31, Leul74 and Ile185. Additionally, in Figure 2f
possible to visualize the formation of Pi interactions
between two amino acids (Leu 44 and Ile185) and 3JYA
binding site of the protein).

ad)
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Figure 3.) ligand ZINC69482333 - 1W6M in 3D; b) ligand ZINC69482333 - IW6M in 2D; c¢) ligand ZINC01721695 - 2QHN in 3D d) ligand ZINC01721695

- 2QHN in 2D; ) ZINC01557254 - 3JYA in 3D; f) ZINC01557254 - 3JYA in 2D.
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Conclusions

Among 473 natural compounds studied using
OOMT data base, three of them showed a binding
energy profile better than the crystallographic ligands.
The calculation of free energy has shown that natural
compounds can complex with molecular targets 1 W6M,
2QHN and 3JYA. Consequently, new hits were formed
in drug discovery context. These findings suggested the
respective molecular target for these natural compounds.
Further, a ligand optimization process can be initiated
as a cycle between semi-synthesis and biological assay
improving the anticancer property.
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Dispersion-Corrected Density Functional for the
Correct Description on Regioselectivity Trends
in Heck-Mizoroki Reaction Catalyzed by Anionic
(N-Heterocycle Carbene)-Palladium Complexes

Vitor H. M. Silva, Oscar Navarro & Ataualpa A. C. Braga

Introduction

Palladium-catalyzed cross-coupling reactions
are an important field in organic synthesis and
organometallic chemistry. Its importance was
recognized in 2010 by awarding Richard Heck, Ei-
ichi Neigishi and Arika Suzuki the Nobel Prize
of Chemistry, for the prominent contribution to
this field.! The Heck-Mizoroki (HM) reaction is
an excellent tool for C-C sp? bond construction.?
Historically, phosphineshave been used as main
ligands for palladium complexes furthering high
catalytic activity in HM process, in particular cases,
with excellent regio- and stereoselectivity control.?
In past decade, the N-heterocyclic carbenes (NHCs)
emerged as new class of ligands in a number of cross-
coupling reactions.*

The NHCs are strong c-donors ligands, thus they
are capable to provide better stability to transition
metal complexes with highest oxidation state.
Furthermore, NHCs are usually more sterically
demanding than phosphines. The N-substituted
pendants groups from central imidazole ring can play
an important role in the reactivity and selectivity
of catalyzed systems. Recently, density functional
calculations were used to rationalize the role of
the ionic (NHC)PdCl complex as pre-catalyst in a
HM coupling reaction involving PhBr and styrene
in the presence of HCO, as base (Scheme 1).° In
this case, computational studies were applied to a

model system, in which the two SIPr groups (SIPr
=2,6-diisopropylphenyl) were replaced by Me groups
(Me = methyl). Although this model system was able
to provide new insights from the electronic influence
of the NHC ligand in the reactivity and selectivity in
HM coupling, the influence of the steric bulk from
the real system over the selectivity of the catalyzed
system still remains unclear.

Reductive )
Elimination Ouiichativ
1 | xicative
Hi 00y N \ . Br-Fh Addition
5 N e MM me—
HCO, L,
— Pd v [
i C {
'\jl Me~ N~[:'N M
N i
M ¢ Me Br-Pd-cl Pt
H-Pd Fh =
cl l!'/-d_
1 A
Phlh __1-\\ LA
= & Y
f-Hydride Fn T me~M-cMme Migratory
syn-Elimination  Me™ "o Me "Ph— | i
Bh : - |~Pg i Insertion
S Pi-Cl n
H'A py

Scheme 1. Plausible HM catalytic cycle for the (NHC)PACl. The
model system was constructed using Me groups as N-substituted in
NHC ligand.
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Computational studies have indicated that a
correct description of dispersion interactions is crucial
for modeling hindered phosphine (PPh,) ligands in
Pd-catalyzed cross-coupling reactions.® Recently,
Schoenebeck and collaborators showed that dispersion
forces are key controlling factor to the correct description
of the oxidative addition pathways involving crowded
trialkyl substituent in palladium complexes.” Norrby
and Sigman performed theoretical calculations for the
enantioselective Heck-Matsuda reaction using a N,N-
PyOx ligand with terc-butyl substituent. Only dispersion-
corrected density functionals were able to provide the
correct stereochemistry of the product.?

Herein, we performed a computational study based
on the density functional theory (DFT) to investigate
how the real (NHC)PdCIl- pre-catalyst influences the HM
mechanism reaction. The main goal of this work is to
analyze the regioselectivity trends by different exchange-
correlation density functionals.

Methods

All electronic structure calculations were carried
out within the DFT formalism using Gaussian09
suite of quantum chemical programs.”'® Geometries
optimizations, without any symmetry restriction were
carried out in gas-phase using the GGA hybrid functionals
PBEO!" and B3LYP'2. The dispersion-corrected local and
hybrid functional meta-GGA MO6L'* and M06'* also were
used in the current study, because these approaches have
been proved to be reliable methods for transition metal
kinetics-thermochemistry. The long-range-corrected
hybrid GGA functional ®B97XD" with the Grimme’s
empirical damped par-wise dispersion terms (DFT-D2)
was also explored.'® The SDD basis set was adopted to
Pd'” and the 6-31G(d) basis set for the remaining atoms.
This basis set approach is denoted as BS1 (6-31G(d),
SDD (Pd)). Frequency calculations were performed in
order to verify the nature of all stationary points on the
potential energy surface (PES). The vibrational analysis
was performed within the harmonic approximation
with thermochemical data calculated at 298 K and 1
atm. Intrinsic reaction coordinate (IRC)'" calculations
were used to connect reactants to products. Solvents
effects were take into account with the continuum
solvation model SMD" with DMF as the solvent. The
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SMD calculations were performed as single-point
energies calculations (SMD) on the optimized gas-phase
geometries. In specific cases, single-point energies have
been calculated using the SMD-6-311+G(d), SDD(Pd)
level of theory. This basis set approaches denoted as
BS2 (6-311+G(d), SDD (Pd)). All energies are presented
in kcal/mol with respect to the lowest energy structure,
unless otherwise specified.

Results and Discussion

The regioselective proposal for the catalyzed HM
arylation is depicted in Scheme 2. The real (NHC)PdCI-
complex is the catalyst. The starting aryl-palladium (II)
complexes has two possible configurations, 1 and 2, with
the Ph group (Ph=aryl) trans or cis to the NHC ligand,
respectively. The stereoisomer 1 was found to be 10 kcal/
mol higher than 2 at free energy surface, at SMD-PBEO/
BSI level of theory. It is noted the strongest NHC trans
influence over the aryl group, increasing the energy of the
intermediate 1. Besides the thermodynamic driving force in
the isomerization of 1 towards to 2, we were unable to find
the transition state for the isomerization via an associative
or a dissociative process. A Berry pseudorotation
mechanism was discarded, once a hindered steric bulk of
the SIPr groups in imidazole ring is present.

In addition, it is well-know that a cis-trans
isomerization is accelerated, ! ®%2! when chlorine and
basic ligands are present in HM catalyzed systems.
Therefore, it is expected that the isomerization process
would be faster than the migratory insertion of olefin
into the starting intermediates 1 and 2. Consequently,
the selectivity-determining step is the migratory
insertion under Curtin-Hammet condition, in which
the regioselectivity is determined solely by the relative
energies of the competing insertion migratory transition
states.?’ The transition states TS1 and TS3 are associated
to the linear product, while the TS2 and TS4 yield the
branched product. It is worthy to mention that only the
linear product is detected by the experimental work, see
the catalytic cycle in Scheme 1. The search for linear
and branched transition states, having the full ligand
S1Pr, was made using DFT calculations. The dispersion-
free density functional, PBEO and B3LYP, and density
functionals that take in account the dispersion forces
(M0O6L, M06 and ®B97XD) were used.
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Level of | Pd-NHC [ Pd-Cl(A) | Pd-Ph(A) Pd-Cn
Theory A) A)
PBE0/BS1 2.06 2.37 2.11 2.14
B3LYP/ 2.09 2.41 2.14 2.18
BS1
MO6L/ 2.09 243 2.13 2.13
BS1
®B97XD/ 2.08 2.39 2.12 2.12
BS1

Edi¢ao Especial XVIII SBQT

Figure 1.Crucial optimized features of TS1.

The optimized TS1 associated to linear products is
illustrated in Figure 1. Its molecular structure clearly
shows the C-C bond formation via four-membered
arrangement. The dispersion has no significant impact
on TS arrangement with respect to the calculations
obtained using the model system. The Pd-NHC and Pd-
Cn bonds in NHC model (R = Me) were found to be 2.04
and 2.10 A, respectively, at MO6L/6-31+G(d), SDD (Pd)
level of theory. For the real system, this bond distance
is about 2.09 and 2.10 A, respectively, at MO6L/BSI.
The geometries obtained using MO6L and wB97XD
dispersion-corrected functionals are quite close; except
in the case of Pd-Cl distance where the difference was
0.4 A shorter using wB97XD functional. Calculations
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based on PBEO and B3LYP showed larger differences
compared to the dispersion-corrected methods.

The electronic influence of NHC on the reaction
regioselectivity was explored with Me groups in the NHC
ligand,” In the model system, the B-carbon addition was
preferential, and the final product was in agreement with
the experimental reports. The regioselectivity trends can
be understood in terms of how metal-ligand bond changes
during the course of the C-C bond formation.?® As the new
bond is forming, relative to the B-carbon (Cn), a negative
charge is generated in the neighbor carbon, which results
in a stronger interaction with the palladium center. In
the linear transition states, this carbanion is stabilized
by conjugation with the styrene, decreasing its trans
influence. On the other hand, in the branched transition
state structures, the negative charge on alkyl group is free
causing strongest frans influence over the ligands. The
NHC ligand, a stronger c-donor ligand and m-acceptor,
once the trans to the localized carbanion, it is expect a
destabilization more pronounced in the transition states
structures than to exerted by chlorine moiety, ligand with
weak trans influence. Therefore, it is expected that TS3
and TS4 have higher energy than the TS1 and TS2. In
addition, the charge separation stabilized by conjugation
into TS1 and TS3 transition states structures explains
the electronic influence on regioselectivity trends to the
linear product. However, into the real NHC catalyst,
the dispersion forces are correlated with the electronic
influence of ligand, thus both chemical properties

contributed to regioselectivity of the reaction.

The computed enthalpies and Gibbs free energies
in DFM solution related to the insertion transition
states are shown in Table 1. The PBEO and B3LYP
density functional favor the branched product via the
transition state TS2, in total disagreement with the
regioselectivity reported in the experimental work.’
The MO6L method improves the energies, decreasing
in 3 and 5 kcal/mol, the stability of TS2 as predicted by
the PBEO and the B3LYP functionals, however, the free
energies barriers stills report the branched configuration
as preferential product. Only the long-range-corrected
®B97XD method favors the linear transition state TSI,
in agreement with the experimental data. M06 single-
points calculations at the B3LYP optimized geometries
are a common tool in computational studies involving
metal transition catalyzed systems.!* In the preset study,
the B3LYP/BS1/M06/BS2 approach failed in predicting
the right regioselectivity. In contrast, the ®B97XD/
BS1/M06/BS2 approach was able to properly describe
the experimental regioselectivity. These results show
the importance of using computational approaches that
account for dispersion effects. Such approaches should
be use in geometry optimizations, mainly for crowded
organometallics catalysts. Importantly, no matter whether
dispersion is included or not, the highest energies are
obtained for TS3 and TS4 transition sates, showing
that the strong electronic influence of NHC ligand can
overcome the attractive intramolecular dispersion forces

Table 1.Relative enthalpies and free energies in DFM solution. The energies are computed with respect to the lowest energy transition state structure.

Level of Theory AH_ . (kcal/mol) AG,,.(kcal/mol)
TS1 TS2 TS3 TS4 TS1 TS2 TS3 TS4
PBE0/BS1 3.0 0.0 7.8 10.2 4.1 0.0 8.7 10.9
B3LYP/BSI 42 0.0 8.6 10.9 6.0 0.0 10.2 12.0
MO6L/BS1 0.0 0.4 44 7.8 1.1 0.0 6.5 10.9
®B97XD/BS1 0.0 0.6 5.5 6.7 0.0 0.8 7.2 7.7
®B97XD/BS1// 0.0 0.8 5.8 7.6 0.0 1.0 7.5 8.5
®B97XD/BS2
B3LYP /BS1/ 0.7 0.0 3.6 6.5 25 0.0 5.2 7.6
MO06/BS2
®B97XD/BS1// 0.0 0.2 3.9 6.7 0.0 0.5 5.7 7.6
MO06/BS2
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of real ligands. Furthermore, our results suggest that the
regioselectivity in the present system follows a typical
Harper mechanism?!, wherein the major product, in this
case the linear configuration, arises from a preceding
minor intermediate, the alkene-palladium (II) complex 1.

Conclusions

In conclusion, density functionals that account for
dispersion correction are fundamental to predict the
correct regioselectivity in insertion migratory step of
the NHC-catalyzed Heck-Mizoroki reaction discussed.
Herein, we explored the influence of real NHC ligand
bulk, an extension of computational studies on model
NHC ligand with methyl ligands reported in the
literature. The use of B3LYP and PBEO functionals
result in a strikingly different regioselectivity compared
to the experimental prediction. Only hybrid dispersion-
corrected ®B97XD and meta-GGA MO06 functionals
were capable to describe the influence of real ligand to
the reaction regioselectivity. We expected with complete
elucidation on the selectivity-controlling this catalyzed
system, to start investigations based on theoretical design
of new NHC ligands.
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Experimental and Theoretical Infrared
Study of Homogalacturonans in the Psidium
Myrtoides — Nothotrioza Myrtoidis System

René G. S. Carneiro, Rosy M. S. Isaias, Barbara D. L. Ferreira, Breno R. L. Galvao,
Claudio L. Donnici & Rita C. O. Sebastido

Introduction

Structural and functional properties of plant cells rely on
the composition of cell walls, which may be altered by the
influence of galling herbivores!. The alteration of chemical
compounds in plant cell walls may be detected by different
techniques as the absorption of infrared light and nuclear
magnetic resonance (NMR)*#. The use of infrared absorption
spectra allows the identification of molecular structures by
the fingerprint of chemical bonds and functional groups,
and by chemometric methods analyzing the region of 1000-
500 cm! *$. The fingerprints of chemical compounds may
be successfully assessed in complex mixtures, which is the
case of plant cell walls’.

Plant epidermis mediates the interactions between plant
organs and the surrounding environment by lining on both
leaf surfaces, and on the inner and outer surface of galls®. In
the Psidium myrtoides (Myrtaceae) — Nothotrioza myrtoidis
(Psylloidea) system, the leaf epidermis undergoes distinct
degrees of alterations during gall formation, as evidenced
by anatomical, cytological and immunocytochemical
analyses™!?. The set of structural alterations in the galls of
N. myrtoidis indicate that the inner epidermis is functionally
altered11. Even though the inner and outer gall surfaces have
the same ontogenetic origin'"'2, their structure is distinct and
so is the molecular composition of their cell walls. Based on
this premise, current study proposes the investigation of the
surfaces of non-galled leaves of P. myrtoides and leaf galls
of N. myrtoidis using IR-ATR spectroscopy. Furthermore,
we analyze the optimized structure of homogalacturonans
(HGAs), which are the main pectins in the cell walls'!3,

50

with different degrees of methylation/acetylation. The main
objective is to check if gall establishment distinctly affects
the molecular structure of the epidermal cell walls on both
gall surfaces. We expect distinct fingerprint patterns for the
gall and leaf epidermises related to the alterations in the
structure of HGAs, with greater cell alterations occurring in
the inner epidermis when compared to the outer epidermis
of the galls. In addition, we evaluate the efficiency of
experimental and theoretical chemical analyses in assessing
the structure of HGAs, which should allow new insights on
the biology of plant cell walls.

Methods

We have experimentally analyzed fresh non-
galled leaves and galls using a zinc-selenium crystal
ATR apparatus (Smart orbit ATR, Thermo Fisher
Scientific Inc., Madison, USA), coupled with the
spectrophotometer FTIR Nicolet 380 (Thermo Fisher
Scientific Inc., Madison, USA), and submitted the
samples to infrared radiation between 4000 - 525 cm’'.
Series of 32 scannings with the resolution of 2cm were
performed. Additionally, we theoretically simulated
the infrared spectrum of HGAs of several degrees of
methylation, with and without acetyl groups. Given the
large number of atoms involved, we have started the
analysis at the Hartree-Fock level. However, we currently
worked on higher level calculations, the DFT level,
using the B3LYP functional, and including Grimme’s
empirical dispersion correction in order to improve the
description of intra-molecular interactions'*!*. Geometry



optimizations are followed by calculations of the Hessian
matrix, in order to extract the vibrational frequencies. All
electronic structure calculations were performed using
the GAMESS package'.

Results and Discussion

The experimental ATR-IR spectra of the adaxial
epidermis of non-galled leaves and the inner epidermis
of galls are remarkably different, especially at the 3500-
3000 cm™ and 1750-1600 cm™ regions. In the spectra
of non-galled leaves, three intense bands were found at
3360, 1727 and 1642 cm™, being the second band more
intense (~ 87%, 75%, and 84% transmittance = T). In the
spectra of galls, the band at 3360 cm-1 is more intense
than the corresponding band in the non-galled leaves (~
57% T). The band at 1727 cm™ is less intense in galls (~
89% T), and the band at 1642 cm™' is more intense in galls
(~ 68% T) when compared to the bands of non-galled
leaves. Immuncytochemical investigations using specific
antibodies for homogalacturonans (HGAs) with different
levels of methylation revealed that the adaxial epidermis
of non-galled leaves have low methylated HGAs, and
the inner epidermis of galls have high methylated HGAs
in their cell walls'. The strong intensity of OH bands in
the spectra of galls could be attributed to intermolecular
Hydrogen bonds (H bonds) occurring meanly in the low
methylated HGAs. Nevertheless, this hypothesis needs to
be proven, and led to the theoretical study.

For the theoretical study, ten molecular structures of
HGAs were simulated. Each structure is composed by
six monomers of galacturonic acid linked by glucoside
bonds. Figure 1 represents the structure of the monomer,
with H as R and R1 groups.

Figure 1. Galacturonic acid monomer.

The structures were divided into two sets: (a) with
acetyl group in the R1 position of the fourth and sixth
monomers and, (b) without acetyl groups. In both sets,
the structures were methyl-esterified in the R position of
the monomers: (i) 1,6; (ii) 1,2,6; (iii) 2,3,4,5; (iv) 3,4,5
and (v) 1,3,5.

The OH band analysis of simulated infrared spectra
is presented in Table 1. The OH bands in acetylated
structures always present stronger intensity than in the
corresponding non-acetylated. The experimental infrared
spectra of galls present similar behavior, i.e. show
stronger intensity for OH band in galls when compared
to non-galled leaves. This theoretical result suggests
that the structure of HGAs in galls may be composed by
acetylated monomers with high degree of methylation.
This result adds new information to the experimental
detections of high and low methylated HGAs in the
plant cell walls using the monoclonal antibodies JIMS5
and JIM7, which cannot assess the degree of acetylation
of HGAs. Together, the theoretical and experimental
studies show that the formation of galls affects both the
methylation and acetylation of HGAs, with implications
for the functional aspects of plant cell walls.

Table 1. Simulated infrared OH band with H bond analysis after
geometry optimization.

Monomers OH band Intra
methylation and/or ] MolecularH
acetylation cm’! Intensity bond
1,6 methylated 4263.45 53.68417 I(_;I(C)):gg
1’64?222&1;;:23“‘1 amgss | 6693 | LOTOH
1,2,6 methylated 4266.84 53.63021 138:8;1
and 4 e | 424364 | 6538409 | 0Ty
1,3,5 methylated 4342.67 16.59795 }Clg:::gg
and 4 e | 90684 | 214144 | 0Ty

2,3,4,5 methylated 4252.92 14.62813 HO---OH

2,3,4,5 methylated

and 4,6 acetylated 4247.83 15.86863 HO---OH

3.4,5 methylated 4251.10 13.90583 HO---OH

3.4,5 methylated

and 4,6 acetylated 4256.87 15.78891 HO---OH
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Given that this study was performed on the isolated molecule
(gas phase), the role of intermolecular H bond is not taken into
account. Nevertheless, intramolecular H bond is an important
factor that seems to be crucial on elucidating the experimental
results. It should also be emphasized that the wave numbers
presented in Table 1 are at the Hartree-Fock level, and thus cannot
quantitatively describe the system. Our analysis are of qualitative
nature, aiming to rationalize the experimental findings. In the
structures with higher degree of methylation and/or acetylation,
the CO-OH interaction between the monomers does not occur.
The spatial aspect of the highly methylated and acetylated
structure is linear and does not present helical configuration.
Figure 2 shows the optimized structure for the (a) 1,6 methylated
and (b) 3,4,5 methylated HGAs.

Figure 2. HGAs (a) 1,6 methylated and (b) 3,4,5 methylated.

The analyses of the CO band in the theoretical IR spectra
show a general behavior for the structures (a), in which the
acetylation determines a reduction in the calculated wavenumber,
thus corroborating the experimental results.

Conclusions

Experimental and theoretical studies on the structure of HGAs
represent new frontiers to help understanding the biology of plant
cell walls, as far as the intramolecular and intermolecular forces
of polymers are concerned. The simulated infrared absorption of
HGAs showed that acetylation affects intramolecular bonds the
most, thus being complementary to the immunocytochemical
analyses for the degree of HGAs methylation. Further analyses
considering the complexity of the cell wall matrix should help
elucidating the role of fine structural details of polymers on the
functional aspects of the cell walls.
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Estudo Eletronico dos

Processos de Reducao de
Complexos de Pt(IV) a Pt(ll)

Bruna L. Silva & Juliana F. Lopes

Introduction

Atualmente, existe um grande interesse 1o
desenvolvimento de uma nova geragao de drogas anticancer a
base de platina incluindo complexos de Pt(IV), afim de superar
ou minimizar os efeitos toxicos da cisplatina e carboplatina
e/ou expandir o espectro terapéutico de cancer.! Apesar do
mecanismo de agdo desses compostos ndo ser totalmente
conhecido, acredita-se que a reducdo destas espécies de
Pt(IV) a complexos de Pt(I) seja uma etapa que determina
a atividade anticancer.” Em geral, variam-se os ligantes axiais
¢ equatoriais, para alterar a lipofilicidade, carga, seletividade,
segmentagio eabsorgdo celulardos complexos.> O mecanismo
padrdo de redugdo para complexos de Pt(IV) octaédricos
estabelece a saida dos ligantes axiais, o que seria explicado
pela simetria dz> dos orbitais LUMO de complexos do tipo
d®. Com a redugdo, este orbital seria populado com elétrons,
desestabilizando as ligages na diregdo axial e liberando os
ligantes axiais. Estudos recentes sobre reducdo de complexos
de Pt(IV) evidenciam, entretanto, ser possivel a saida dos
ligantes equatoriais.4,5 Por envolverem a saida de ligantes,
estes complexos apresentam comportamento de redugdo
irreversivel, e desta forma os potenciais padrdo de redugdo
sdo dificeis de serem determinados experimentalmente.
Nesse sentindo, metodologias de quimica teérica auxiliam na
compreensdo dos resultados experimentais obtidos, podendo,
inclusive indicar o mecanismo provavel de redugdo. Na
reagdo do esquema 1, a reducdo estd associada a saida de
ligantes da esfera de coordenag@o e portanto, acontece um
rearranjo estrutural.

X
N, | ) Ze- Wy, o
5 -

T T e I
Agrente Redut ™
NH;,"' | “.tl gente Redutar oM i
X

Esquema 1. Conversdo dos complexos de Pt+4 em Pt+2 por redugo.

A reducdo da platina (IV) para platina (IT) envolve a
mudanga de um arranjo octaédrico — hexacoordenado, para
uma espécie quadratico-plana, envolvendo de acordo com
0 mecanismo classico da quimica inorgénica a saida dos
ligantes axiais. O objetivo deste trabalho é compreender
eletronicamente os processos de reducdo envolvidos por
meio de complexos modelo de Pt(IV), indicando possiveis
mecanismos para a reducao.

Métodos

Os calculos foram feitos com o programa Gaussian
09 utilizando as metodologias DFT (funcional
MO06-2x) e MP2.0 conjunto de fungdes de base
6-31g(d,p) foi aplicado para os atomos leves e o
pseudopotencial LANL2DZ para o dtomo de platina.
Foram realizados calculos de otimizagao de geometria,
analise vibracional e eletronica por meio do calculo
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de populacdo para os complexos octaédricos cis e
trans-Pt(NH3)2Cl4, [Pt(NH,),CL]", [Pt(NH,),CL]..,
[Pt(NH,).CI]?, [Pt(NH,)CL]™" e [Pt(NH,),]** seguindo
a analise NBO.

Resultados e Discussdo

Todos os complexos tiveram suas geometrias
otimizadas e foram caracterizados como minimos locais
em ambos os niveis de teoria utilizados. Todos se mantém
na geometria octaédrica, com as ligagdes no eixo axial
mais alongadas do que as similares no plano equatorial.
Utilizando célculos NBO, verificou-se a energia dos
orbitais moleculares ocupados (HOMO) e desocupados
(LUMO). Nos processos de redugdo, os elétrons sio
adicionados no orbital LUMO, portanto a simetria ¢ a
energia destes orbitais se associam com o mecanismo da
reacao.

De forma geral, as energias dos orbitais LUMO e
LUMO+1, determinados no MP2, sdo mais altas do
que as calculadas no DFT. Em contrapartida, os orbitais
HOMO s@o mais estaveis no MP2 do que os obtidos pelo
funcional M06-2X. Este fato faz com que o gap HOMO-
LUMO seja sempre maior quando determinado pelo
método MP2.

As superficies que indicam as simetrias dos LUMO
para os complexos cis e trans Pt(NH3)2Cl4 estdo
representados na Figura 1.

(@) (b)

Figura 1. Orbitais moleculares LUMO dos complexos cis e trans
Pt(NH,),Cl,. MP2/6-31g(d,p), isovalor=0,02.

As simetrias sd3o confirmadas pela andlise das
regides definidas e também pela composi¢do destes
orbitais descritas na analise NBO. Para o complexo
cis-Pt(NH,),Cl, tanto no nivel M06-2X quanto para o
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MP2 o orbital mais energético desocupado — LUMO, a
simetria descrita por esse ¢ do tipo dz?, o que indica que
aconteceria a saida dos ligantes do plano axial. O orbital
LUMO +1 de simetria dx*-y?, tem energia superior ao
LUMO em mais de 0,02 u.a. (M06-2x) o que garante
este mecanismo. Ja para o complexo trans-Pt(NH,),Cl,
tanto para o nivel M06-2x quanto para o MP2, o orbital
LUMO apresenta simetria dx-y?, e contribuicdo dos
orbitais atomicos p dos ligantes cloro, indicando um
mecanismo de reducdo alternativo aos mecanismos
classicos de redugo para compostos d® com geometria
octaédrica. Desta forma, ¢ possivel que os ligantes do
plano equatorial saiam. Para o nivel LUMO +1 a simetria
do tipo d ?, entretanto esta energia ¢ superior em 0,03 u.a.
(M06-2x) e 0,05 u.a. (MP2) como descrito na tabela 1.
Na Tabela 1 A, : indica a diferenga energética entre
os orbitais LUMO+1 e LUMO e 0 A, indica a diferenca
energética entre os orbitais LUMO e HOMO.

Tabela 1. Diferenga energéticaa em u.a. (Hartree) entre orbitais para os
complexos cis € trans Pt(NH,),Cl,

cis-Pt(NH,),Cl, trans-Pt(NH,),CI,
MO06-2X MP2 MO06-2X MP2
AL+1,L 0,02 0,03 0,03 0,05
ALH 0,23 0,38 0,23 0,38

Para o complexo triaminotricloroplatina (IV) em
ambos niveis de célculo a simetria que descreve o orbital
LUMO ¢ dz?, indicando a possivel saida dos ligantes
axiais. Também para o complexo tetraminodicloroplatina
(IV) o orbital LUMO de simetria dz2 em ambos niveis de
calculo indica a saida dos ligantes do eixo axial.

Tabela 2. Diferenga energética em u.a. (Hartree) entre orbitais para os
complexos [Pt(NH,),CL1+1 e [Pt(NH,),CL,] 2

[Pt(NH3)3CI3]+1 [Pt(NH3)4CI12]+2
M06-2X MP2 MO06-2X MP2

AL+1,L 0,02 0,04 0,02 0,05
ALH 0,24 0,38 0,24 0,40




O orbital LUMO +1 tem energia superior ao LUMO
em 0,02 u.a. (M06-2x) ¢ 0,04 u.a. (MP2) para o complexo
[Pt(NH,),CL]+1 e 0 0,02 u.a. (M06-2x) € 0,05 u.a. (MP2)
para o complexo [Pt(NH,),CL]?, como descrito na
Tabela 2. Por a diferenca energética entre o LUMO e o
LUMO+1 ¢ relativamente alta, 12,55 kcal mol' (M06-
2x) pode-se dizer que a reagdo de reducdo em ambos
complexos aconteceria ocupando o LUMO, indicando
a saida dos ligantes axiais, como prevé o mecanismo
convencional.

NaFigura 3, sdo apresentados os niveis de energia para
os ions complexos [Pt(NH,),CI]* e [Pt(NH,)CL]". Para
o complexo pentaminocloroplatina(IV) tanto no nivel
MO06-2X quanto para o MP2 o orbital mais energético
desocupado — LUMO, a simetria descrita por esse ¢ do
tipo dz2, o que indica que aconteceria a saida dos ligantes
do eixo axial. Para o complexo aminopentacloroplatina
(IV) o orbital LUMO ¢ descrito pela simetria dx?-y?,
mais uma vez indicando que um mecanismo alternativo
ao classico pode acontecer.

02

LUMG +1
LUMG +1 Towo
0.0 Lo
0.2 - FONG
= HOMG
3
E 04— LMo +1
= —
] LUMQ +1 (2
= Ll
(IR UKD
,0.8 .
TG
HOMG
-1.0
MO8-2x MP2 MOB-2x MP2

Complexo [Pt(NHa)sc\]‘*ﬁ Complexo [Pt(NHa)Cls]-

Figura 3. Diagrama de energia dos complexos [Pt(NH,),CI]” e
[Pt(NH,)CL]"

O orbital LUMO +1 tem energia superior ao LUMO
em 0,01 u.a. (M06-2x) ¢ 0,03 u.a. (MP2) para o complexo
[Pt(NH,),CL]"”, novamente, analisando a diferenga de
energia entre os orbitais LUMO e LUMO+1, pode-se
dizer que a reagdo de reducdo aconteceria com a entrada
dos dois elétrons ocupando apenas o LUMO, de menor
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energia. No complexo [Pt(NH,)CI,]- o orbital LUMO+1
tem energia superior ao LUMO em 0,02 u.a. (M06-
2x) e 0,03 u.a. (MP2), neste caso a reagdo aconteceria
preferencialmente com a saida dos ligantes equatoriais,
de acordo com a simetria dx2-y2 deste orbital.

Completando a série destes complexos “modelo”,
realizamos também a andlise para o complexo
hexaminoplatina (IV). tanto no nivel M06-2X quanto
para o MP2 o orbital mais energético desocupado —
LUMO, a simetria descrita por esse ¢ do tipo dz2,
entretanto a simetria do LUMO+1 ¢ dx>-y*

Tabela 4. Diferenca energética entre orbitais para o complexo
[Pt(NH,) [ +4

[Pt(NH,),]+4

M06-2X MP2
AL 0,00 0,00
A, 0,36 0,53

Os orbitais LUMO e LUMO +1 apresentam energias
praticamente degeneradas (como mostrado na tabela
4), e desta forma conclui-se que ambos os mecanismos
poderdo ocorrer, com a saida dos ligantes equatoriais e/
ou axiais.

Como perspectivas futuras, ha pretensdo de se incluir
o efeito do solvente (dgua e plasma), para se entender os
processos de reducdo em solugdo. A perspectiva é que
a simetria dos orbitais ndo se altere, mas que a energia
seja modulada pelos efeitos do solvente. Outro aspecto a
ser estudado, ¢ a altera¢do de outros ligantes que podem
ser doadores ou receptores de elétrons, para prever como
estes mudam as propriedades eletronicas e estruturais.
Estes calculos ja estdo sendo conduzidos e espera-se
obter os resultados para apresentacdo no evento.

Conclusdo

O entendimento dos processos de reducdo ¢é
extremamente importante para elucidar o mecanismos
de agdo destas moléculas modelo. Portanto, estudar as
propriedades de simetria e energia envolvem os orbitais
de fronteira, sabendo-se que a energia do LUMO pode

55



Artigo Geral 8

ser relacionada com o potencial de redugdo, e que sua
simetria esta relacionada com o complexo de Pt(Il) a
ser gerado, novas relagdes poderdo ser obtidas para
estabelecer estrutura na sintese de novos compostos
podera ser feita. Além disso, o mecanismo de a¢do devera
ser explorado, no sentindo de incluir o0 mecanismo néo
tradicional que envolve a saida dos ligantes equatoriais.
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Structural Dependence
of Photochromism in
MEH-PPV Solutions

C. E. Magalhges, R. M. L. Savedra, K. S. Dias, R. Ramos & M.F. Siqueira

Introduction

Photochromism is a photoinduced reversible
transformation of a molecular system, which undergoes to
an appropriate molecular design. This phenomenon triggers
changes in the optoelectronic properties of these compounds
by electromagnetic radiation exposure.'? Therefore, these
kind of compound can act as electro-optical switches at
molecular scale, and there is an increasing interest for
applications as optoelectronic devices.** Previous literatures
have reported the chromism effect on poly(p-phenylene
vinylene) based polymers and its relationship to the structural
arrangements.>® Accordingly, these reversible molecular
events can allow the development of smart materials.

The  semiconducting poly[2-methoxy-5-The
semiconducting  poly[2-methoxy-5-(2’-ethylhexyloxy)-
p-phenylene vinylene] (MEH-PPV), Figure 1, has
been widely studied due to its electronic and mechanic
properties due to its potential for applications in the field of
organic electronics.” MEH-PPV can be found as red phase
and blue phase, which are morphologically distinct.5®

In this work, we have studied the structural

O—CHy
/
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HiC =" 'n
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Figure 1. Chemical structure of MEH-PPV.

arrangements of MEH-PPV in tetrahydrofuran (THF) as
solvent to evaluate the photochromism behavior. To this
aim, we carried out simulations using Molecular Dynamic
(MD) and Quantum Mechanics (QM) approaches.

Methods

A MEH-PPV oligomer with nine units (nonamers)
was fully optimized in vacuum using the PM6-DH+
semi-empirical calculations,” implemented in the
MOPAC package.'® This molecular model was used as an
initial guess for modeling of the polymer solution using
Molecular Dynamic simulations.

Molecular dynamic simulations were performed
using the GROMACS 5.0.1 package."! The MEH-
PPV and THF were modeled using the GROMOS
53a6 force field parameters.'> The initial topology was
built adding 20 MEH-PPV nonamers in a cubic box of
25.0 nm edge and filled with THF solvent. The PME
method with 1.0 nm cutoff was used for treatment
of long-range electrostatic interaction. All bonds
lengths were constrained to their equilibrium values
by using the LINCS algorithm. The neighbor list for
the calculation of nonbonded interaction was updated
every 10 time step with a cutoff of 1.0 nm, the same
cutoff for Lennard-Jones potential. The PME method
with 1.0 nm cutoff was used for treatment of long-
range electrostatic interaction. All bonds lengths were
constrained to their equilibrium values by using the
LINCS algorithm. The neighbor list for the calculation
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of nonbonded interaction was updated every 10 time
step with a cutoff of 1.0 nm.

The system was submitted to steepest descent energy
minimization methodology until the maximum force
attained a tolerance of 10 kJ mol'nm?. Afterwards,
from this minimized system we carried out 1.0 ns of
simulation in the canonical (NVT) ensemble in order to
allow the relaxing of the molecular bonds and then we
carried out 1.0 ns of simulation in the isobaric-isothermal
(NPT) ensemble at 300K and a small external pressure
of 1 bar for 10 ns of simulation with a step size of 1 fs,
using V-rescale thermostat and berendsen barostat with
coupling time of t. = 0.1 ps and t =20 ps. The MD
protocols used herein are widely were employed in the
literature.

The UV-VIS spectra for all final oligomer structures
obtained from last frame of Molecular Dynamics were
calculated by ZINDO-S/CIS method,">* including
30 occupied to 30 unoccupied states for the single
excitations. These calculations were performed with the
Orca computational program, version 2.7.13

Results and Discussion

Figure 2(a) shows the initial topology of MEH-
PPV:THF solution before molecular dynamic procedure.
Afterward 5.0 ns of simulation we observed the clustering
formation of MEH-PPV and solvent molecules, Figure
2(b). The aggregation occurs driven by the non-bonded
interaction between molecules, besides temperature and
solvent effects played a role into the final morphology.

Figure 2. (a) Initial molecular system before the MD procedure. Box
dimension with 25nm3 with 20 nonamers of MEH-PPV in THF as
solvent. (a) Clustering formation of MEH-PPV molecules after 5.0 ns
of MD simulation.
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From the simulation we took two main structural
arrangements found for the MEH-PPV oligomers in the
solution: planar and twisted conformations. We selected
two of these structures, as shown in the Figure 3(a) and
3(b). The difference between each other is the number
of internal torsions which can lead to differences in the
conjugation length (CL) of electronic states, being the
larger CL found to the planar structure. For selected
oligomers we calculate the UV-Vis spectra, presented in
Figure 3(c).
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Figure 3. Conformational arrangements of two selected structures (a)
twisted and (b) planar, from the sample after 5 ns of MD simulations.
(c) Normalized first transition (HOMO-LUMO) from UV-Vis spectra
calculated for these structures: in black color (for the twisted), and in
blue color (for the planar); lorentzian broadening and a 11.28 half-
width were added.

As it can be seen, the main electronic excitation of
the twisted structure is found in the blue region. This can
be directly attributed to the shorter conjugation lengths
of the frontier orbitals. In the same sense, we found the
main absorption transitions of the planar structure lying
in the red region, which can be attributed to the larger
conjugation length for these more ordered oligomers.



Therefore, the modeling support that the difference
between red and blue phases found in MEH-PPV can be
attributed to intrachain electronic effects resulting from
differences on the conjugation length determined by the
differences in the molecular morphology.

Conclusions

Our results support the proposal that even it would
be possible to access many transient conformational
arrangements under temperature effects, they will be
finally converted in two main configuration: twisted and
planar. Accordingly, these structural arrangements are
then related to the chromism reported for these materials,
the red phase is attributed to less disordered oligomers
with higher electronic conjugation lengths and the
blue phase is related to the shorter conjugation lengths
imposed by twisted molecular morphology.
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Accurate Multireference
Electronic Structure
Calculations on the Si3 Molecule

C. E. M. Gongalves, B. R. L. Galvdo & J. P Braga

Introduction

The properties of small silicon clusters have been
discussed since the last century. The interest started from
astrophysics research concerning the spectra of carbon-
rich stars' and chemical vapor decomposition processes>”.
Nowadays they are important for semiconductor devices
and optoelectronic nanomaterials*®.

The Si, system, in particular, has shown quite a
challenge since even its ground state is difficult to
determine, and the literature is not yet in consent’".
Although many theoretical works agree with experimental
results, the symmetry of the ground state is still in
discussion, balancing between the singlet C, group and
the triplet D, one. Oyedepo et al."” recently performed
multireference correlation consistent composite approach
(MR-ccCA) calculations of Si,, predicting geometries,
total atomization energy (TAE) and the singlet-triplet gap
(S-T Gap). They showed that this system have a strong
multireference (MR) character.

Even the Si, potential energy surface (PES)
has many low lying electronic states, with several
crossings between them. Therefore, molecular
dynamics simulations of the Si(*P)+Si, collision will
have a myriad of states interfering in the reaction
process. The electronic profile of Si,, including its
excited states and geometries, using high accurate
MR methods is the main subject of this work.
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Methods

All calculations were carried out with the
MOLPRO 2012 package', using the Multireference
Configuration Interaction, MRCI(Q), with the
Davidson correction'>'. We use the correlation-
consistent basis, aug-cc-pVQZ''8. All geometry
optimization were carried out under the complete
active space self-consistent field (CASSCF) with
the same basis, using the quadratic steepest descent
method.

The frequencies were obtained using CASSCF
level of theory, with the aug-cc-pVQZ basis due to
the high computational cost.

Results and Discussion

To test the accuracy of our calculations, we
compare our results with the most recent theoretical
results of the literature, using single or multireference
methods, and the available experimental data. Table
1 shows the comparison of the geometries and
frequencies, total atomization energy (TAE) and the
S-T Gap.

Oyedepo et al.” exposed that both singlet and triplet
forms have a strong multirefrence (MR) character.
A system with strong MR effects shows a C (the
magnitude of the SCF configurations to the CASSCF
wave functions) value less than 0.90 while the T, and D1



Table 1. Comparison of the present methodology with experimental
results and most recent theoretical values for the Si3 two lowest states.
Energies are given in kJ/mol, frequencies (®) in cm—1, bond lengths in

A, and bond angles (0) in degrees.

Ref. Ref.  Experimental This
12 13 Ref. 7,10,19 work
TAE 719 710 705+16 700.863
S-T 0.8 0.8 4.19? 3.675
gap
RS-S, 221 2.177 2.207
0 79.7 78.10 79.71
Singlet o 549 550.6 5289
o, 524 525.1 518.4
o, 180 * 175.8
RSS, 2.31 2.322
0 60.0 60.00
Triplet o, 502 501+10 482.6
O 324 33710 302.4
O 325 337+10 302.4

Only the most accurate coupled cluster result from Tam et al12 is given. * Ref. 19
gives two possible values, 146.2 and 153.2 cm™.

diagnostics20-22 are larger than the generally accepted
cutoff of 0.02 and 0.05. The Si, singlet state parameters
are C*=0.822, T1 = 0.032 and D1 = 0.082, therefore not
properly described by a single-reference method by any
of those criterion. The triplet state with C*=0.843, T1 =
0.031 and D1 = 0.082 also fails the tests.

Tam et al.12 most accurate calculations used single
reference coupled cluster with the large aug-cc-pVXZ
basis expanded with tight d-functions, extrapolated
to the complete basis set limit (CBS), including scalar
relativistic, core-valence and spin-orbit corrections.
Their best result for TAE (719 kJ/mol) deviates from the
experimental value more than Oyedepo et al.13 (710 kJ/
mol), probably because of the strong MR character of
this molecule.

We made, instead of MR composite approach of
Oyedepo et al.B, full MRCI(Q) calculations, with the large
aug-cc-pVQZ basis. Our result, 700.863 kJ/mol, considering
the zero point energy (ZPE), is closer to the experiment than
Oyedepo’s. All our geometries are in excellent agreement

with experiments, but our frequencies were systematically
below experimental values, probably due to the lower level
of theory in the calculations.

If the interest is to study the collisions that lead to
Si,, there will be a myriad of electronic states involved.
The Si, molecule has two nearly degenerate states, *ITu
and 3Zg’, and they alternate for the ground state with the
distance. Figure 1 shows the PES of the Si, molecule,
including some low-lying excited states that may not
be accessible under normal circumstances, but are still
below the dissociation limit.

Exploring a “T shaped” profile of the system, in which
a silicon atom approaches the Si, molecule perpendicular
to the bond axis and in its center-of-mass, one can have a
preliminary insight of the collision reaction. Figure 2 shows
the PES for singlet and triplet two-state calculations in C,,
symmetry for each wave function A , B,, B, and A2. The
Si, bond distance is fixed at its equilibrium value of 2.17
A. Tt can be seen several attractive states that will lead to
a barrierless collision, and all of them are important to the
cross sections and rate constants of reactive events23-25. In
the dissociation limit the surfaces merge to two separated
energies, and this separation gap, 4.5 kJ/mol, is very close
to the one observed between the two lowest states of Si,
molecule, 4.9 kJ/mol.

300

relative energy/kJmol

5.0 55 6.0 65 7.0 75 &80

Rgi-silag

Figure 1. T-shaped atom-diatom interaction profile. Dashed lines represent
the respective excited states; The Si2 separation is fixed at 2.17 A.

Conclusions

We report new values for geometry, TAE, frequencies
and S-T Gap for the singlet and triplet states of Si3
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molecule, using a high accuracy MRCI(Q) with a large
basis, since it is known that this system has a strong MR
character. The first 16 lowest PES are also calculated
showing several attractive states that lead to a barrierless
collision, which means that they all contribute to cross
sections and rate constants of reactive events. If one is
aiming to study the dynamics of Si, molecule, all these
non-barrier channels should be considered.

30 +

I
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(=1

relative energy / kJ mol™
1
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_80 1 L L J
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Rsi_si,/ 2

Figure 2. T-shaped atom-diatom interaction profile. Dashed lines
represent the respective excited states; The Si, separation is fixed at
2.17A.
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Estudo das Interacoes dos Modelos
da Proteina ATP7A no Mecanismo
de Resisténcia a Cisplatina

Christina T. Borges, Guilherme F. Lima & Juliana F. Lopes

Introducédo

Um quimioterapico muito utilizado no tratamento de
diversos tipos de cancer € o cis- diaminodicloroplatina (II),
conhecido por cisplatina, que ¢ um composto inorganico
neutro e possui geometria quadratico plana( figura 1).

b &
9

.
&
o

J J

Figura 1: Estrutura da cisplatina

A resisténcia a cisplatina limita drasticamente seu
uso e estd associada, entre outros fatores, a reducdo da
acumulacdo intracelular da droga o que  pode estar
relacionada a interacdes com varias biomoléculas
tioladas, como por exemplo a proteina ATP7A (Figura
2), que é o foco desse estudo. A proteina ATP7A tem
40280 atomos e alguns dominios de ligagdo a metais,
sendo responsavel pelo controle de ions metalicos no
organismo, principalmente ions de cobre e magnésio.

Figura 2: Proteina ATP7A! (1Y3J)

Métodos

Célculos computacionais utilizando o programa
Gaussian 09 e a metodologia hibrida QM/MM com o
método ONIOM?, foram feitos para a reagdo entre o sitio
ativo do quinto dominio de liga¢do a metais da proteina
ATP7A e a csplatina. A opgao pela metodologia ONIOM
se fez necessaria uma vez que a estrutura quimica/
eletronica ¢ grande, e a0 mesmo tempo que ¢ necessario
contemplar o ambiente da proteina, precisamos avaliar a
termodinamica e cinética da formagao de novas ligacdes
quimicas, o que ¢ competéncia da quimica quantica.
A escolha do quinto dominio de ligagdo a metais se
deve a presenca de dois aminoacidos do tipo cisteina,
identificados na estrutura depositada no pdb por cys'* ¢
cys'’, que apresentam uma conformacéo passivel de ser
realizar uma coordenagdo de forma bidentada com o
metal (Cu? ou Pt*") e caracterizando assim uma estrutura
termodinamicamente mais estavel. O quinto dominio
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possui 1194 atomos e foi dividido em duas camadas de
nivel de calculo, tratadas com métodos computacionais
diferentes. A camada alta, ¢ evidenciada na Figura 3, com
modelo “pau-bola “ foi tratada com quimica quéantica,
por meio do nivel de calculo DFT (funcional pbelpbe)
e fungdes de base 6-31g(d,p), exceto para a platina, que
foi definida com o pseudopotencial LanL2DZ. A camada
baixa foi tratada com mecénica molecular, com uso do
campo de forca UFF e é apresentada com modelo de
“varetas”.

Figura 3: Divisdo da estrutura do quinto dominio da ATP7A através da
metodologia hibrida QM/MM: camada alta(a) e camada baixa(b).

Resultados e Discussoes

Inicialmente foram feitos célculos de otimizagdo
de geometria e analise vibracional para as estruturas
envolvidas na possivel reacdo entre a cisplatina e o quinto
dominio de ligagdo a metais da proteina ATP7A. Partindo
das contribui¢des energéticas de cada reagente ¢ cada
produto, foram calculados os pardmetros termodindmicos
das reacdes globais, considerando a desprotonagido ou ndo
do grupo tiol das cisteinas. No caso da desprotonacao,
ha possibilidade de duas reagdes diferentes, produzindo
HCl ou H" e CI, e essas reacdes estio representadas pela
equagdes 1 e 2 :

64

cis=PoNH;z=Cly + ATPTA [(NH; )PS5 0ATPTA 2 HCI
Equagia |

cix=-PUNHCls + ATPTA —— H\:H:‘b:l’t[ﬁ: IATPTA|+ 20T +2H
Equagio 2

Em meio biolégico, ¢ de se esperar que as
espécies estejam dissociadas, entretanto a presenca
de ions na equacdo quimica, e tratados na aproximagao
da fase gasosa trara resultados superestimados para as
energias dos produtos em relagdo as do reagente. Se nao
houver a desprotonagdo, havera apenas a formagdo de
dois ions cloreto, como mostrado na equagdo 3. A
desprotonacao ou nao dos grupos tiol dependerd do pH
do meio onde ocorre a reagdo.’

civ-PUNHClL+ ATPTA. ——=  [(NH: PSS HATPTA S+ 201

Equagio 3

As estruturas otimizadas do quinto dominio da
proteina ATP7A e desse dominio coordenado a cisplatina
(representando os produto final da substitui¢do) estdo
representados na Figura 4:

Figura 4: Estruturas otimizadas: a) do quinto dominio da proteina ATP7A
b) do quinto dominio da proteina ATP7A coordenada a cisplatina
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A estrutura da proteina é simplificada na Figura 4,
para verificar com mais facilidade a estrutura da camada alta,
onde ocorre a reagdo. O produto, mantém a coordenagdo
quadratico-plana ao redor da Platina e a coordenagdo nio
provoca grandes distor¢des na proteina.

Os dados termodindmicos obtidos para cada reagdo
estdo mostrados abaixo, na tabela 1:

Tabela 1. Dados termodinamicos para as equagdes quimicas 1, 2, e 3.

Equacio AH(kcal/mol) AG(kcal/mol)
1 +34,92 +30,35
2 +714,60 +339,30
3 +307,89 +306,90

De acordo com estes resultados, as reagdes sao nao
espontaneas, indicando de forma incipiente que as reagdes
ndo ocorreriam nas condi¢des simuladas. Como se pode
observar pela tabela 1, a equagdo 1 apresenta valores
bem inferiores aos encontrados para as equagdes 2 ¢ 3.
Isso pode ser explicado pela auséncia de espécies iOnicas
nessa equagdo, ao contrario das equagdes 2 e 3. Como
os calculos foram realizados em fase gas, a presenga
de espécies i6nicas faz com que os valores encontrados
fiquem superestimados. Quanto maior o nimero de
espécies i0nicas, maiores sdo os resultados obtidos. Os
mesmos calculos anteriores foram feitos com o Cu(Il)
isolado, no lugar da cisplatina uma vez que esta ¢ a fung@o
bioldgica reconhecida da proteina. Novamente os dados
termodindmicos apontaram reagdes endotérmicas e nao
espontaneas, sendo que para a reagdo onde os grupos tiol
estdo protonados os valores obtidos foram AH= 6493,5
kcal/mol e AG= 5798,5 kcal/mol e para a reagdo onde
os grupos desprotonados os valores foram AH =6886,9
kcal/mol e AG= 6196,3 kcal/mol. Desta forma, o modelo
computacional ainda precisa ser otimizado para
definicdo mais adequada se as reagdes com a cisplatina
¢ ATP7A ocorrerdo em meio bioldgico colaborando entdo
para a resisténcia deste farmaco.

Novas estratégias computacionais estdo sendo estudadas
para contornar esse problema da superestimacao dos valores
e vao ser colocadas em pratica. Esses resultados indicam uma
reacdo endotérmica, onde foi necessario um fornecimento de

energia as moléculas reagentes para haver quebra de ligagdes
e formagdes de novas, o que ¢ explicado pela maior presenga
de ligacdes intramoleculares nas moléculas reagentes em
relagdo as moléculas dos produtos nas trés reagdes Os
pardmetros cinéticos da reagdo dependem da estrutura de
estado de transi¢do caracterizada, o que ainda esta sendo um
desafio. Varias tentativas de se encontrar os estados de
transi¢do estdo sendo realizados, além de novos célculos
incluindo outros procedimentos como: (i) diminui¢do do
tamanho da camada alta; (ii) inclusdo do solvente e (iii)
estudos de outros sitios ativos da proteina ATP7A, para que
se tenha uma visao geral do possivel envolvimento ou ndo da
proteina no mecanismo de resisténcia ao farmaco cisplatina.

Conclusoes

A espontaneidade de uma reacdo quimica depende
de diversos pardmetros e a combinacdo entre eles.
A reagdo entre a proteina ATP7A e a cisplatina é uma
reacdo que ocorre em meio bioldgico, com a presenga
de diversos solventes, que interagem com as moléculas
participantes da reagdo. A inser¢do do solvente nos
calculos computacionais ¢ de grande valia e ja estd sendo
realizada, para que se possa obter uma conclusdo mais
precisa sobre a ocorréncia ou nao dessa reacao.
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Investigation of the Pseudopotential
Stuttgart/Dresden in the

G3(MP2,CSSD, rel) Theory for Compounds
Containg Transition Elements

Cleuton S. Silva & Rogério Custodio

Introduction

The Gaussian Theory ' has been developed over the
last decades with the goal of approaching exact molecular
energies using a set of calculations based primarily on
ab initio molecular orbital theory with different levels of
accurancy and basis set.

DeYonker et al. * test set comprising 17 enthalpies of
formation for transition metal compounds for testing their
method referred to as the correlation consistent composite
approach (ccCA). On this test set of 17 enthalpies, their
ccCA method has a mean absolute deviation (MAD)
of 5.6 kcal/mol, which is just under twice the average
experimental uncertainty of 3.1 for this set of molecules.

Mayhall et al. * Collected a test set comprising
20 enthalpies of formation for transition metal
compounds for testing their method referred to as the
G3(MP2,CCSD,rel). On this test set of 20 enthalpies,
their G3(MP2,CCSD,rel) method has a mean absolute
deviation (MAD) of 4.58 kcal/mol, which is just under
twice the average experimental uncertainty of 1.5
Kcal/Mol.

Recently, the use of the CEP pseudopotential
(Compact Effective Potential) along with the G3
theory ° proved to be possible preserving a high
level of accuracy and providing a considerable gain
in the CPU time. The objective of this work is to
adapt the stuttgart/dresden pseudopotential in the
G3(MP2,CCSD,rel).

66

Methods

The G3(MP2,CCSD,rel). composite model combines
high-level correlation/moderate basis set calculations
with lower level correlation/larger basis set calculations to
approximate the results of a more expensive calculation. The
composite energy is obtained from results using CCSD(T),
MP2, and DKH calculations with progressively larger basis
sets, and including first-order spin-orbit corrections for
atoms and molecules (SO), zero-point energy corrections
(ZPE), and an empirical higher level correction (HLC) that
depends on the number of paired and unpaired electrons.

All steps of the original G3(MP2,CCSD,rel) theories
were used and adapted to include the stuttgart/dresden
pseudopotential G3(MP2,CCSD,rel,SDD) The scalar
relativistic corrections to the energies are obtained
from DKH-CCSD(T)/6-31G(d) single-point energy
calculations using a second-order Douglas-Kroll-Hess
(DKH) scalar relativistic Hamiltonian:

Eo[G3(MP2, CCSD, rel)] ) = CCSD(T)/6-31G(d)
+ AE(MP2) + AE(rel) + AE(SO) + E(HLC) + EZPE) (!

And

AE(MP2) ) = E[]MP2/G3MP2LargeXP] - @)
E[MP2/6-31G(d)]

AE(rel) ) = E[DKH-CCSD(T)/6-31G(d)] - 3)
E[CCSD(T)/6-31G(d)]



Results and Discussion

Table 1 contains the total energies of the atoms Sc-Zn
from the G3(MP2,CCSD,rel) and G3(MP2,CCSD,rel,SDD)
methods. The deviations for all 20 molecules are given in
this table with the mean absolute deviation at the bottom of
the table. All of the deviations are in kilocalories per mole
and calculated as experiment minus theory.

The MAD of 4.58 kcal/mol for G3(MP2,CCSD,rel)
with a maximum deviation of 9.37 kcal/mol. The MAD
of 4.39 kcal/mol for G3(MP2,CCSD,rel,SDD) with a
maximum deviation of -16.07 kcal/mol. Most notable is the
result for VO, where G3(MP2,CCSD,rel,SDD) differs by
-16.07 kcal/mol from experiment while G3(MP2,CCSD,rel)
differs by only -1.97 kcal/mol. If VO is excluded, the
G3(MP2,CCSD,rel,SDD) mean absolute deviation is about
the same as for G3(MP2,CCSD,rel).

Table 1: Comparison of G3(MP2,CCSD,rel) and 3(MP2,CCSD,rel,SDD)
Methods for Calculation of AHf (298 K) for a Test Set of 20 Molecules

Molecule | Experiment CC?S(II\)/I l:-i’l) C(?S(ll\)/l,l?e,l,
’ SDD)
ScO -13.0+2.2 -2.4 -6.02
ScCl13 -160,5+2.1 5.97 0.37
TiO -13.7£2.2 0.68 -4.89
TiF4 -370.8+1 5.48 0.24
VO -31.8+2 -1.97 -16.07
CrCl -31.0+0.6 1.13 1.87
CrO3 -77.3+1 9.12 2.67
MnCl1 15,8+1.6 9.37 9.21
MnS 63.31£2 1.5 -3.10
FeCl 49.5£1.6 8.95 0.46
FeCI2 -32.8+1 7.71 -1.66
FeCl3 -60.5+1.2 9.43 5.45
CoCI2 -22.6+1 5.56 -0.63
CoCl3 -39.1+2.5 2.94 -5.29
NiClI2 -17.4+1 5.35 -0.17
NiF2 -77.8+1.1 8.9 7.73
CuH 65.9+£2 -0.53 -10.32
CuCl 19.3+2 0.83 11.50
ZnH 62.9+0.5 0.31 0.14
Zn(CH3)2 12.86+2 3.52 0.04
MAD 4.58 4.39

The average uncertainty for the 20 molecule transition
metal set is 1.5 kcal/mol, so the MAD is less than twice the

experimental uncertainty. In addition, some experimental
atomic enthalpies of formation, such as for Ti, V, and Ni, have
uncertainties of 2-4 kcal/mol. These are used in the calculation of
the molecular enthalpies and may introduce uncertainties in the
theoretical values. In a paper, Mayhall et al. G4(rel) the MAD
0f'4.07 kcal/mol with a maximum deviation of 21,31 kcal/mol.
The MAD of 4.39 kcal/mol for G3(MP2,CCSD,rel,SDD) with
a maximum deviation of -16.07 kcal/mol.

Conclusions

The G3(MP2,CCSD,rel,SDD) method, which includes
scalar relativistic effects, has a mean absolute deviation of
4,39 kcal/mol and a maximum deviation of -16.07 kcal/mol
for the test set of 20 enthalpies. Since the 20 enthalpies have
an average experimental uncertainty of 1.5 kcal/mol, these
results indicate that the G4(MP2,rel) method performs well
for transition metals. The G3(MP2,CCSD,rel,SDD) failure
stuttgart/dresden pseudopotential, which is particularly
large for one molecule, VO.
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QM/MM (ONIOM) Calculation
on FAK/Dasatinib Docking

Daniel A. B. de Oliveira & Jodo B. L. Martins

Introduction

The cells perform several activities at every level
through biochemical signaling. In general, every signal
pathway is mediated by a receptor protein'?. The
specific function of this class of enzyme is controlled by
their molecular geometric covalent modification. These
geometric molecular modifications are associated with
the process know how phosphorylation. In this process
phosphate groups originated from an ATP molecule react
with the tyrosine amino-acids of the receptor tyrosine
kinases modifying the original structure of the enzyme.
This process is correlated with the normal division of
the cell as well the control of cell proliferation through
apoptosis. Cancer is a disease where an uncontrolled
division of cells are observed. In this way, new cancer
drugs are been developed from the knowledge of signal
transduction®**36789  Focal adhesion kinase (FAK)
is a non specific receptor tyrosine kinase, localized
inside cytoplasm, that is implicated in regulation
of a number of cell signaling pathways, including
spreading, motility and apoptosis!®!l1213.141516. The
increase of phosphorylation in this kind of enzyme has
been correlated with the interaction of integrins with
fibronectins, which are adhesive proteins that help the
cells adhere with cellular matrix.

Over expression of FAK has been correlated with
several kinds of tumors!”!'81920.21 "Experimentally, it has
been showed that the uncontrolled division of cell is
verified by a phosphorylation of aminoacid tyronsine
397 in FAK?223:24252627  The FAK phosphorylation
is due of interaction between chemical signals and
integrins with a non receptor tyrosine kinase. In the drug
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design context, molecular modeling has contributed
to understand the interaction between FAK and
pyrrolopirimidine inhibitors, helping in the discovery,
development and optimization of new drugs*2°:303!,

Dasatinib is a known drug used in different cancers
treatments and it is correlated with FAK inhibition35.
However the molecular interaction between FAK and
the dasatinib is unknown. In this work it has been
performed molecular docking between FAK and the
drug dasatinib. In order to understand the chemical
interaction between dasatinib and the catalytic site
of FAK, it was employed QM/MM calculation using
PM6, HF, AM1, RMNDO approach for the higher layer
and molecular mechanic for lower layer. UFF force
field was employed to describe low layer in QM/MM
calculations. Molecular dynamics was performed to
determine the behavior of dasatinib inside the catalytic
site. The amino acids of catalytic site were selected
based in recent publications that show the interaction
between FAK and the respective inhibitors. ONIOM
approach based in RMNDO/UFF and HF/UFF are the
more adequate quantum mechanic methods to explain
the interaction between FAK and dasatinib without
internal error coordinate during the optmimization.
The calculation results show that dasatinib interact via
hydrogen bond with the aminoacid ARG426 (Arginine
426), that is the hydrogen bond found in others FAK
inhibitors.

Methods

Based in recent studies®, it was performed
molecular docking using AutoDockVina following



the next scripts. The docking was performed
keeping the protein FAK frozen. For the ligand the
dihedral angles were retained free. It was used a
grid with follow dimensions: x=-18, y=22 and z=16
angstroms. Center grid was centered in catalytic
site of protein FAK. The size box used on the grid
had the follow orientation: x=-0.444, y=10.627 and
7z=6.613 angstrons. The time employed to proceed
the exhaustiveness search of ligand conformations in
catalytic site was 500 seconds. In order to understand
the interaction between the molecule dasatinib and
FAK it was employed QM/MM calculations based in
ONIOM approach present in Gaussian program. It was
chosen the aminoacids CYS 502, LYS 454, MET 499,
ARG 426, ALA 452, GLU 471, GLU 506, ARG 508,
ARG 550, ASP 564 in order to compose the higher
layer in according of current literature®*. Quantum
mechanics calculation based in PM6, B3LYP/6-31g,
HF/6-31g, RMNDO were employed in higher layer
that was optimized using the keyword quadmac,
which does a quadratic step in the coordinates of
all the atoms. 5000 SCF cycles were used in high
layer optimization. UFF (Universal Force Field)
was used in order to describe the Van-der Walls and
electrostatic potential for the atoms in lower layer,
that was maintained frozen during the optimization.

A short molecular dynamics with the classic
force field CHARM and the program Hyperchem
was employed in order to verify the dihedral angles
displacements not observed during the optimization.
For this purpose was used force field CHARM with
one nanoseconds of simulation, a temperature of 300K
and a dielectric constant equal 80 to simulate implicit
solvent.

Results and Discussion

EQUILIBRIUM GEOMETRY AND
MOLECULAR INTERACTIONS

Only the quantum mechanics calculation based
in HF and MNDO approximation provided complete
optimization of the system FAK-Dasatinb. The Table
1 show the energy associated with the interaction
between FAK and the drug Dasatinib.

Table 1. Interaction obtained using HF/UFF and MNDO/UFF
calculation.

INTERACTION

METHOD ENERY IN kcal
HF -108
MNDO -176

The optimized QM/MM calculation, based in MNDO/
UFF and HF/UFF, show that the drug Dasatinib interact
with the aminoacid GLU471 via hydrogen bonding, as
can be seen in the Figure 1.

DASATINIB
GLU471

Figure 1. Interaction between Dasatinib and the aminoacid GLU471.

However when the molecular dynamics is performed,
other hydrogen bonds into the catalytic site are found as
shown in Figure 3. In these selected groups is observed
dihedral angle rotations in dasatinib molecule during
molecular dynamics as observed in Figure 2.

b

Figure 2. Chemical groups that showed dihedral rotation during the
molecular dynamics.
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The movement associated with the hydroxyl group
allow the dasatinib perform hydrogen bond with the
aminoacid ARG 426, as described in the Figure 3.

|y B et

Dasatinib
o ; e e

Hydrogen Bond o 57 :
= e vl L

i ; A % & R o

Figure 3: Hydrogen bond associated with the rotation of dihedral angle
of group hydroxyl in the molecule of dasatinib.

This hydrogen bond is observed in others FAK
inibitors as noted in the literature30.

THE PROBLEM ASSOCIATED WITH
OPTIMIZATION

AM1, PM6 and B3LYP/3-21g were not useful
to performed a complete optimization. These
approximations revealed several errors in internal
coordinates. In other hand HF/LANL2DZ and
RMNDO performed a complete optimization of the
complex FAK/dasatinib. In order to understand the
optimization problem it was compared the molecular
volume of Dasatinib with different FAK inhibitors
The molecule dasatinib occupy a large parcel
of volume of the catalytic site. This fact may be
corroborated when the volume of molecule dasatinib
is compared with the volume of two know inhibitors.
These results are showed below in the Table 2.
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Table 2. Molecular Volume occupied by different FAK inhibitos.

Inibidor Volume Molecular
A3
Pirrolo -pirimidina 1510.93
ATP 1044.64
Dasatinibe 2303.61

It is known that the semi-empirical method MNDO
do not describe very well noncovalent interactions.
The FAK/dasatnib bonding is essentially hydrogen
bond and noncovalent interaction. In other hand the
quantum-semi-empirical PM6 replace MNDO core-
core approximation by Voityuk diatomic expression
resulting in a corresponding increased hydrogen bond
interaction energy*®. There is also a problem associated
with the HF method. The HF theory cannot describe the
hydrogen bonding in some molecules*. Although DFT
does not predict true dispersion interactions in the weak
interaction region of zero overlap, it can still be useful for
predicting correlation energy and even dispersion-like
interactions in the region of overlap near the equilibrium
geometry of even noncovalent complexes if one has an
accurate enough functional®*. Given these considerations
we believe that during the energy optimization calculation
via QM / MM , the inhibitor suffer deformation in their
angles and dihedral , which cause errors in internal
coordinates . These deformation are more pronounced for
the functional B3LYP density and the quantum - semi-
empirical PM6 method, that are more accurately methods
to describe the interactions associated with dasatinib/
FAK docking.

Conclusions

Dasatinib establish hydrogen bonds with the
aminoacid GLU471 in according with ONIOM
optimization. In other hand, molecular dynamics
reveals the possibility of the hydrogen bond with the
aminoacid ARG426. The problematic associated with
the convergence errors in some methods of simulation
such as AM1, PM6 and B3LYP, are associated with the
size of molecular dasatinib into the catalytic site and the
quality of methods used. Methods with high quality in



the description of interactions and bonds provide more
angles displacements in dasatinib into the catalytic site.
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Evaluation of the Photophysics of Four

Ru(ll) Phthalocyanine/TiO, (Anatase)
Complexes Using DFT Methods

D. M. S. Aratjo, L. T. Ueno, A. O. T. Patrocinio & A. E. H. Machado

Introduction

Electron transfer is the most basic form of a chemical
reaction: the electron is spontaneously transferred from
a donor to an acceptor center’ 2. The understanding of the
photophysics related to the photoinduced electron transfer
is fundamental for the comprehension of certain natural
processes, such as light harvesting, making feasible the
developing of artificial systems for solar fuel production®.

In the study of photocatalytic processes, computational
quantum mechanics has made significant contributions*”’.
Jono and coworkers, for example, demonstrated the
occurrence of interfacial charge transfer from an organic
compound to the surface of titanium dioxide, using visible
radiation®.

Among the possible applications of such phenomenon
stands out the use of solar energy in visible region to
trigger photocatalytic processes (solar energy conversion,
environmental remediation and photocatalytic production
of hydrogen are some examples) since that a large part
of the known semiconductor oxides with photocatalytic
activity are active only in the ultraviolet. Thus, this has
attracted the attention of several researchers around the
world®2°.

Considered as the energy source of the future
the hydrogen, in addition of being a renewable font,
concentrates a large amount of energy per unit mass
(1.0 kilogram of hydrogen contains about the same
energy supplied by 2.7 kilograms of gasoline), enabling
the portability of energy?'?2. Experts have pointed out

three major obstacles to the expansion of hydrogen
consumption, taking into account the currently available
technology: clean production, low cost and the storage
and transportation. As a result, many efforts to expand
the use of hydrogen as cheap energy supply has been
based on the development of efficient processes free of
fossil fuels!s1%.

The photocatalytic degradation of water to produce
hydrogen under the solar irradiation is a promising way
to obtain clean and cheap hydrogen. Despite the advances
in photocatalysis using ultraviolet radiation, the use of
visible radiation is yet a theme of intense studies'®*.

Studies show that the incorporation of photosensitizing
dyes to the surface of a photocatalyst is a viable option
to increment the H2 production*. TiO, is the most
studied photocatalyst since it is stable, usually presents
photocatalytic activity, of low-cost and versatile. However,
this semiconductor has a negligible photocatalytic activity
in almost all the visible spectrum. So, much effort has
been directed to work around this problem'¢*. One of the
alternatives found are the dye-sensitized photocatalysts'®>.
These systems are capable to minimize the recombination
of the charge carriers and the red shift of the absorption
spectrum enabling the use of visible radiation'e.

In the present study, we evaluate the role of functional
groups on the photoinduced charge transfer in four
complexes based on the chemical association between
Ru(Il) phthalocyanines and a cluster of anatase (TiO,),
continuing the study started by Gomes et al. (2015)%.
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Methods

To optimize the structure of the complexes 1-diethyl-1-
carboxyl-RuPc-Anatase (1), 2-diethyl-1-carboxyl-RuPc-
Anatase (2), 2-diethyl-2-carboxyl-RuPc-Anatase (3),
and 3 -diethyl -1- carboxyl — RuPc-Anatase (4), and
calculate their vibrational frequencies, we used the hybrid
functional B3LYP and the basis set LANL2DZ ECP?"%
with the corresponding pseudo- potential for Ru and Ti,
and the basis set def2-TZVP* for the other elements.
The functional CAM-B3LYP*' was used in the TDDFT
approaches for predicting the first sixty singlet excited
states for the construction of the electronic spectrum of
each studied derivative.

The nanocluster of anatase used in the calculation was
based in a structure described by Jono and co-workers?,
being kept frozen in all calculations.

All calculations were done considering the derivatives
solvated in acetonitrile. This was done using CPCM
(Polarizable Conductor Calculation Model)*.

The contribution of the molecular orbitals on
electronic state was calculated using Chemissian®.
GaussSum™ was used to calculate the contribution of the
most important electronic transitions and to build energy
diagrams and graphs of states densities.

Structural ~ optimizations, infrared frequency
calculations and simulations of excited states were done
using the software Gaussian 09%.

Results and Discussion

Figure 1. Optimized structures: (1) 1-diethyl-1- carboxyl-RuPc-Anatase (2)
2-diethyl-1-carboxy- RuPc-Anatase (3) 2-diethyl-2-carboxyl-FtRu-Anatase
(4) 3 -diethyl -1- carboxyl — RuPc- Anatase
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The vibrational spectra calculated for the derivatives
did not have imaginary frequencies, indicating that the
stationary point found on the optimization corresponds
to global minima.

The values of the geometric parameters of each
structure show good agreement with typical bonds and
angles observed of similar structures®*-%.
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Figure 2. Simulated electronic absorption spectra of the complexes (1)
to (4) solvated in acetonitrile.

The simulated spectra of these complexes exhibit the two
characteristic absorption bands typical of phthalocyanines®.
This suggests that the light absorption properties observed for
the ruthenium phthalocyanines under study are preserved in
these complexes. The maintenance of these properties may
represent a significant advantage for use of these complexes
in applications based on sunlight absorption**+.

The shifts observed in the Q-bands suggest that the
nature, position, number of substituents in the macrocycle,
and chemical bonding with TiO2 exert great influence on
the electronic structure of the complexes. The complexes
(2) and (4) that have a greater number of donor substituents
present a red-shifted Q-band.

Complexes (2) and (4) have both absorption bands
red shifted relative to the others. These complexes present
in general expressive values of oscillator strength for the
first five excited states, typical of electronic transitions of
high probability. They are related to photoinduced charge
transfer from donor groups, and are in the range of the
Q-band. Differently, for complexes (1) and (3) the most



intense electronic transitions are related to states S4 and S5.
Different combinations and weights of the molecular orbitals
in the range between HOMO-2 and LUMO+3, excluding
the LUMO, are involved in the transitions that constitute the
five first electronic states of these four complexes.

The Soret (B) band in these complexes is of high
probability, involves high electronic states and practically
does not suffer electronic shift. However, the intensity of the
bands varies, being the most intense related to complex (3).
This complex possesses donor and acceptor groups linked
to the macrocycle. The analysis of the orbital structure of
this band suggests that it is mainly of charge transfer from
the macrocycle and metallic center of phthalocyanine to the
semiconductor.

Table 1 presents the contribution of main molecular
fragments (Ru(Il), the TiO, cluster - TiO,, the free base
phthalocyanine - Mcycle, the donor groups - Donor, and the
axial pyridines - Py) in the molecular orbital composition of
each complex.

The data from Table 1 shows that the TiO, cluster
does not contributes with the occupied orbitals. However,
this contribution is very significant in the virtual orbitals,
according to the verified in the analysis of the molecular
orbitals involved in photoinduced charge transfer.

Ru(Il), as well as, the free base phthalocyanine type
structure and the donor groups have expressive contribution
in the occupied orbitals, mainly HOMO-2 and HOMO-
1 in all complexes, and HOMO-4 in the complex (4).
Such orbitals are important in the Q-band, as observed
in the electronic spectra (Figure 2), and in the electronic
delocalization in these phthalocyanines.

The analysis of the DOS (Figure 3) corroborates with the
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Anatase  O(2p)Ti(3d)
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Figure 3. Density of states (DOS) diagram calculated for the complex
(4), presenting the partial DOS corresponding to Ru(Il), macrocycle
and anatase.

Table 1. Contributions of molecular orbitals in the main areas of each
complex

MO Contribution (%)

Ru(Il) | TiO2 | Mcycle | Donor | Py

H-5 - - 98 - 2

H-2 54 - 41 - 5

H-1 24 - 70 3 3

H 10 - 71 18 1

! L+1 - 99 1 - -
L+3 - 100 - - -

L+23 8 6 83 - 3

L+28 - 100 - - -

H-7 1 - 97 1 1

H-6 1 - 96 1 2

H-2 35 - 56 7 2

H-1 31 - 48 19 2
2 H 3 - 85 - 12
L+1 - 100 - - -

L+3 - 99 1 - -

L+23 - 99 1 - -

L+24 - 95 5 - -

H-6 - - 96 4 -

H-2 34 - 56 7 3

H-1 30 - 48 19 3

3 H 4 - 85 11 -
L+1 - 100 - - -

L+2 - 100 - - -

H-7 12 - 82 1 5

H-4 49 - 51 - -

H-2 26 - 51 20 3

H-1 23 - 50 25 2

H 2 - 82 16 -

4 L+1 - 100 - - -
L+2 - 100 - - -

L+3 - 98 2 - -

L+13 - 99 1 - -

L+14 - 100 - - -

L+23 - 99 1 - -

L+25 - 100 - - -

75



Artigo Geral 14

data of Table 1. The partial DOS of anatase predominates
above — 4 eV, in the range of virtual states, showing that
the electronic transitions governed by the Q-band tend to
induce electron transfer from phthalocyanine to 3d states of
the fivefold coordinated titanium atoms44. Additionally, the
involvement of 4d orbitals of Ru(Il) in these transitions is
evidenced by two bands in the DOS diagrams calculated for
these complexes.

Conclusions

The photophysical characterization of four complexes
formed by chemical association between derivatives of
Ru(Il) phthalocyanine and anatase nanocluster showed,
through electronic structure analysis, that the electronic
excitation of the Q-band of such complexes results in the
efficient electron transfer from phthalocyanine to TiO,
(anatase). Also, the number of donor groups, peripheral to
the macrocycle, favors this process and is responsible for
a red shift of the Q-band, and that this band should occur
in the visible, above 500 nm. This opens the possibility of
applications of such complexes to enhance photocatalytic
processes by sensitization of photosensitizers based on TiO,
using sunlight.

The DOS diagram shows that the most effective
contributions in the sensitization process are due to the
macrocycle and Ru(II).
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Estudo Tedrico de Propriedades
Geométricas e Eletronicas da
Nimesulida no Vacuo Utilizando
Dindmica Molecular de Car-Parrinello

Eduardo C. Vaz, Ademir J. Camargo & Solemar S. Oliveira

Introducdo

O nimesulida é um farmaco da classe dos anti-
inflamatdrios ndo-esteroides (AINES) e atua inibindo a
biossintese de prostaglandinas, através de um bloqueio
competitivo da enzima ciclooxigenase (COX) e também
diminuindo a formagéo de radicais livres em nivel da
cascata do acido araquidonico, impedindo a formagado
de eicosanoides, combatendo, assim, 0s processos
inflamatorios, dores e febre 2.

Realizamos a dinamica de Car-Parrinello no vacuo
objetivando analisar as propriedades geométricas
da molécula. Para comparagdo, também realizamos
calculos de Teoria do Funcional de Densidade (DFT),
e analisamos a estrutura eletrénica. Comparamos
nossos resultados com dados experimentais obtidos por
difracdo de raios-X.

Modificagbes em sua estrutura molecular foram
listadas na literatura provando um maior efeito anti-
inflamatério do nimesulida®>. Tais modifica¢des
juntamente dos resultados obtidos serdo utilizados para
estudos de uma dindmica em sistema aquoso focando
melhorias na sua farmacodinamica.

Metddos

Para os calculos, a molécula primeiramente foi
otimizada geometricamente ¢ minimizada sua fung@o
de onda com o auxilio do algoritmo Steepest Descent.
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A molécula estabilizada foi utilizada como input para
os calculos em todos os métodos. Para Car-Parrinello,
utilizou-se o funcional PBE com calculos realizados
com o auxilio do programa Quantum Espresso. Para o
método de DFT os calculos com base 6-31+g(d,p) foram
realizados com o auxilio do programa Gaussian(9.

Resultados e Discussoes

Os resultados da dindmica mostraram-se positivos,
confirmando que a molécula possui comportamento
estavel.

Figura 1: Molécula de Nimesulida com atomos respectivamente
enumerados.



Os resultados também mostraram que a molécula
manteve a separagao energia entre os subniveis eletronico e
ionico durante toda a simulagdo, como pode ser observado
no grafico:
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Grifico 1: Separagdo adiabatica dos subsistemas nuclear e eletrénico
para a simulagdo da molécula de nimesulida.

Por meio de DFT pode-se observar as propriedades
eletronicas do nimesulida, tais como mapa de potencial
eletrostatico (MEP) e orbitais HOMO-LUMO.

e o

Figura 2: Orbitais HOMO-LUMO.

Figura 3: Mapa de potencial eletrostatico (MEP).
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As comparagdes dos pardmetros geométricos entre
os métodos teodricos e os resultados experimentais estdo
expressos nos graficos abaixo:

1,74 B3LYP :
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Grifico 2: Grafico comparativo de comprimentos de ligagdo (A) entre
resultados tedricos e experimentais.

Ao observar o grafico 2, verificamos que havia
um grupo de valores que mais se distanciava da reta
em relag@o aos outros (pontos destacados no grafico).
Ao analisarmos esses valores, verificamos que se
trata de uma possivel repulsdo eletronica H-H, entre
H(8)-H(12), H(9)-H(10) e H(2)-H(7). Os demais
valores apresentaram um aceitavel desvio padrao da
reta.

Ja ao observarmos o grafico 3, verificamos que
os valores de angulo de ligagdo estavam bastante
dispersos, mas dois grupos se destacavam mais, em
relacdo aos outros, da reta (pontos destacados no
grafico). Ao analisarmos os valores, percebemos que
se trata do efeito de eletropositividade na angulagdo
da molécula, uma vez que os pontos que apresentaram
alto desvio padrdo correspondem a angulagdo entre
S(33)-N(27)-H(9) e S(m-N (como pode ser
observado no MEP).

@7 ca7)
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Grafico 3: Grafico comparativo de angulos de ligacdo (°) entre
resultados tedricos e experimentais.

Conclusodes

Por meio dos resultados pode-se observer as regides
as quais o solvente provavelmente ira interagir. A
probabilidade de interagdo ¢ maior devido a presenga de
Umaregiao eletropositiva na molécula € do posicionamento
do orbital LUMO. Tal regido tem maior facilidade em
liberar préton, facilitanto também a interagdo de um
solvente com a molécula.

Pode-se também comparar e verificar qual dos métodos
possui maior acuracia quando comparado aos resultados
experimentais a nivel de parametros geométricos.
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Planejamento Fatorial para a Investigacao
das Propriedades Espectroscépicas, Efeitos
Relativisticos e de Solvatacdo de Derivados
Halogenados da 2-Amino-1,4-Naftoquinona

Eduardo P Rocha, Livia C. T. Lacerda, Mateus A. Gongalves, Maira S. Pires,
Telles C. Silva, Henrique A. Rodrigues & Teodorico C. Ramalho

Introducdo

Nos ﬁltimosganos, o interesse por processos fotoquimicos
e fotofisicos tem aumentado.! Muitos desses processos
apresentam aplicagdes industriais, como a fotocatalise,
ou aplicagdes biomédicas, como as sondas fluorescentes
para o diagndstico de imagem.>? Muitos compostos
apresentam caracteristicas fluorescentes, dentre esses
compostos, encontram-se os derivados de naftoquinonas.?
Esses compostos, de origem natural, apresentam diversas
aplicagdes biologicas, como antitumorais, antifingica,
antimalarica, entre outras.* Derivados de naftoquinonas
j& foram testados por grupos de pesquisa3 como sondas
fluorescentes em alguns tipos de cancer, como o cancer
de colon e de boca.*® Estudos das propriedades desses
derivados apresentam, dessa forma, grande importancia,
uma vez que alteragdes estruturais podem fornecer sondas
fluorescentes mais eficientes, seletivas € com um maior
precisdo.!

Modifica¢des estruturais, como adi¢do de halogénios
em determinadas posi¢coes da molécula pode promover
alteragdes das propriedades espectroscopicas, o que
possibilita a geragdo de novas regides de absorgdo
¢ emissdes.’ Estudos de derivados halogenados de
naftoquinonas empregam a espectroscopia de fluorescéncia’,
Raman®, UV-VIS®, entre outras anélises para a avaliagdo
dos padrdes de emissdo e absor¢ao desses compostos, bem
como, por estudos teodricos, que envolvem a analise das
energias de absorgdo, de emissdo, a analise da diferenca
entre os orbitais homo-lumo, entre outras caracteristicas.’

Recentes estudos tedricos envolvem, também, a analise
dos diferentes mecanismos de emissdo de fluorescéncia
apresentado por esses compostos. !

Dentre os estudos teoricos existem diferentes métodos
que permitem a analise de processos de absor¢ao e emissio,
como os métodos Multi-Referenciais CASSCF, CASPT2,
entre outros’. Nos tultimos anos, o emprego da teoria do
funcional de Densidade (DFT) tem se tornado importante
por permitir a analise de diferentes sistemas quimicos com
tamanhos diferenciados, como para a analise de complexos
metalicos e sistemas bioldgicos.!! A analise de propriedades
de absorcao e emissdo ¢ realizada com o emprego da Teoria
do Funcional de Densidade dependente do tempo (TD-
DFT), que permite a analise das transi¢des verticais de
compostos diversos, bem como a analise da diferenca entre
os orbitais homo-lumo e pode ser aplicada aos estudos dos
mecanismos de fluorescéncia de inimeras moléculas.'?

Dentre os diversos aspectos relacionados ao processo
de emissdo e absor¢do, os efeitos relativisticos t€m sido
considerados importantes para o estudo de 4tomos com alta
massa molecular, como o Bromo e o Iodo." Esses efeitos
tém sido amplamente estudados para atomos como o ouro13,
podendo ser negligenciados em compostos organicos que
envolvam apenas atomos com baixa massa molecular.
Entretanto, efeitos relativisticos, como o acoplamento
spin-Orbita, que estd relacionado ao desdobramento dos
niveis de energia de atomos pesados, podem influenciar
significativamente propriedades eletronicas de compostos
quimicos.™

Desde o enunciado da Equacédo de Dirac para resolugéo
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dos efeitos relativisticos, diferentes métodos tém sido
desenvolvidos, como o método de Douglas-Kroll-Hess, que
transforma o hamiltoniano de quatro componentes para duas
componentes apenas.”!7 Ou o método da Aproximagdo
Regular de Ordem Zero (ZORA), que emprega o método de
Pauli para a resolu¢do da Equagdo de Dirac para compostos
quimicos.'®"® Esses métodos modificam o hamiltoniano
da Equac@io de Schréedinger e promovem o célculo de
propriedades relativisticas para sistemas quimicos que
apresentam grande aplicagdo a estudos de propriedades
espectroscopicas de complexos metalicos e estruturas
quimicas que envolvam atomos de alto peso molecular.?*?!

Desta forma, para compostos com atomos pesados,
a incorporagdo de efeitos relativisticos é essencial para o
calculo acurado de propriedades espectroscopicas. Todavia,
a escolha de qual o melhor método relativistico a ser
aplicado normalmente requer a avaliacdo de varios fatores.
Dentre esses fatores, encontra-se, por exemplo, a utilizagdo
ou ndo do acoplamento spin-orbita e o emprego de fungdes
de base relativisticas. Neste contexto, o planejamento
experimental empregando a metodologia de planejamento
fatorial pode auxiliar na escolha das melhores condic¢des
para o estudo. O planejamento fatorial ¢ uma abordagem
estatistica que envolve a constru¢o de uma combinacao
de fatores, escolhidos dentre os parametros que se deseja
estudar, para a investigacdo da significancia desses fatores
sobre o estudo. Existem diferentes formas de construir o
planejamento fatorial (2K, 3K, ...), e com isso diferentes
formas de modelar o sistema na busca pela interpretacao
correta dos resultados.

O presente estudo visa a aplicagdo da metodologia de
planejamento fatorial do tipo 3K para avaliagdo de métodos
relativisticos sobre o processo de absor¢do de compostos
halogenados de 2-amino-1,4-naftoquinona visando avaliar
as melhores condigdes e os fatores significativos para
o estudo da propriedade espectroscopica dos derivados
halogenados.

Metodologia

Otrabalho foidesenvolvidoaplicandoométodo TD-DF T/
B3LYP? para o calculo das propriedades espectroscopicas
dos  compostos  2-amino-3-Bromo-1,4-Naftoquinona
(ABNQ)*® e 2-amino-3-lodo-1,4-Naftoquinona (AINQ),
conforme estruturas quimicas apresentadas na Figura 1.
Os 8 primeiros estados excitados foram avaliados com
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o programa ORCA?* empregando o método COSMOQ™"
para simular o efeito do solvente metanol,”® o qual foi
empregado como solvente nos estudos experimentais para o
composto ABNQ. O método de Tamm-Dancoff (TDA)* foi
empregado para simular o efeito de relaxagdo do solvente
no estado excitado dentro do método TD-DFT.

0 0l
-~ :-H'\-':."'LI - "’“H -, I - ‘dH.‘I [.-"Hﬁqﬁw-\.\ [#'#uh‘ [J- N _L'
H"\-\. \-\-:? .__-" -\..__H «”H__; H"'\-Hr .H"‘-\._".-':-.-' 'H.\”-__ -~ "'|
O O
ABMO AlNG

Figura 1. Estrutura quimica dos compostos halogenados da 3-amino-
1,4-naftoquinona.

O planejamento fatorial foi executado dentro do
programa Statistica®, empregando metodologia tipo
3K, conforme descrito na Tabela 1. Os parametros do
planejamento fatorial foram a presenga do acoplamento
spin-Orbita (sem o acoplamento, o acoplamento spin-
orbita apenas utilizando a carga nuclear efetiva (SO (1))
e o0 acoplamento spin-orbita com aproximagdo de campo
e potencial efetivo (SO (3))), a fun¢do de onda (TVZ,
TVZ ZORA e TVZ DKH)* implementada no programa
ORCA para avaliagdo das fungdes de onda relativisticas
¢ 0 hamiltoniano (ndo relativistico, ZORA e DKH2).2* A
variavel resposta para o composto ABNQ foi a diferenca
entre o valor calculado e o valor experimental®, ja para
o composto AINQ a variavel resposta foi apenas o valor
calculado, uma vez que para esse composto ndo ha valor
experimental reportado na literatura ¢ o - presente momento.
A estimativa dos efeitos foram realizados com o auxilio do
programa Statistica® e descritos na Tabela 2, bem como
a analise ANOVA, descrita na Tabela 3. Para critério de
aceitagdo foi empregado, juntamente com a ANOVA, o
Teste t a 5% de probabilidade.



Resultados e Discussao

O planejamento Fatorial do tipo 3K para o composto
2-amino-3-Bromo-1,4-Naftoquinona (ABNQ) seguiu os
parametros estipulados na Tabela 1. Nesse planejamento,
avaliou-se no parametro A o efeito do acoplamento spin-o6rbita,
no parametro B a fungio de base e no parametro C o método
relativistico. Os niveis de cada parametro foram estipulados
desde o método sem efeitos relativisticos (sem o acoplamento
spin-orbita, fungdo de base ndo relativistica e 0 hamiltoniano ndo

Tabela 1. Planejamento Fatorial do tipo 3° com os niveis e fatores avaliados no planejamento.

relativistico), passando pelo nivel médio (adi¢o do efeito spin-
orbita, fungdo de base com implementago ZORA, e método
ZORA), até o nivel alto (adi¢io do efeito spin-orbita, fun¢io
de base com implementagdo DKH ¢ método DKH?2). Avaliou-
se, também, a interacdo dos fatores entre si. Como resposta,
os valores de absor¢do empregando o método TD-DFT e o
modelo COSMO, para simular o efeito do solvente metanol,
foram calculados. O valor experimental” foi comparado aos ¥’

ensaios calculados e representados na Tabela 1.

Nivel -1 0 +1

gz}ﬁ:oplamento Spin- Sem SO (1) SO (3)

(B) Fungao de base TVZ TVZ_ZORA TVZ_DKH

(C) Método Relativistico Nao-Rel. ZORA DKH2
A B C R (Metanol) ABNQ R(Metanol) AINQ
-1 -1 -1 458,7 (+ 6,7)* 461
-1 -1 0 4572 (+5,2) 460,8
-1 -1 457,7 (+5.,7) 462,9
-1 0 -1 457,1 (+5,1) 463,2
-1 0 0 458.,4 (+6.,4) 460,8
-1 0 4542 (+2,2) 460,6
-1 1 -1 459.4 (+7,4) 463,4
1 1 0 4594 (+7,4) 461
-1 1 1 4527 (+0,7) 460,6
0 -1 -1 458,7 (+6,7) 461
0 -1 0 4572 (+5,2) 460,8
0 -1 457,77 (+5,7) 462,9
0 0 -1 457,1 (+5,1) 463,2
0 0 0 458.,4 (+6.,4) 460,8
0 0 4542 (+2,2) 460,6
0 1 -1 459.4 (+7,4) 463,4
0 1 0 4594 (+7,4) 461
0 1 1 452,7 (+0,7) 460,6
1 -1 -1 458,7 (+6,7) 461
1 -1 0 4572 (+5,2) 460,8
1 -1 457,7 (+5,7) 462,9
1 0 -1 457,1 (+5,1) 463,2
1 0 0 458,4 (+6.,4) 460,8
1 0 4542 (+2,2) 460,6
1 1 -1 459.4 (+7,4) 4634
1 1 0 459.4 (+7,4) 461
1 1 1 452,7 (+0,7) 460,6

* Valores em parénteses sdo referentes ao erro comparado ao valor experimental de 452 nm.
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O modelo quadratico empregado para a analise
do planejamento fatorial possui a forma descrita na
Equagdao 1. O planejamento fatorial deste estudo
busca encontrar os melhores fatores em relagdo aos
pardmetros que gerem os menores erros, buscando
uma minimizagdo dos resultados. Pode-se notar que
os fatores que se mostraram significativos foram com
relacdo ao fator C, ou seja, ao método relativistico
adotado. E a interacdo entre a funcdo de base e¢ o
método relativistico também se mostraram importantes
para o composto avaliado.

As Equagdes 1 e¢ 2 sdo geradas pelos valores
significativos descritos na Tabela 2 e 3, para os
compostos ABNQ e AINQ, respectivamente. Para
o ABNQ, a equacdo ¢ referente ao erro absoluto
gerado pela comparacdo do valor calculado com o

experimental. Para o composto AINQ, a equagdo
foi gerada com o valor bruto do comprimento de
onda obtido pelo célculo. A analise da Equagdo 1,
que representa o modelo quadratico para o fatorial
3K, mostrou que o fator A ndo é significativo para
a constru¢do das respostas, ou seja, a adicdo do
acoplamento spin-orbita para o composto ABNQ. O
fator B, apesar de estar dentro do modelo, também
ndo foi significativo para o estudo. Dessa forma, as
funcdes de base estudada, com a adicdo dos efeitos
relativisticos, ndo produziram efeitos sobre a resposta.
O parametro C foi significativo para o estudo,
destacando um valor de -3,53% para a analise linear,
o que indica que ao passar do nivel baixo (-1) para
o nivel médio ou alto (0, +1) a resposta diminui em
3,53%.

Tabela 2 - Estimativa dos efeitos para o modelo quadratico do planejamento fatorial 3° para o composto ABNQ baseado nos valores de Erro.

Fator Efeito Erro padrio t(17) P 35:?:{;2?:;: de +95C0/;n1f‘ii:111i¢t: de
Média 5,20 0,22 23,16 0,00 4,72 5,67
A 0,00 0,54 0,00 1,00 -1,16 1,16
A2 0,00 0,47 0,00 1,00 -1,00 1,00
B -0,70 0,54 -1,27 0,22 -1,86 0,46
B2 -0,95 0,47 -1,99 0,06 -1,95 0,05
C -3,53 0,54 -6,42 0,00 -4,69 -2,37
C2 +1,7 0,47 3,56 0,00 0,69 2,70
A*B 0,00 0,67 0,00 1,00 -1,42 1,42
A*C 0,00 0,67 0,00 1,00 -1,42 1,42
B*C -2,85 0,67 -4,23 0,00 -4,27 -1,42

De acordo com o modelo, a variagdo do
hamiltoniano sem efeito relativistico para o
método de Douglas-Krolln-Hess de segunda ordem
(DKH2) diminuiu o erro estimado para a resposta.
Isso significa que o método DKH2 se mostra mais
acurado para o estudo dos valores de absor¢do e
do comprimento de onda para a molécula ABNQ.
A estimativa do efeito mostrou um valor de -2,85%
para a interagdo entre a funcdo de base ¢ o método
relativistico, demonstrando que a resposta diminui
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quando passa do nivel baixo para o médio ou alto
em 2,85%. Novamente, a unido dos métodos sem
os efeitos relativisticos gerou os maiores erros,
indicando que a associa¢do do método DKH2 com a
funcdo de base TZV_DKH ¢é mais acurada no estudo
do comprimento de onda e dos valores de absorcdo
para a molécula ABNQ. Todos os valores calculados
para a estimativa dos efeitos estdo detalhados na
Tabela 2 ¢ na Tabela 3 apresenta-se a ANOVA do
planejamento fatorial.



Tabela 3. ANOVA para os planejamentos fatoriais dos compostos ABNQ e AINQ.

Composto ABNQ AINQ
Fator SS df MS F Fator SS df MS F P
A 0,00 1 0,00 0,00 1,00 A 0,00 1 0,00 0,00 1,00
A2 0,00 1 0,00 0,00 1,00 AN2 0,00 1 0,00 0,00 1,00
B 2,20 1 2,20 1,62 0,22 B 0,04 1 0,04 0,16 0,68
B2 541 1 541 3,97 0,06 B"2 0,04 1 0,04 0,15 0,70
C 56,18 1 56,18 41,28 0,00 C 6,12 1 6,12 22,41 0,00
C2 17,34 1 17,34 12,74 0,00 Ccn2 7,04 1 7,04 25,76 0,00
A*B 0,00 1 0,00 0,00 1,00 A*B 0,00 1 0,00 0,00 1,00
A*C 0,00 1 0,00 0,00 1,00 A*C 0,00 1 0,00 0,00 1,00
B*C 24,36 1 24,36 17,90 0,00 B*C 16,56 1 16,56 60,62 0,00
Erro 23,13 17 1,36 - Erro 4,64 17 0,27 - -
Total SS 128,64 26 - - Total SS 34,46 26 - - -
A analise fatorial empregando os valores calculados 3ot 1 lchs 27 st WS il 360735
de comprimento de onda (Equacdo 2) ou o erro gerado N = _b«m
ao se comparar com o valor experimental (Equagéo ,ﬂf; i e
1) produzem equagdes quadraticas semelhantes. Isto w2 Jasesnaa
demonstra que nas duas ocasides, o modelo se aplica, "’ i
porém, ao se comparar ao valor experimental pode- :‘:]0 i
se decidir melhor como interpretar cada modelo de A%_Jo
acordo com o objetivo do estudo, que ¢ de minimizar wel
o erro em relacdo ao valor de comprimento de onda o [

calculado.

Y =5,20—-0,70B —0,95B2 —-3,53C + 1,70C2 — 2,85B*C
Equacio 1

Y =457,2-0,70B - 0,95B2 - 3,53C + 1,70C2 - 2,85B*C
Equacio 2

A analise dos graficos mostrados na Figura 2A e 2B
apresentam todos os valores dos efeitos estimados para os
dois modelos quadraticos e o valor de corte para o teste
F a 0,5% de probabilidade, mostrando que os parametros
sdo semelhantes e que os modelos se equiparam.
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Figura 2A. Efeitos padronizados de Pareto para o planejamento
fatorial 3K baseado nos valores de comprimento de onda.
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Figura 2B. Efeitos padronizados de Pareto para o planejamento
fatorial 3K baseado nos valores do erro.
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Baseado no modelo de planejamento fatorial apresentado
para o ABNQ, pode-se construir um modelo semelhante
para o 2-amino-3-lodo-1,4-Naftoquinona (ver Figura 1)
e comparar os dois modelos baseado na importancia dos
efeitos relativisticos para o calculo de energia de absorcao e
do comprimento de onda desses compostos. Para o composto
AINQ, os calculos dos 27 ensaios foram realizados conforme

descrito na Tabela 1. Os comprimentos de onda e a energia
de absor¢do foram calculados empregando o método TD-
DFT juntamente com o modelo COSMO para simular o
solvente metanol. Comparativamente ao composto ABNQ,
o AINQ apresentou apenas o fator C como significativo,
possuindo valor de -1,16% enquanto o ABNQ apresentou
o valor de -3,53%.

Tabela 4 - Estimativa dos efeitos para o modelo quadratico do planejamento fatorial 33 para o composto AINQ baseado nos valores de comprimento de onda.

Fator Efeito Erro padrio t(17) P -952:);?::? de +95((;/(‘;nl;ii;11i:: de
Média 461,58 0,10 4588,06 0,00 461,37 461,80
A 0,00 0,24 0,00 1,00 -0,51 0,51
A2 0,00 0,21 0,00 1,00 -0,45 0,45
B 0,10 0,24 0,40 0,68 -0,41 0,61
B2 -0,08 0,21 -0,39 0,70 -0,53 0,36
C -1,16 0,24 -4,73 0,00 -1,68 -0,64
C2 -1,08 0,21 -5,07 0,00 -1,53 -0,63
A*B 0,00 0,30 0,00 1,00 -0,63 0,63
A*C 0,00 0,30 0,00 1,00 -0,63 0,63
B*C -2,35 0,30 -1,78 0,00 -2,98 -1,71

A andlise das interagdes se mostrou significativa
apenas entre os fatores B e C, mostrando valor de -2,35%
para o AINQ enquanto que para o ABNQ apresentou o
valor de -2,85%, mostrando que para todos os efeitos
que se mostraram significativos nesse estudo a resposta
diminui quando sai do nivel baixo (-1) para o nivel
médio (0) ou alto (+1), conforme descrito na Tabela
4. Novamente, pela analise da estimativa dos efeitos,
pode-se observar que o método relativistico e a funcio
de onda sdo significativos para estes estudos. O modelo
apresentado para o composto ABNQ apresentou maior
erro relativo ao valor experimental seguindo a orientagao
das estimativas dos efeitos, por comparagdo. O mesmo
aconteceu com a estimativa dos efeitos para o AINQ,
portanto, seguindo a mesma tendéncia, os fatores de
menor nivel apresentardo os maiores erros, ou seja, sem
o0 acoplamento spin-orbita, com a fungio de base TVZ e
com o hamiltoniano ndo relativistico. Assim, o melhor
método para o estudo, ou seja, o0 método que apresenta
os menores erros comparados ao valor experimental sera,
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novamente, € 0 método de DKH2 e sua combinagdo com
a funcdo de base TZV_DKH.

Conclusao

O planejamento fatorial 3k para os compostos ABNQ
e AINQ se mostrou satisfatorio, revelando que para o
célculo TD-DFT do comprimento de onda e das energias
de absor¢do utilizando o método COSMO para avaliar o
solvente, apenas o hamiltoniano relativistico foi significativo
para o célculo, sendo o método DKH2 apresentou os
menores erros. Mostrou, também, que na fase gés a fungdo
de onda ¢ significativa para o calculo. Em ambos os casos,
a interagdo da funcdo de onda com o método se mostrou
significativo, sendo que o método DKH2 com a fungdo
de base TVZ DKH geraram os menores erros para a
propriedade observada. Com base no experimento avaliado
para o ABNQ, pode ser desenvolvido método semelhante
para o AINQ (ver Figura 1) comparando os parametros dos
planejamentos fatoriais e definindo os melhores fatores para
o célculo das propriedades espectroscopicas.
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Investigacao Tedrica de Adicoes
Aldélicas de Monocarbonilas e
B-Dicarbonilas Catalisadas

Ellen V. D'Alessandro & Josefredo R. Pliego Jr.

Introduction

As reacdes aldolicas sdo conhecidas ha mais de um
século e estdo entre as mais uteis em quimica organica,
sendo um topico classico.' Parte de sua importancia
reside na habilidade de formacédo de ligagdes carbono-
carbono (Esquema 1).

OH o [

R & |
&
H>_E\H =" W RN\S&EJ\%H
R )

Esquema 1. Adicao e condensacdo aldolica.

A reacdo pode ser via catalise acida ou basica.
Também pode ocorrer catalise via formagao de enamina,
um mecanismo de grande interesse em organocatalise.
Apesar do tempo que esta reacdo ¢ conhecida, e dos
varios estudos tedricos e experimentais ja realizados,
ainda existem muitos aspectos ndo bem esclarecidos
desta reagdo.” Soma-se a isso o fato de que muitos
estudos abordam aspectos especificos, faltando uma visdo
mais ampla da reagdo em todas suas etapas. Baseado
nestas consideragdes, iniciamos estudos teodricos/
computacionais desta classe de reacdes com o objetivo
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de montar o perfil de energia livre global, analisando
os varios equilibrios, etapas de ativacdo (estados de
transicao), e efeito do solvente.

Neste trabalho, abordaremos a catalise basica com
piperidina em metanol como solvente. Como sistemas
modelo, estudamos a reag¢do de acetona com benzaldeido,
que ¢ uma reagdo alddlica classica. Estudamos também
a reacdo alddlica envolvendo um composto beta-
dicarbonilico, a aceto-acetona, mais ativado em relagao
a desprotonacdo, com o benzaldeido. Esta ultima reacao
recebe o nome de Knoevenagel. A etapa estudada até o
momento ¢ a adigdo aldélica, que consiste da formagdo
do ceto-alcool.

Metodologia

Otimizagdo de geometria para obter os minimos
e estados de transicdo foram realizados em nivel
CPCM/X3LYP/6-31(+)G(d), de forma a incluir o
solvente na otimizagdo de geometria. Este nivel de
teoria foi utilizado também para realizar o calculo
de frequéncias harmonicas, de forma obter a energia
livrte em fase gasosa. Uma vez obtido os pontos
estacionarios, realizamos calculos da energia em
nivel M08-HX com bases TZVPP aumentadas com
fun¢des difusas sp sobre o oxigénio e nitrogénio. Por
fim, a energia livre de solvatagdo foi calculada em
nivel SMD, com densidade X3LYP/6-31(+)G(d).



Resultados e Discussoes

O trabalho envolveu duas reagdes: (a) acetona com
benzaldeido e (b) aceto-acetona com benzaldeido, ambas
catalisadas pela piperidina, atuando como catalisador
basico.

No primeiro sistema investigado, acetona
mais benzaldeido, a primeira etapa da reacdo ¢ a
desprotonacao da acetona pela piperidina, formando
um enolato (MS1). Para calcular a energia livre deste
processo, utilizamos a reagdo de troca de proton da
acetona com fendxido (pka de 14,0 em metanol)
e determinamos que o pKa da acetona ¢ 25,0 em
metanol. Com base neste valor e no pKa da piperidina
protonada (11,7), a primeira etapa de reagdo tem
uma energia livre de 19,2 kcal/mol, como mostrado
no diagrama da Figura 1. Na etapa seguinte, o
enolato formado atua como um nucleéfilo e ataca o
benzaldeido via um estado de transi¢do TS1, formando
o intermediario MS2. A barreira de energia livre para
esta etapa ¢ de 16,1 kcal/mol, que somada a etapa
anterior, leva a uma barreira global de 35,3 kcal/mol.
O intermediario formado, MS2, é essencialmente um
alcoxido, que pode pegar um proton do meio e gerar
o produto final MS3, um ceto-alcool. Como podemos
notar, a piperidina ndo ¢ uma base forte o suficiente
para desprotonar favoravelmente a acetona, tornando
0 mecanismo inviavel com esta base.

AGyy (keal mol™y i

C3HgO +

CsH) N + CHgO

Coordenada de Reagiio

Figura 1. Diagrama de energia livre para a reacdo de acetona com
benzaldeido.

Na segunda reagdo, envolvendo a aceto-acetona,
a etapa de desprotonacdo ¢ muito favoravel, com
uma energia livre de apenas 0,8 kcal/mol (Figura
2). Na etapa de ataque do enolato ao benzaldeido,
a barreira ¢ mais alta do que a anterior, 21,0 kcal/
mol. Isto se deve ao maior impedimento espacial da
aceto-acetona desprotonada. A barreira final de 21,8
kcal/mol torna este mecanismo viavel, apesar do
valor levemente positivo da energia livre do produto
final de 2,6 kcal/mol.

Ha na literatura alguns dados de substratos
parecidos que podemos comparar valores cinéticos.
Medien reportou a cinética da reacdo de acido de
Meldrum com benzaldeido em DMSO a temperatura
ambiente.> Com base em seus dados, podemos
estimar uma barreira de energia livre de 19,7 kcal/
mol. Rodriguez et al.* utilizaram esponja de proton
como catalisador da reacao de acetoacetato de etila
com benzaldeido em DMSO a 80 oC, e seus dados
de conversdo nos permite estimar uma barreira de 28
kcal/mol. A temperatura mais alta eleva a energia livre,
de modo que um valor de 26 kcal/mol seria razoavel
a 25 oC. Estas comparacdes indicam que a barreira
obtida neste trabalho esta dentro da faixa de valores
experimentais.

Conclusoes

Os altos valores de AGsoli na reagdo (a) mostram
o quanto ¢ desfavoravel esta reagdio via catilise com

0 O
o 0 H
0 H
E 0
3| '™
= v 0
- 1 (2,6)
g . MS6
CsHg0, +
CsHy N + CH0

Coordenada de Reagio — ——————————p»

Figura 1. Diagrama de energia livre para a reagdo de acetona com
benzaldeido.
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piperidina. Seria necessario metdxido (pKa(CH3OH) =
18,3) para desprotonar a acetona em metanol numa extensao
apreciavel. Ja a reacdo (b), de Knoevenagel, a acetoacetona
¢ bem mais facilmente desprotonada, e a reacdo seria
observada, mesmo que a etapa de adi¢do tenha uma barreira
maior devido a repulsdo espacial. Os resultados obtidos
estdo em concordancia com as observagdes experimentais
para ambos os sistemas.
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An improved Method of °C NMR
Chemical Shift by GIAO-DFT
Calculations in the Study of
a Synthetic Prenylated Chalcone

Fabio L. P Costa & Gunar V. S. Mota

Introduction

Chalcones (1,3-diaryl-2-propen-1-ones) (Fig. 1) are
important intermediates for the synthesis of biologically
active compounds such as flavonoid and isoflavonoid
and their derivatives.' Due to their bio-physico-chemical
properties, the chalcones have been the focus of
experimental and theoretical investigations.'*The large
numbers of publications concerning the synthesis and
biological evaluation of chalcone and your derivates have
shown the increase of the interest in these compounds,
and in their potential for medicinal applications.?

Figure 1. Structure of chalcone

In this work, we intent to investigate the ability of two
different approaches in order to determine the 13C NMR
chemical shifts () for the prenylated chalcone (PC)
(2E)-1-(3,4-dimethoxyphenyl)-3-{3-methoxy-4-[(3-
methylbut-2-en-1-yl)oxy]phenyl}prop-2-en-1-one, by
use GIAO-DFT and GIAO-HF, to achieve a high cost-
effectiveness ratio. In the first one, the calculated d (6cal)

will be scaled (8scal, where dscal= dcal*1.05-1.22)* at
the mPW1PW91/6-31G(d)/mPW1PW91/6-31G(d) level
of theory. In the second one, the dcal will not be scaled,
the calculations will be performed using DFT methods
(B3LYP, PBEIPBE, TPSS, M05-2X and M06-2X) and
the HF method, all calculations will be performed using
6-311++G(d,p) basis set.

Methods

A randomized conformational search of the chalcone
molecule 3 (fig. 1) using the Monte Carlo (MC) method
with a search limit of 200 structures, and employing the
Merck molecular force field (MMFF) as implemented in
the Spartan’08 software package6 considering an initial
energy cutoff of 10 kcal.mol! was performed. The lowest
energetic conformer was selected to energy minimization
calculations carried out at the mPWIPW9/631G(d)
(fig. 2). Frequency calculations confirmed that the
optimized geometries corresponds to a true minima on
the potential-energy surfaces and delivered values of free
energy at 298 K and 1 atm. '*C atomic chemical shielding
tensors (o) and isotopic atomic & were calculated from
gauge including atomic orbitals (GIAO) theory with for
same level theory and basis set used in the optimization
molecular. Both in relation at the tetramethylsilane
(TMS). these calculation were performed using the
Gaussian 09 W software package.’
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Figure 2. Optimized structure of PC at the mPW1PW91/6-31G(d) level
of theory.

Results and Discussion

The major differences between our geometry
calculations results and those obtained by Espinoza-
Hicks et al.,’ carried out at the M06-2X/6-311++G(d,p)
level of theory, was noticed in the central zone, here
described as a practically flat region with a maximal
deviation from total planarity of 2.87°, while Espinoza-
Hicks et al.5 point out 16°, approximately. Moreover,
the methoxy groups at 180 and 170 are located in
neighboring carbon atoms. Regarding the plane of the
benzene A-ring, due to the steric hindrance, the methoxy
groups are oriented at opposite sides, maintaining
dihedral angle of 179.73° (176.46°, for Espinoza-
Hicks et al. results)(10C-11C-180-28C). For the other
methoxy group, dihedral angle (11C-10C-170-27C),
we found -179.31° while Espinoza-Hicks et al. found
-81.43°. In view of this difference in behavior, one
would expect some discrepancy between the Espinoza-
Hicks et al. calculated NMR *C chemical shift for
C12 and ours. Indeed, it was observed that our error
was significantly smaller than the Espinoza-Hicks et al.
error, 2.17 ppm and 10.32 ppm (for their the best result,
see table 3), respectively.

The comparisons shown in Table 1 indicate that
all DFT methods predict good results when these are
compared to experimental values. It is important to point
out that, after using the scaling factor our result at the
mPWI1PW91/6-31G(d)// mPWI1PW91/6-31G(d) level
of theory presents the smaller MAD (mean absolute
deviation) and RMS (root mean square) errors, in despite
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of its less computational demanding. On the other hand,
before using the scaling factor MAD and RMS errors
were higher than those obtained at the GIAO-TPSS/6-
11++G(d,p)//M06-2X/6-311++G(d,p) level of theory,
which was the Espinoza-Hicks et al. best results. It shows
how important is to apply scaling factors in order to
improve the *C NMR chemical shift calculations results,
in spite of the use of small basis set as.

Table 1. Statistical data illustrating the performance of various methods
for the GIAO calculation of 13C NMR chemical shifts (3, in ppm) for
the PC molecule.

Level MAD RMS

B3LYP/6-
311++G(d,p)/
MO06-2X/6-
311++G(d,p

PBEI1PBE/6-
311++G(d,p)//
MO06-2X/6-
311++G(d,p)

TPSS/6-
311++G(d,p)/
M06-2X/6-
311++G(d,p)

MO05-2X/6-
311++G(d,p)/
MO06-2X/6-
311++G(d,p)

MO06-2X/6-
311++G(d,p)//
MO06-2X/6-
311++G(d,p)

HF/6-
311++G(d,p)//
M06-2X/6-
311++G(d,p)

mPWI1PW91/6- 3.97* 5.35%
31G(d)/
mPWI1PW91/6-
31G(d) (in this
work)

7.38 9.45

6.91 9.04

4.44 5.92

19.35 22.35

17.28 20.23

7.18 10.08

6.26%* 7.47%*

*fromd_ ,**fromd
scal cale

Conclusions

Despite the calculation approximations, such as
a truncated basis set, as well as the non-considered
effects, such as solvent and rovibrational effects, the
chemical shifts calculated at the mPW1PW91/6-31G(d)//
mPW1PW91/6-31G(d) using a simple relationship (6

scalc



=1.05 6, -1.22 where & ,_and §_ . are the calculated
and the linearly scaled values of the *C chemical shifts,
respectively) were able to yield MAD and RMS errors
as small as those obtained with all DFT methods using
bigger basis sets, 6-311++G(d,p). A good agreement
between the generated universal scaling factor and
the simple linear regression (obtained by using the
experimental and the calculated *C NMR chemical shift)
results was observed. Thus, its high cost-effectiveness
ratio scaling factor, as well as its successful applicability
to a real problem, was confirmed. In conclusion,
mPWIPW91/6-31G(d)/mPW1PW91/6-31G(d) linear
regression obtained by using the experimental and the
calculated data, is a very attractive tool as an alternative
to more computationally demanding approaches, which
are usually applied in order to achieve *C NMR chemical
shift calculations.
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Modeling Polymer/Fullerene

Heterojunctions: a Case Study for
the Interfaces PTPD3T/ PCBM

and PBTI3T/PCBM

Rodrigo M. D. Ledo, Luciano A. Leal, Luiz A. R. Juniora & Anténio L. A Fonsecaa

Introduction

Due to increased energy demand, one of the great
current global problems is to promote the generation
of energy to supply the industrial sector, the higher
energy consumer. Each year it needs more and more
energy to increase production and maintain the current
supplies. However, in the current social conjuncture,
humankind faces a dilemma: how to continue
development, minimizing damage to the environment?
This fact takes greater proportions when you consider
that the traditional sources of energy resources, such as
minerals, organic compounds and water resources are
limited and exhaustible. In this sense, science seeks the
development and improvement of alternative means of
power generation, we can emphasize mainly the use of
solar energy based on photovoltaic effect - conversion of
sunlight into electrical energy - which is characterized by
being a clean and sustainable energy source'.

In recent decades, studies related to the construction
of organic solar cells (OSCs) have gained prominence,
because they combine very important features for the
productive sector: the low environmental impact and
the potential of cost-effectiveness that can lead to the
development and overcoming model inorganic cells. The
photon absorption mechanism in organic compounds
leads to the formation of the exciton, a bonded pair of
electron-hole that is electrically neutral, due to the strong
electron-lattice interaction. Due to this reason, the optical
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absorption in organic materials does not lead directly
to free electrons and holes carries to generate electric
current, first the exciton must be dissociated, which is
why the charge transport mechanism in heterojunction
donor-acceptor polymer (D-A) 2. Studies to investigate
the exciton dissociation modes are crucial to describe the
principles of operation of OSCs.

In this work, using an ideal organic system of isolated
molecules (model dimer), computational methods of
molecular dynamics and DFT were applied on it, being
possible to characterize the molecular structures, energy
band gaps, and charge separation states. Furthermore,
understanding the excitonic character by analyzing the
electric dipole properties is crucial to establish new ways
to study the exciton dissociation®¢. Such characteristics
can serve as a guidance for further studies aimed at
increasing the energy conversion efficiency of the
photovoltaic effect applied on OSCs.

Methods

Model dimers of increasing complexity have
been considered. However, the starting point of the
computational simulation methods presents an ideal
configuration of a D-A interface compounded by
PTPD3T and PBTI3T molecules and a tailed C60 and
C70 (PCBM) to investigate the energy variations in a
less degree of details. The polymers were submitted to
validation tests of the force-field. Molecular dynamics



calculations were performed on Materials Studio.

In a second moment, using Gaussian, the induced
molecular dipole momentum was evaluated in isolated
systems of the polymers appraise the levels of theory
by quantum-chemical calculations using DFT method
(B3LYP functional). The same procedure was applied on
the tailed C60 and C70.

Results and Discussion

Experimental results show that the u-stacking
phenomenon occurs in regions formed by similar
structures to those studied polymers?7. First, two isolated
polymer systems (PTPD3T and PBTI3T) were built.
Figure 1 provides a view them in two thin films. The
structures were submitted to geometry optimization
procedures (parameters).

[ carbon
B Oxygen
[] Hydrogen
[ sulfur
[ Nitrogen

Figure 1 — Polymers PTPD3T (a) and PTBI3T (b).

For purposes of force field and model validation, a
micro-region of PTBD3T polymer was constructed.
It is formed by two sheets of the polymer which were
submitted to molecular dynamics for a time of 30ns
using the Universal force-field. From the results of
molecular dynamics, the two layers remain connected
by a long-range interaction between them. This fact is
relevant, because it validates the use of the system and
the force-field, showing that the n-stacking phenomenon
also occurs process simulation. Figure 2 refers to the last
snapshot of the molecular dynamics method and model
validation.

Jul / Dez de 2015
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[ Carbon
Bl Oxygen
[ ] Hydrogen
] Sulfur
Bl Nitrogen

Figure 2 — Different views of the micro-regions Pentacenes after the
molecular dynamics process.

After this validation, two other structures were also
constructed, PC60BM and PC70BM, which can be
seen in Figure 3. They also were submitted to geometry
optimization processes. In the four raised structures,
computer calculations and simulations were performed
in the DFT (using B3LYP functional) that allowed
obtaining the dipole moments of each unit, which are
shown in Table 1.

(a)

[ carbon
B Oxygen
[] Hydrogen

Figure 3 — PC60BM (a) and PC70BM (b) structures.

Table 1. Dipole Moments for the structures after DFT calculations.

Dipole Moment
M |1 F
PIPD3T | 05087251 | 1.1092229 | -0.2560705
PTBI3T | .p.0072081 | 2.5723123 | 0.187208
PCOOBM | 13026876 | 0.2402921 | -0.0795589
PCTOBM | q1.1435207 | 1.3755452 | 1.0676037

Structure
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Conclusions

For a first study, the computational procedures and
methods used showed results consistent with empirical
observations. Knowing the molecular behaviors
separately contribute to a future analysis of a D-A system,
when polymers are interacting with PCBM.

For future works, the PCBM molecules can be set
to float on a parallel plane to the surface of polymers.
Variations in the magnitude and direction of the induced
dipole moment can be evaluated. To characterize the
electronic structure of the molecules at the interfaces
performing quantum—chemical calculations on small- and
medium-size system. Also, it is possible to evaluate some
properties to analyze the interface dipole, the Millikan net
charge and the levels of energy of the molecular orbitals.
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Impact of Coulomb Interactions
on the Exciton Dissociation in
Polymer Heterojunctions

Gesiel G. Silva, Luiz A. R. Junior & Antonio L. A. Fonseca

Introduction

Organic Solar Cells (OSCs) have attracted
considerable interest currently by combining features
that make them amenable to manufacturing with low
environmental impact and potentially cost—effective
to promising new photovoltaic technologies than
their inorganic counterparts'. In these devices, the
charge transport is one of the most important physical
processes that should be intensively investigated
in order to improve the power energy conversion
effciency*’. The charge transport mechanism in
polymer—based materials are generally dominated
by hopping (nonadiabatic) process of charge carriers
between localized electronic states®. Due to the
strong electron—lattice interactions in these materials,
the conventional self-localized charge carriers are
polarons which possess spin 12 and charge +e'.
However, when the photoexcitation process results in a
large concentration of polarons, two acoustic polarons
of same charge and antiparallel spins, for example,
can recombine to form an bipolaron, that are spinless
structures with charge +2e®. An exciton, in its turn,
is a bound electron—hole pair structure, which can be
accomplished by charge injection or photoexcitation
mechanisms resulting on the emergence of self—
localized electronic states. The photoexcitation
mechanism in OSCs leads primarily to the formation

of excitons and consequently, to generate current, the
excitons must first dissociate into free charges. Once
that these structures are the main responsible by the
charge transport mechanism in donor-acceptor (D—-A)
polymer heterojunctions, studies considering channels
for their interaction in these materials, although
crucial to a more detailed description of the charge
transport, lacking theoretically andare also very few
experimentally.

From the theoretical point of view, the generation
of charge carriers in conjugated polymers was
numerically investigated using an extended version
of the Su-Schrieffer—Heeger (SSH) model that
includes inter—chain interaction. It was obtained that
the recombination between a polaron and an exciton
can generates four kind of products, i. e, a triplet
exciton, a singlet exciton, an excited polaron, and
a bipolaron depending on the inter—chain coupling
strength. However, one of the most relevant molecular
parameters which may affects the rate of the exciton
dissociation and, consequently, the recombination
between the structures present in a photovoltaic
interface is the band widths (AE) of the donor and
acceptor materials, as shown in Figure 1. From these
results, one can see that further detailed investigations
about the possible channels for the charge carrier
formation mechanism in polymer D—A heterojunctions
and its impact on the charge transport can be a key

97



Artigo Geral 20

to enhance the power energy conversion effciency in
OSCs being of major interest.

Sun and Stafstrom recently investigated how exciton
dissociation is affected for temperature effects, intensity
of the external electric field and inter-chain interaction
strenght’. For the Coulomb interaction (U), they adopted
4.1 eV for interaction between the sites. In this scope,
our goal was to investigate the influence of Coulomb
interaction for different distances (d) inter-chain, or to
vary Coulomb interaction for different distances. In this
sense, we vary d from 1 to 10 A and, for each d, varies U
between 0.5 and 4.5 eV with increase of 0.5 eV.

The starting point for the simulations present a
configuration in which one exciton lies in the donor chain
while the acceptor chain contains an electron—polaron. In
this case, the negatively charged polaron is represented
by the doubly occupied HOMO-1 and the solely occupied
LUMO levels. On the other hand, the exciton is denoted
by electrons with parallel spin orientation in the HOMO
and LUMO+1 levels, as shown in Figure 1.

Methods

The overall Hamiltonian of our model is
H=H,_ +H_ +H_. The term H_ =H +H_ represents

intra inter latt”

the intra-chain electronic part.

elec

Polymer Donor

CB Polymer Acceptor
LUMO+1 A f CcB

T ’ AE

|

L

HOMO | ¥ wwmo
AE 3 4 |HOMO-1
VB 7
VB

Figure 1. Schematic diagram of the energy levels for a D-A polymer
heterojunction. Here, CB represents the conduction band whereas VB
denotes the valence band.
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In this way, H
form

e €an be expressed in the following
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Hetee = E 850 Cns
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in which A n denotes the on-site energy of site n.
Here, the label n runs over the sites off both donor
and acceptor chains without a specific index for the
two different chains. In order to implement the D-A
polymer heterojunction, the on-site energy for all sites
of the donor chain is settled as A =AE whereas for the
sites of the acceptor chain A =0. The operator C_ (€,
creates (annihilates) a m-electron state at a particular site
n with spin s. t | =e"A0 [(1+(-1)'8, ) t-a(u , -u )] is
the intra-chain transfer integral where t 0 is the transfer
integral between nearest neighboring sites in a dimerized
lattice, a the electron-phonon coupling constant, u_ the
displacement of a site from its equilibrium position, and
9, the Brazovskii-Kirova symmetry-breaking term that is
introduced in order to lift the ground-state degeneracy for
non-degenerated polymers'’. y=eahc, with a is the lattice
parameter, e the absolute value of the eletronic charge,
and c is the spped of light. The external electric field
is introduced in the model through the time-dependent
vector potential, in which E=-(1/) A°.

The contribution of the electron-electron interactions
(H,) to the model Hamiltonian can be placed as
in which U is the screened on-site Coulomb interactions,

Hinser =— ) t(€1G2 + GLG,.)
({L.j)s

1
+EZ Vijj(ni - 1)(?’1} - 1)
i,j

n=y C1 C_ and V_ denotes the Ohno potential'
defined as
for i and j running over the sites of the same chain. Vi



u

J 1+ (Brij/mo)

Viuf e

defines the long-range electron—electron interactions,

in which B denotes screening factor, L is the distance

between sites i and j, and r, the average bond length.
The inter-chain interactions (H. ) has the form

Hiprer = = Z ti (cle .+ L}Tdcr.s
(i jhs

1
+ E; Vil — ]_}{J‘IJ' - ]]I

where ) . establishes that the sum is restricted to pairs
of nearest and next nearest neighboring sites at different
chains, i and j are the sites index of opposite chains, and
t,, represents the interchain hopping integral as a function
of the inter—chain distance d and has the form of

t
tf} = %exp(l —d/5)

where Z(iJ)S. establishes that the sum is restricted to pairs
of nearest and next nearest neighboring sites at different
chains, i and j are the sites index of opposite chains, and
t,, represents the interchain hopping integral as a function
of the inter—chain distance d and has the form of

for the next nearest hopping. Here, \A denotes the inter—
chain Coulomb interactions.

The last term in our model Hamiltonian describes the
lattice backbone where K is the harmonic constant of a ¢
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bond, M is the mass of a CH group, and i runs over the
sites of both chains'?. Recently, Miranda et al. developed
a set of parameters to use when Coulomb interactions are
considered''*. Thus, we adopt this parameters developed
by them: t 0=2.1 eV, a=3.2 eV/A, 5 0=0.05 eV, K=21.0
eV/A2, M=1349.14 eV f52/ A2,r 0=1.22 A, p=3.4.

K . M 2
Higer = EZ(H£+1 —u;)” + EZ u;
i i

Results and Discussion

As we can see in Figure 2(a), two similar lattice
distortions appears in the acceptor layer, which depicts
the time evolution of the staggered order parameter for the
bond length. These well localized lattice structures denote
the presence of two negative polarons in the acceptor layer
whereas the donor layer contains only one localized lattice
structure with similar degree of distortion, which denotes
the presence of a negative polaron. It is easy to conjecture
that, due to the parallel spin configuration presented by the
electrons in the LUMO and LUMO+1 levels (two spin up
electrons), the bipolaron formation can not takes place.
Moreover, one can see from Figure 2(b), which displays the
time evolution of the mean charge density, that a positive
amount of charge rises in the polymer donor coupled to
the shallower lattice deformation, whereas two negative
structures appears in the polymer acceptor, which indicates
that the former neutral excited structure is now a positively
charged polaron and the two structures present in the
acceptor layer are negatively charged polarons.

400 600
Time [f5]

Figure 2. Time evolution (a) of the staggered order parameter of the
bond length and (b) the mean charge density for a system with inter—
chain distance (d) of 5 A and band offset strength (AE) of 0.8 eV.
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An Experimental Spectroscopic
and Theoretic Study of
Acetylbergenin

Gisele F. de Castro, Diego dos S. Freitas, Alberto S Marques & YujiTakahata.

Introduction

The acetylbergenin was synthesized from bergenin
extracted from the bark of Endopleura uchi, which
extract is used by Amazonian community to treat
infections !, and various biological activities have been
proven, among them: anti-ulcerogenic, hepatoprotection,
anti-HIV, obesity inhibitor, antioxidant, antimicrobial,
etc 23436 However, bergenin is (a little) lipophilicity, and
is poorly absorbed by the human gastrointestinal tract’.
The study of acetylbergenin showed greater biological
effect and greater efficacy in relation to bergenin >3+,
This study expands the information on the molecule 3, 4,
8, 10, 11-penta-ortho-acetylbergenin through theoretical
calculations and UV/Visible spectroscopy.

Methods

The sample of acetylbergenin was synthesized
from the acetylation of bergenin as described in . The
molecular geometry optimization as crystallography
°, was performed using the Hartree - Fock method
with base function 6-31G*, simulating the molecule
in three different (environments settings): vacuum,
ethanol and water. Subsequently, the excitation energies
were calculated using the Time Dependent Density
Functional Theory (TD-DFT) using functional B3LYP
and base function 6-31G*.The sample[2] was subjected
to crystallization procedure in methanol at 40 °C for

purification. Spectra UV /Visible impure sample and
sample recrystallized, (both in ethanol) at a concentration
of 1x10-4M, were recorded on a spectrophotometer
UV absorption /Visible New 2102 UV PC. In this way
it intends to study the solvent effect mainly in the UV
spectrum of the molecule, and analyze in detail the nature
of the electronic transitions by comparing the theoretical
and experimental spectra.

Results and Discussion
UV ABSORPTION SPECTRUM

Vacuum simulation

The theoretical spectrum of UV-Visible absorption
acetilbergenin in vacuum (Figure 1.a) was obtained from
the data of the DFT B3LYP calculation DT / 6-31G*.
It was observed that it had, three bands A, B, C in the
simulated spectra in vacuum. The energies (nm) and
f-values of peaks of the three bands are: A(257 nm, F
=0.0159), B (238 nm f=0.11689), and C (223 nm f =
0.0488), respectively .

The band B is the most intense and the band A is of
lower intensity. The band B consists of two transitions,
S, and S, of low intensities. S, transition is due to
transition D (138) (HOMO-3, n carbonyls, — V(1)
(LUMO , antibonding (n*), located on the aromatic)
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where D (138) is random orbital-138 doubly occupied,
and V (1) is first virtual orbit. S2 is due to transition
D(140) (HOMO-1 (orbital (n) located on the aromatic
ring)) to the LUMO++1 (antibonding (n*) of the aromatic
ring). The band B is composed of two transitions, S,
and S,, high intensities. S, transition occurs from the
HOMO-2 orbital, (ring D-glucopyranose , n) to the
orbital V (1), LUMO. The transition S, of the HOMO
orbital (n located on the aromatic ring) to the LUMO.
The C band is composed of two transitions, S, and S,
average intensities. S, transition is due to a transition
part of the HOMO-6 orbital (n, located on the aromatic
ring) to the LUMO.

The S6 transition is due a transition orbital D (134)
HOMO-7 (n, with major contribution in orbital n located
in the 6-lactone ring V (1) (LUMO).

Ethanol simulation

The UV-Vis spectrum experimental compound in
ethanol solution 10-4M presented three bands with peaks
at219nm (B’), 259nm (A’) and 309nm (X”) (Figure 1d) and
the experimental spectrum of recrystallized acetilbergenin
presented four bands with maxima at 205nm (C’), 225nm
(B’), 255nm (A”) and 304nm (X°) (Figure 1.e).

Espectros Tedricos; a),b).c)

The two experimental spectra are similar in bands
B’ and A’. However, there are some differences between
the two spectra. First, the presence of the small band
C ¢, which is on the left shoulder of the intense band
B’. In Figure l.e spectrum as the spectrum in Figure
1.d , both do not have a band C’. It is very likely that
the band C’ did not appear in the compound spectrum
before recrystallization (Figure 1.d), because of impurity.
Second, the presence of the band X’ is sharp in Figure
1.d, whereas in Figure l.e, the band X’ is not well
defined. In the spectrum of the compound crystallized in
Figure 1.e, the band X, or does not exist or the intensity
of the band is so weak that it is hidden in the right side of
the band. It is very likely that the band X’ in the sample
spectrum before recrystallization (Figure 1.d), is due to
impurity. In the compound crystallized, the amount of
impurity has been reduced. Therefore, the spectrum of
the recrystallized compound (Figure 1.e), the intensity of
X’ band significantly decreased and was almost invisible.

The theoretical spectrum of UV-Vis absorption
acetilbergenin based on the result of the calculation by
the B3LYP DFT DT/ 6-31G * in ethanol for three bands,
A, B, C (Figure 1.b) where the band B is the more intense,
and then the band A and band C have lower intensity. The
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Figure 1. Theoretical Absorption Spectrum; a) vacuum,b) ethanol, ¢) water, d) UV-Visible Eexperimental Absorption Spectrum, all in ethanol concentration

10* M before crystallize, e)and rerecrystallized.
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energies (nm) and f-values of peaks are the three bands A
(255 nm £=0.0464), B (240 nm £=0.152947) and C (220
f=0.0033) respectively.

The experimental absorption spectrum of the UV-
VIS acetilbergenin in ethanol (Figure le) is similar to
the theoretical spectrum (Figure 1.b). The bands A, B,
C of the theoretical spectrum corresponding to bands
A ¢, B’, C ‘ respectively of the experimental spectrum.
In the theoretical spectrum (Figure 1.b) there is a band
on the right side of the band corresponding to the band
X’ of the experimental spectrum. We conclude that the
band X’ in the experimental spectrum in Figure 1.d and
Figure 1.e is probably due to impurity. The band A of the
theoretical spectrum consists of two transitions, S1 and
S2 of medium intensity. The S, transition is due to D(140)
(HOMO-1, orbital m)— V(1)(LUMO, antibonding
orbital (n*) of aromatic ring). The S, transition is due to
a transition from D(139) (HOMO-2, n located on orbital
D- glicopiranose ring) to the orbital V (1) (LUMO, & *).

The band B is composed of two transitions, S, and S4,
high intensities. S, transition occurs a transition orbital
D (135) (HOMO-6, n acetyl group of the aromatic ring)
to the orbital V (1) (LUMO). The S4 transition is the
transition part of the orbital D (141) (HOMO, = located
on the aromatic ring) to the orbital V (1) (LUMO).

The C band is composed of a transition, S5, low
intensity. S5 transition is due to a transition of the orbital D
(139) (HOMO-2, n ) located on the aromatic for the orbital
V (2) (LUMO + 1, antibonding 7*) located on the aromatic
ring. The photoactive region of the molecule are located on
the aromatic ring region, where transitions occur between
the HOMO, LUMO, HOMO-2 and LUMO+1 .Comparing
the two theoretical spectra, one in vacuum (Figure 1.a) and
another ethanol (Figure 1.b), it is observed that the relative
intensity of the C band from the band B in Figure 1.b is
smaller than the same in Figure 1.a.

Water simulation

The theoretical spectrum of the UV-VIS absorption
acetilbergenin result of the calculation by DFT B3LYP /
6-31G * in water is shown in Figure 1c. There are three
bands, A, B, and C, in a theoretical spectrum, where
the peak positions are the wavelengths at 260 nm (f =
0, 03 791, A), 240 nm (f= 0.1480, B ) and 219 nm (f =
0.0048, C). The A band consists of the transitions, S, and

S, medium intensity. S1 V (1) (LUMO , * ) transition is
due to transition D(140) (HOMO-1, ) where the orbital
are located on the aromatic ring and S2 refers to transition
D(139)(HOMO-2, n) [ V(1) (LUMO, m*) leaving
the carbonyl of D-glucopyranose ring. The band B is
composed of two transitions, S3 and S4, high intensities.
S, transition occurs a transition orbital D(134)(HOMO —
7, n) located on the acetyl group of the aromatic ring to
the orbital V (1) (LUMO, = *). The S, transition is the
transition part of the orbital D (141) (HOMO, =) for the
orbital V (1) LUMO. The C band is composed of two
transitions, S;, and S, of low intensity. S5 transition is
due to a transition of the orbital D(140)(HOMO-1, m)
to the orbital V(2) (LUMO + 1, n*). The transition S6
respect to transition D(134)(HOMO -7) — V(1) LUMO.

Solvent effect

The theoretical analysis of the absorption spectra,
in Figure 1, shows that comparatively the bands of
simulation in ethanol (Figure 1.b) shifted to longer
wavelengths relative to the vacuum spectrum (Figure
l.a), and in the water spectrum (Figure l.c) it was
reversed. This demonstrates that the nature of electronic
transitions in bands A and B is predominantly of type
n — 7 * in vacuum and in water, while band C in the
ethanol simulates the transition n — 7 * predominates.

By visualizing the orbital calculated by DFT for
acetilbergenin in vacuum, it was observed that the
photoactive region of the molecule is located on the
aromatic ring, where transitions occur between the HOMO
— LUMO and HOMO-1 — LUMO +1 (Figure 2).

aHOMO 1 ®WHOMO-1

=
&

[ ]

Figure 2. Molecular orbitals of acetilbergenin in vacuum. a)HOMO b)
HOMO-1 ¢) LUMO d) LUMO+1
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The solvent change slightly altered the electrostatic
potential map both in water (Figure 3.a) and ethanol
(Figure 3.b). Probably this change was due to changes
in the conformation of the molecule between these the
dihedral were highlighted: C,,0 C C (water= -43,97°

2471
; ethanol= -43,45° vacuum= -45,64°), C O, C C_
(water= 9,12°;ethanol=7,43°;vacuum=12,62°),
C,,C,0,C, (water=-15,90°; ethanol=-15,14°; vacuum =
-17,92°) and the dihedral C20013C21014 (water=-0,33°
; ethanol= 2,39°; vacuum = -1,84°) of the acetyl group of
the aromatic ring where there was a change of plan in the

middle ethanol.

Figure 3: Map of the electrostatic potential of acetilbergenin molecule
on a surface of 0.002eV/ua’. a)water b) ethanol.

The dipole moment of acetilbergenin in water 7,8826
Debye (26,2931. 10 C.m) was larger than 7,57 Debye
(25,2331.10*° C.m) in ethanol and in vacuum 6,07 Debye.
The increase dipole highlights the transitions n—n*
with charge transfer character and also the molecular
deactivation process in the excited electronic state to
another in the ground state via the Forster mechanism '°.

A comparison was made of the HOMO and LUMO
energies in the three simulations and it was found that the
HOMO energy that has suffered changes with respect to
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the vacuum simulation was ethanol and the LUMO energy
(-1.64 v) in water. Amid ethanol energy difference between
HOMO and LUMO showed lower value indicating higher
reactivity ''. The change in polarizability, with respect to
the vacuum simulation was small in ethanol of 0.07 and
0.08 in water (79.58) (Table 1).

Table 1. Some properties calculated DFT 6-31G*

Acetilbergenin Vacuum Ethanol Water
LogP -0,76 -0,76 -0,76
Polarizability 79,50 79,57 79,58
Dip"l‘zg;"mem 6,07 7,57 7,88
E-HOMO (eV) -7,06 -6,95 -7,04
E-LUMO (eV) -1,58 -1,56 -1,64
LUMO-HOMO 5,48 5,39 5.4

Conclusions

The results of the theoretical calculations showed
consistency with the experimental data: (1) all three spectra
have three bands, A, B, and C; (2) appearance and relative
intensity of bands A and B are similar in the three spectra;
(3) the relative intensity of band C in ethanol and in water
is very weak compared to la .The orbitals HOMO and
LUMO are localized at the aromatic ring acetylbergenin,
this being its most photoactive region.

The calculation showed that ethanol has changed to
transition a long distance charge transfer, since in vacuum
stemmed orbital (n) of d-lactone ring to the antibonding
orbital (n*) of the aromatic ring and the orbiting ethanol
was (n) the ring D - glucopyranose to the aromatic ring. This
type of transition is usually the driving force responsible
for the interaction of the molecule with biological material,
because of this molecule is shown in more photoactive
hydrophilic medium (ethanol, f = 0.0333) with oscillator
strength greater than simulation vacuum (isolated molecule
without interaction, f= 0.0068).
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Theoretical Evidence to Cis Folding
in PhoR Histidine Kinase of
Corynebacterium Pseudotuberculosis

Gleiciane L. Moraes, Guelber Cardoso, Claudio N. Alves & Jerdnimo Lameira

Introduction

Two-component systems (TCS) are signaling
pathways that respond to changes environmental by
modifying cellular behaviors. The first component
of these systems is a dimeric sensor histidine kinase
(HK); the second is its cognate target, termed the
response regulator (RR)1. In bacterias the main signal-
transduction mechanism is via TCS systems, in which
the signaling process starts by the autophosphorylation
of a highly conserved histidine residue in the sensor
HK. In response to a signal generated in the N-terminus
sensor domain of HK, occur transfer y-phosphate from
ATP bound to the catalytic ATP-binding domain (CA) to
conserved histidine residue on the dimerization/histidine
phosphorylation (DHp) domain in the C-terminus kinase
core (DHp_CA)'. Depending on the architecture of the
DHp domain, the histidine residue is phosphorylated
by CA domain of same chain (cis-autophosphorylation)
or of the other chain (trans- autophosphorylation)?
(Fig.1). This being suggested that autophosphorylation
mechanism is determined by the loop at the base of
the DHp domain four-helix bundle**¢. Surprisingly,
Ashenberg and colleagues (2013) found that the mode of
autophosphorylation be highly conserved in orthologous
sets of histidine kinases, despite the sequence of the DHp
domain loop is highly variable, and that orthologs of
PhoR with diverse loops autophosphorylated in cis and
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orthologs of EnvZ with diverse loops autophosphorylated
in trans. Chimeras constructed in which was replaced
the loop of EnvZ (trans) by loop of PhoR (cis), change
autophosphorylation mechanism from in cis to in trans,
indicate that the DHp loop is a functionally important
determinant of autophosphorylation mechanism in
histidine kinases, supplanting the notion that these loops
are simple linkers between helices®*. Here, we obtained
structure 3D by comparative molecular modeling
of the phosphate sensor PhoR Corynebacterium
pseudotuberculosis in folding cis and trans, and
carried out a molecular dynamics simulation to finding
theoretical evidences of folding in HK.

Figure 1. Folding C-terminus kinase core in HK. a) Folding to cis-
autophosphorylation and b) Folding to trans-autophosphorylation.



Methods

PROTEIN STRUCTURE MODELING

The amino acid primary sequences enzyme of M.
tuberculosis FRC41 were obtained from the NCBI
(http://blast.ncbi.nlm.nih.gov/) under accession number
YP_003784140.1. The structures of the enzymes
were generated by of SWISS-MODEL Server5 and
Modeller 9v12° software. Modeling of the folding to
cis-autophosphorylation was obtained using osmolarity
sensor protein EnvZ chimera E. coli (EnvZchim )
histidine kinase (PDB code: 4KP4)4; and folding to
trans-autophosphorylation was obtained using osmolarity
sensor protein EnvZ native E. coli (EnvZ"™ ) histidine
kinase (PDB code: 4CTI)7. ATP and Mg*" were transfer
as arigid body to generated model using the BLK residue
type in Modeller 9v12¢. The structures of each protein
modelled were validated using Ramachandran plot,?
QMEAN score9 (available in SWISS-MODEL Server5)
and ProQ'.

MOLECULAR DINAMICS SIMULATION

The ionization state of ionizable residues was assessed
from PROPKA3'" calculations, except to catalytic
residue histidine (His289), which must be protonated in
triphosphate hydrolysis'?.

We carried out molecular dynamics simulations
using AMBER 12 software package'*. The system
was immersed in an octahedral box of TIP3P14 water
molecules and sodium ions were added to neutralize the
system. The parm99SBildn force field parameters in the
Amberl12" package were used for the protein and ions,
the Carlson corrected parameters'> were used for the ATP
molecule and the Sticht parameters'® for the cofactor ion
Mg2+. The minimization has been made using multistep
protocol, first the adjustment of hydrogens, following
water molecules and counterions were refined, and finally
the minimization of the whole system. Thermalization of
system was performed by heating in 10 steps, initially
one step of 20ps from 0 to 100 K at constant volume,
8 steps of Ins increasing the temperature from 100 to
300 K, and an additional step of 5ns was performed
in order to equilibrate the system density at constant
pressure (1 bar). The bonds containing hydrogen atoms

were kept at the equilibrium distance using the Shake
algorithm'’. Finally, a 50ns trajectory were run in the
NTP formalism, the temperature were kept constant
Berendsen thermostat'® using a time step of 2fs, periodic
boundary conditions and Ewald sums® (grid spacing of 1
A) for long-range electrostatic interactions.

Results and Discussion

PROTEIN STRUCTURE MODELING

Homology modeling or comparative modeling allows
the construction of the tertiary structure of a protein based
on the primary structure similarity?. The best structures
obtained by comparative molecular modeling of the
phosphate sensor PhoR C. pseudotuberculosis in folding
cis (Fig.2a) and trans (Fig.2b) are presented. The better
structure in folding trans was obtained in Modeller 9v12°
software. The folding trans structure constructed in SWISS-
MODEL Server5 had intertwining of DHP loop, because
this structural error the model was rejected to continue the
work (structure not shown). The better structure in folding
cis was obtained in SWISS-MODEL Server®.

Figure 2. Folding C-terminus kinase core in HK of the C. pseudotuberculosis.
a) folding cis and b) folding trans.

Table 1 shows a summary of validation results of build
3D structures.

Table 1. Validation proteins modeled.

Folding | Ramachandran | LGscore | QMEAN | RMSD
plot
cis 91.9% 5.021 0.614 1.519
trans 94.4% 4.068 0.683 8.681
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Based on the parameters shown in Tab.l, both
built models show good values Ramachandran plot8
(most favoured regions), QMEAN® and LGscore'.
However, trans folding showed high RMSD to the
template (8.681). Furthermore, graphical plots of
ANOLEA? mean force potential that represents
the energy for each amino acid of the protein chain
indicates that the packing quality of the 3D structure
is better in cis folding (Supporting information).
In other modeling performed using HK CpxA of
E. coli* (32% de identity and 49% de similarity), a
folding trans, showed 90,8% of the residues are in
the most favoured regions of the Ramachandran plot8,
QMEANDO of 0.453, LGscore'® of 3.76, RMSD of 7.46
A and very bad packing quality (structure not shown).
It is important to note that, despite the low identity
between the osmolarity sensor protein EnvZehim
(26% identity and 46% similarity) of E. coli and the
phosphate sensor PhoR of C. pseudotuberculosis, the
models obtained from this template were very better
including the quality of packaging and RMSD. The
superposition of the between target and templates
(Fig.3) indicates that all secondary structures in the
target protein were conserved in both models, however
the model constructed using EnvZ<hm trans folding, it
does not shows good structural overlap. On the other
hand, o model constructed using EnvZ™, cis folding,
and the model shows good structural overlap and
the generated 3D structure is good according to the
parameters analysed.

Figure 3. Superposition of the calculated PhoR of C. pseudotuberculosis
(green) and a) EnvZchim (PDB code: 4KP44), b) EnvZwt (PDB code:
4CTI7) of E. coli (yellow).
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The catalytic core (DHp Ca) HK of C.
pseudotuberculosis N-terminus (DHp) is formed
by two long helices (al and a2), where al contains
the phosphorylatable conserved His289 residue,
and C-terminus (CA) is formed by an o/ sandwich
fold similar to the ATPase domains of the ATPase
superfamily?*. This latter domain binds ATP in a
pocket covered by a flexible and variable loop named
ATP lid*.

MOLECULAR DINAMICS SIMULATION

To explore the implications of folding in the stability
of catalytic core PhoR complex (proteintATP+Mg?"),
we performed 50 ns of MD simulations at 300 K for
structures obtained in the previous step (Fig.4b).
Moreover, we carried out molecular dynamics
simulations in EnvZ®™ (cis) and EnvZ" (trans)
complex (proteintATP+Mg2+) (Fig.4a)

.............

Figure 4. Average RMSD in performed trajectory of 50 ns of MD
simulations. a) EnvZchim and EnvZwt of E. coli and b) PhoR of C.
pseudotuberculosis folding trans and cis.

After the first 5 ns MD, it is observed that the RMSD
of EnvZwt stabilizes, as well as the RMSD folding
cis PhoR. It is important to remind that orthologs
of PhoR with diverse loops autophosphorylated
in cis and orthologs of EnvZ with diverse loops
autophosphorylated in trans?. Interestingly osmolarity
sensor protein EnvZ native structure of E. coli and the
more probable structure folding of phosphate sensor
PhoR of C. pseudotuberculosis are which present the
more stable RMSD during MD simulation trajectory.
Even after 50 ns MD simulation the RMSD of chimera
EnvZ cis and PhoR trans folding are less stable. In
crystallographic studies by Marina et. al. (2014)* there



was obtained the EnvZ chimera shown that it is possible
to change the autophosphorylation mechanism of cis
to trans in histidine kinase by changing the connection
handle. However, our studies show that during the MD
simulation time produced, this folding is less stable.
Regarding the PhoR protein, it is important to note that
DHp loop connection was not replaced. In our study,
the sequence of the native PhoR protein was modeled
in folds cis and trans and has been theoretically
evaluated the stability of structure in each folding. We
also monitored the interactions of the active site of C.
pseudotuberculosis PhoR (Fig 5). It is expected that a
Mg?* ion bridges the three nucleotide phosphates, an
invariant Asn and two water molecules complete the
octahedral coordination sphere of the Mg?* ion in the
structures* 2.

Figure 5. Octahedral coordination sphere of the Mg2+ ion in the C.
pseudotuberculosis. a) folding cis and b) folding trans.

During the MD simulations of the different PhoR
system was observed the formation of an octahedral
coordination sphere. The octahedral coordination
sphere observed in cis folding PhoR showed Mg?* ion
bridges with three ATP phosphates, Asn401 carbonyl
and two water molecules (W1 and W2) (Fig.5a), as
described for other HK* 2. On the other hand, the
octahedral coordination sphere observed in trans
folding PhoR showed Mg?"ion bridges with three ATP
phosphates of chain A, Asn397 and Asn401 carbonyl
and Thr400 amino acid residues (Fig.5b). The latter
octahedral coordination sphere is not according to the
procedure described for other HK.
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Conclusions

The results obtained by comparative modeling
and MD simulations indicate the fact that the
probable folding to phosphate sensor PhoR of C.
pseudoturberculosis (based in orthologs of PhoR)
is the better structure obtained by comparative
modeling and show the more stable RMSD during
DM simulations. Therefore, the HK folding can be
predicted theoretically.
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Fully Anharmonic Resonance Raman
Spectrum of Diatomic Molecules Through
Numerical Solution of the Vibrational
Schrodinger Equation

Gustavo J. Costa, Rogério Custodio, Pedro A. M. Vazquez & Luciano N. Vidal

Introduction

The molecular contribution to the intensity of the
Raman scattering is given by the general polarizability
apoﬁ. In the far-from-resonance (FFR) regime, the
energy of the excitation radiation (hw) is far from that
of any electronic transition and apcﬁ receives balanced
contributions of many excited electronic states, expressed
by the well known Placzek’s electronic polarizability,
whose geometrical derivatives are related to the intensities
of FFR Raman.' On the other hand, the Resonance Raman
(RR) scattering occurs when ha, is close from the energy
of an electronic transition. In RR the intensity of the
scattered radiation is orders of magnitude stronger than
that of FFR regime and amﬁ is dominated by one (or few)
excited electronic state.! Therefore, this form of Raman
provides structural and dynamical information of both
ground and excited (resonance) electronic states. Within
the Born-Oppenheimer (BO) and Frank-Codon (FC)
approximations, the corresponding expression for upﬁﬁ of
RR is given by:

{vy[m)nlvs)

nWeg + Wy —wo + 1T,

1
g = g(g|#p|€)(eluglg)z

This expression involves, among other quantities,
FC integrals of the initial (v,) and final (v,) vibrational
states in the ground electronic state g with vibrational
states (n) of the resonance electronic state e. In order to
simplify the calculation of FC integrals, the Potential
Energy Surface (PES) of g and e states are considered
harmonic and those integrals are evaluated analytically
from recurrence formulas.? To the best of our knowledge,
there is only one article reporting the calculation of
FC integrals for anharmonic wave-functions in RR.?
On that pure theoretical work, the RR cross section of
diatomic systems is obtained from analytic integration
of unidimentional eigenfunctions of the Morse potential.
The FC factors were computed for several values of the
vibrational quantum numbers v and n of hypothetical
molecules, and were compared with those from analytic
solution of the harmonic potential. It was shown that
FC factors differ only few percent between Morse and
harmonic models for v,n=0, 1 or 2, however, for higher
values the anharmonic FC factors can be many time
greater or lower than the corresponding harmonic data.
In the case of RR cross sections, the anharmonic effects
can be strong even for fundamental transitions.

In the present study, the FC integrals are
numerically evaluated for vibrational states of the
true PES obtained from correlated ab initio methods.
The vibrational wave-functions are calculated using
a version of the Variational Monte Carlo (VMC)
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method. Our method is applied to calculate the FC
RR spectrum of diatomic molecules. In addition, the
Herzberg-Teller (HT) intensity borrowing mechanism
is also taken into account in the current model, thus
i can be corrected for the effect of coupling the
electronic transition moments with the nuclear motion.

Methods

The electronic structure calculations were performed
with Dalton quantum chemistry code4 for a single
reference (e.g. CCSD) and multi-reference (e.g. NEVPT2)
electron correlation ab initio methods using correlation
consistent basis sets augmented with diffuse functions
(aug-cc-pVXZ, X=D,T,Q). The electric dipole transition
moment {g | np | e} and vertical excitation energy ho_eq
were obtained from the Linear Response of the CCSD
wave-function at the ground state equilibrium geometry.
HT effects can also be taken into account in our model if
the electronic transition moment is expanded in Taylor
series of normal coordinate Q:

(03
po

(gluole) = (gluple) , + (%ﬁgle))(}@ 4o

When the above expansion is used for {g | np | e)
, the resulting amﬂ demands the computation of FC and HT
integrals of the general form: {v,| Q™ | n}and {n | Q_| v}, with
m=0,1,2... . All FC and HT integrals were evaluated by
numerical methods. The required geometric derivatives
of the electronic transition moments were computed
at the ground state equilibrium geometry using central
difference formulas. These derivatives, the FC and HT
integrals and the RR spectrum were obtained by our code
PLACZEK, developed for the calculation of infrared and
Raman spectra.5 Temperatures effects may be important
for those systems with low energy vibrations. In such
cases, the RR cross sections of several initial v_i states
are calculated and average by their thermal population.
From the current approach, any RR fundamental
or overtone transition is available. They have quite
similar computational costs and depend on the speed
of convergence of the cross section with respect to the

112

number of intermediate vibrational states n.

The vibrational analysis was carried out considering
an alternative Quantum Monte Carlo. In this formalism
the Hamiltonian is represented as the combination of
the well-know kinetic energy operator and the potential
energy is selected according to the requirements of
system. In this work, the potential energy was taken
from ab initio calculations described above. The second
derivative of the Laplacian is describe by a central
difference expression:

(??—f) h (hi }Ehi 1)($i+ :’rt- % h; Ii:_i_])

where, h=y,, -, The initial wave function is described
as a set of arbitrary values defined in each particular
discretized coordinate. From the discretized mean value
theorem, the Hamiltonian and the discretized wave
function it is possible to estimate the total energy of the
system.6 One of the discrete values of the wave function
is selected at random and modified by, for example:
V...~V (0.5-rand)d, where rand is a uniform distributed
random number and is a parameter defining the degree of
change in the wave function. From the modified wave
function, the total energy is calculated and compared
with the precious energy. If the new energy is accepted,
the modification in the wave function is preserved. If the
new energy increases, the change in the wave function is
rejected. The procedure follows the variational principle
and the final energy is achieved after a selected degree of
convergence of the system is defined.

Results and Discussion

Preliminary results are presented in Figure 1, showing
some vibrational wave-functions and their energies for
N2 evaluated at the ground electronic state. The PES
was calculated at the NEVPT2(6,6)/aug-cc-pVTZ level.
The spectroscopic constants obtained for different sets
of vibrational states are shown in Table 1 together with
experimental data. They are useful to access the quality
of the vibrational wave-functions.



Figure 1. Anharmonic vibrational wave-functions (left) and their
energy (right) for the first 4 states of N2.

Table 1. Spectroscopic constants calculated for the ground electronic
state of N2 at the NEVPT2(6,6)/aug-cc-pVTZ level for several
vibrational states (V).

v ®_e/cm-1 o eX e o eY_ e/
cm-1 cm-1
5 2344.903 23.335 0.157
8 2346.754 24.503 0.347
10 2323.642 16.111 -0.409
12 2349.555 23.922 0.155
15 2344.457 22.196 0.020
Exp.7 2358.57 14.324 -0.00226
Conclusions

Our method is under final development with the
VMC code ready and RR results now being compared
with analytical data from the harmonic model to check
their accuracy.
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Analysis of Titanium

Dioxide Nanotubes,
Rutile (110) and Anatase (101)

G. O. Silva, J. D. Santos, J. B. L. Martins , C. A.Taft & E. Longo

Introduction

The experimental and theoretical studies of
nanotubes have increased over the past decade'.
Nanostructured compounds containing Ti oxides
are fairly investigated due to their electronic
properties and the application possibilities in areas
such as medicine**, molecular biology®, solar’®,
photocatalytic processes”!®. It is also the subject of
study in the application as gas sensor''"'>. Theoretical
investigations are carried out on different materials
(nanotube surfaces) formed of various compounds
(TiO,, ZnO, SnO,, C, GaAs,). From quantum
mechanical calculations, it is possible to access the
energy parameters (the interaction and surface energy,
gap) and compare these results with experimental
data. Among the structures that have interest due to
their potential applicability in the experimental and
theoretical studies, titanium dioxide nanotubes,, . is
widely used.

In the present work, using a programming language,
we selected the atoms of specific crystal planes of both
the anatase and rutile faces to yield several nanotubes of
different diameters and lengths, depending on the number
of TiO, units. This methodology seeks nanotubes formed
by basic units having the same geometry of the source
structure. Models with geometries of the armchair and

zig-zag'*?? were generated.
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Computational Details

The simulations was conducted with small tubes of
rutile and anatase titanium dioxide structures. The entire
process is carried out through algorithms created in
bash shell language in the Linux system, to obtain the
structures of surfaces and nanotubes of TiO,, of rutile
and anatase using their experimental lattice parameters®.
From the crystal lattice parameters of rutile and anatase,
a basic unit was formed for the nanotubes. In the case
of anatase crystal, we selected the (101) plane, and for
the rutile crystal the (110) plane was investigated. The
choice for these planes is due to these planes were well
known in the literature for their properties and potential
applications*%, Figures 1 and 2 show a representation of
the structures and sequence of the formation of anatase
and rutile nanotubes, respectively:

Figure 1. Representation of the following structures for (101) anatase
nanotubes. 1 — Unit Cell (Anatase); 2 — Monomer for anatase; 3 -
Nanotube TiO2 (Anatase).



Figure 2 - Representation of the following structures for (110) rutile
nanotubes. 1-Unit Cell (Rutile); 2-Monomer for rutile; 3- TiO,
nanotube (Rutile).

The models were subjected to the energy
calculation with semi-empirical method based on
PM7 and abinitio HF and DFT, with 6-31G and
6-311G basis functions. MOPAC2012 software
was used for the semi-empirical method, while
the RHF and DFT the Gaussian 03 was used. The
models were generated from the experimental cell
parameters crystals of rutile and anatase, in the
cartesian coordinate system. The optimization was
performed in all structures with semi-empirical
PM7. The RHF and DFT calculations were
performed using the optimized coordinates from
semi-empirical method.

The energy values variation was obtained from the
chemical equation (1.1):

x E(TiO»)

Y is the index the TiO2 units and is related to the structure,
rutile (Y=2) and anatase (Y=4). 47 models were obtained
of anatase nanotubes with 1, 2 and 3 layers, while for
rutile 31 models were obtained. Only the results for the
variation energy of anatase are shown in Figure 3. The
results of rutile presents the same behavior. A decrease
of energy variation follows the stability of increasing
nanotube length.
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Figure 2. a— PM7 AE in relation to the number of units (n [(TiO2)4])
of anatase.

DFT and RHF (Table 3) result were performed
and show the same trend for the variation energy. The
results of anatase nanotubes demonstrate that increasing
the length and diameter not contribute significantly
in changing the gap values, without changing the
conductivity properties thereof. Anatase nanotubes kept
the gap values in the range between 6.00 eV and 8.00 eV,
behaving as an insulator material.

Table 3 - Comparison between the calculations of the semi-empirical
method and ab initio calculations.

AE (V)
DET/BILYP HF
FAIT
£316 &35 &35 £3116
{MmOo2ePH 34,8574 345957 35,0023 36 1008 26 8588
{[ToIM]I}2 1256752 287459 | 1239780 | 12400187 | -10%.9690
LLTIOZM)803 amenn | gmredts | amaceys | amee | 3mam0

The DOS results demonstrate that nanotubes valence
band of anatase concentrated in the range between -15.00
-10.00 eV to eV, while the conduction band had values in
the range from -2.50 eV to 5.00 eV. In the case of rutile
nanotubes, the results show that the valence band are
concentrated in the range of -16.00 eV to -6.00 eV, and
the conduction band showed values ranging from -3.00
eVto500eV.

Revista Processos Quimicos 115



Artigo Geral 24

Table 4 - Comparison between the calculations of the semi-empirical
method and ab initio calculations of gap (eV).

Gap (eV)
DFT/B3LYP HF
6-31G | 6-311G | 6-31G | 6-311G | PM7
{[(TiO2)4]2}1 247 2.46 9.43 9.70 8.46
{[(TiO02)4]3}2 | 2.03 2.05 8.95 - 7.69
{[(Ti02)4]6}3 | 2.29 2.29 9.28 9.48 7.00

Structure

The results showed in Table 4 a large difference
between the results of the HF and DFT method. The HF
method overestimated values of the gap compared with
the semi-empirical method, since the values of the DFT
method gave values below compared with the semi-
empirical and HF. In comparing the 6-31G and 6-311G
bases, considerable variation between their values was
not found. Compared to experimental and theoretical
results in the literature, the values found by the DFT
method with values between 2.00 eV to 2.50 €V, are the
closest.

Conclusions

The energy variation analysis with the length of 3
levels of anatase and rutile nanotubes have shown that
stability is achieved with increasing the diameter. RHF
and DFT results showed the same trend.

The rutile nanotubes had a gap values of about 2.00
to 4.00 eV, while anatase nanotubes had values in the
range of 6.00 eV to 8.00 eV, for the calculation PM7; The
results of the gap calculations with the DFT method for
anatase nanotubes (2.00 eV to 2.50 eV) underestimated
values found with the semi-empirical method.
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Proposal of Calculation Protocols
for Implicit Solvation Methods in

Conformational Analysis Involving
the Gauche Effect

Filipe B. de Lima, Carlos R. M. Cavalcante, Keyla M. N. de Souza,
Juliana A. B. da Silva & Hélcio J. Batista

Introduction

Conformational analyzes in solution media still
present many challenges in computational chemistry
and one of the main reasons is the little magnitude of
interaction energies involved.! In order to diminish the
arising relative errors very often costly computations
are required, with sophisticated methods. One example
of such methods is to take into account explicitly the
solvent molecular structure, by modeling the solute or
the solute supermolecule via quantum methods and the
bulk structure via classical approaches. One low cost
alternative method is the implicit solvent model, where
the solvent bulk is represented by a continuum dielectric
medium and the solute is immersed in an arbitrary cavity
in the dielectric. This is the case of the PCM! (Polarizable
Continuum Model), based on Onsager theory of Self-
consistent Reaction Field (SCRF). Today, modern versions
of this theory are implemented in many computational
chemistry programs like Gaussian, Orca, ADF, among
others, like the PCM model of Tomasi' and more recently
the Truhlar SMD model.?> Given the empirical fashion
of the PCM model and its large number of parameters,
mainly related to the cavity definition, there are a lot of
protocols available in different programs, especially in
Gaussian,’ and a proper and conscious choice usually is
a difficult task. Our group is interested in conformational
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analysis of systems where a suitable prediction of the
rotamers distribution is of importance. Directly related
to this problem is the well known gauche effect (GE)
or generalized anomeric effect,* which consists of a
stabilizing electronic interaction between a bonding and
a nonbonding vicinal orbitals, very common in aliphatic
compounds which present conformational equilibrium
between gauche (G) and trans (T) rotamers. In order to
investigate the performance of PCM protocols in this
subject, we choose 1,2-dihaloethanes (CH,X-CH X,
where X=F, Cl, Br and I) as model compounds for a GE
analysis in polar and non-polar solvents (CHCL,, CH,,,
CCl,, DMSO). As it is well known, the 1,2-difluorethane
is the only dihaloethane where the GE is dominant over
the Pauli repulsion between the halogen vicinal atoms,
thus causing the G form (the polar conformer) to stabilize
more than the T one. However, the more polar the
solvent is the more stable the G form is, and in the case
of dichloroethane, very polar media favor the G isomer.
This can be clearly seen in Fig. 1, where experimental
results for the free energy difference (AG®T) between the
G and T rotamers of the dihalothanes are depicted5,6
(question marks are written where there is experimental
uncertainty). In this work, theoretical estimates (AEST)
of AGST with different combinations of methods are
obtained.
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Figure 1. Experimental AGS" values for dihalo-ethanes CH,X-CH,X.

Methods

The PCM models used in this work, based on the
apparent surface of charges (ASC) concept and on the
resolution of the nonhomogeneous Poisson equation,
split in two classes concerning the building method for
the cavity, namely: (i) by superposition of atomic spheres
(IEFPCM-"integral equation formalism-PCM”, CPCM-
”conductor like model-PCM”, SMD-"Density-based
solvation model”) and (ii) from the solute electronic

density (IPCM e SCIPCM). For the IEFPCM and CPCM
there are different radii models for the atomic spheres: UFF
(Universal force field-based model), UAO, UAHF, UAKS
(the last three are “United-Atom”-based models), Pauling
and Bondi. After geometry optimizations with frequency
determinations for minimum state characterization, single
point calculations were done in the G and T forms. The
quantum methods were DFT with the functionals B3LYP
and MO05-2X, with the following basis sets: 6-31G*,
6-31+G*, 6-311G*, 6-311+G*, CCPVTZ, CCPVTZ-PP
for bromine, Def2TZVP. For iodine atom, the following
effective core potentials were adopted: CRENBL,
Lanl.2DZ, Stuttgart (StuttRLC). For the light atoms in
diiodoethane, the same above basis sets were used, when
applied the SMD, while for the PCMs, only the 6-31+g*
basis was used. For SMD method, the cavity-atoms radii
model used was the default (similar to Bondi model with
a scale factor?). Two versions of Gaussian Program were
employed, G03 and G09, but only the results for the
latter will be shown here, and a comparison with several
experimental works was made’®.

Results and Discussion

For all the adopted calculation protocols and
solvents (only results for CHCI, and DMSO will be
shown here), for difluorethane molecule, the GE was
confirmed to be dominant (AEST™=ECS-ET<0) and, for the
other dihaloethanes, the T form was found to be the
most stable (AE®™0), revealing the dominance of the
Pauli repulsion, as expected. For the B3LYP functional,
the best averaged result was obtained with the 6-31+g*
basis set combined with the CPCM/Pauling model, that
is, the more balanced choice basis for F, Cl, Br and I
compounds. The IEFPCM as well as the 6-311+g*
basis, although a little bit worse, yield similar results
as the above protocol. As expected, a more pronounced
stabilization of the G (polar) form with respect to the T
(non-polar) form was observed in all the solvents owing
to the dipole-induce dipole attractive interactions,
and with a much greater extent in polar ones, owing
to higher-magnitude dipole-dipole forces. Also, the
stabilization of the T form is observed for polar solvents
(dipole-induce dipole) and even for non-polar solvents,
due to the presence of dispersion interaction, as a non
electrostatic term of the PCM calculation.
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Figure 2. B3LYP/SMD (LanL2DZ for iodine) AEST and AEST values
in CHCI, solvent for the dihalo-ethanes C,H X, (X = F, Cl, Br and
I). The red dashed lines correspond to the experimental values, for
comparison.

Using the B3LYP/6-31+g* recipe, but with the SMD
solvation method instead of the CPCM one, we rather
obtain the opposite performance. In fact, this protocol
yields poor results, especially for light halogen atoms,
F and Cl. In this regard, the 6-311+g*, 6-311g* and
6-31+g* basis sets yielded better results for F, Cl and Br,
respectively. As can be seen, the lighter the halogen is the
higher the basis set level is necessary to get a balanced
result. In Fig. 2, we can observe the B3LYP/SMD results
for the AEST (electrostatic part of solvation) and AE "
(estimate for total free energy of solvation = electrostatic
plus non-electrostatic component) in CHCI, for CH,X-
CH,X (X =F, Cl, Br and I). Since the cavitation energy
is positive and of high magnitude, this term dominates
the non electrostatic part of solvation energy and the
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AEST is invariably above the AEST for all the basis sets.
However, we can observe that the energy difference
between the two curves for all the C,H, X, compounds
is entirely systematic, that is, the non electrostatic
contribution. Another interesting aspect is that this
term increases as the halogen atomic mass increases, as
expected. Furthermore, we can see an alternate pattern
in account to the quality of the results among the basis
sets, especially the lighter the halogen. Very similar
results were obtained for the DMSO solvent, but in this
case, as expected, the magnitude of solvation energies in
this highly polar solvent are larger than in chloroform.
For the other non-polar solvents, C.H,, and CCl,, the
results are similar, but the stabilization of the G form,
as expected, is less pronounced because of the lack of
dipole-dipole interaction, producing higher AE °" values.
It is important to emphasize the lack of a consistent and
more complete experimental data. Finally, comparing
between the B3LYP and M05-2X functionals, in general
the latter gives better results for whole the halogen series.
Particularly for diiodoethane, the protocol MO05-2X/
SMD vyields the best results, associated with the use of
LanL2DZ effective core potential. We must stress that
the experimental result for C,H,I, is only qualitative.

Conclusions

As preliminary results for AE °" values, the B3LYP/6-
31+g* furnish the best average results when combined
with the CPCM/Pauling model, that is, this is the more
balanced choice basis for F, Cl, Br and I. For SMD
method, using the B3LYP functional, we rather obtain the
opposite behavior with the basis 6-31+g*, since it yields
poor results, especially for lighter halogen atoms, F and
CL In this respect, the 6-311+g*, 6-311g* and 6-31+g*
basis yielded better results for the F, Cl and Br, in the
respective order. In short, the lighter the halogen is the
higher level of the basis set is needed. As a general result,
we obtain that the electrostatic interactions are dominant
and are sufficient to explain qualitatively the experimental
values for AES. Finally, for the SMD method, since it
was optimized for Truhlar density functionals, in general
we obtain better results with the M05-2X against the
B3LYP. Calculations with this functional for the PCM
models used in this work are in progress, for a more
complete comparison.
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A Theoretical Kinetic and
Thermodynamics Study about
the Effect of Substituents in the
Synthesis of Chalcones

H. G. Machado, H. C. B. Oliveira, G. R. Oliveira, W. A. Silva & V. H. Carvalho

Introduction

Chalcones are natural compounds found in plants
with two aromatic rings united by a fragment of three
o,f-unsaturated carbons with one carbonyl. They can
be formed by the chemical modification of several
precursors. The most common path of synthesizing
this compound is from aldol condensation of aromatic
ketones and aromatic aldehydesl — Claisen-Schmidt
mechanism* (Figure 1).

Acetofenona Banzaldeido 1, 3-Diferd-2-propen-1-ona

Benzalacetolencna

Figure 1. Generic Claisen-Schmidt reaction

Some chalcones are biologically active, and
among these activities we can mention the following
characteristics: ~ cytotoxicity,  antimicrobial,  anti-
inflammatory and antimalarial. Sofalcone, for example,
was approved for clinical trials of anti-Helicobacter pylori
(H. pylori activity)®. An essential aspect of chalcone studies
is understanding their reaction mechanisms; the kinetic
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study of this reaction is very important for the elucidation
of the step-by-step synthesis of these molecules.

Although there are several experimental works that
estimated the kinetic rate constant'>>’ and proposed
mechanisms'? for this reaction, there are few theoretical
studies4 in this reaction.

In this paper, we reported an understanding of the
effect of the different substituents on these reactions
and an estimative of the kinetic rate constant. It was
characterized by the main reactive channels of the
studied reactions. Then, we predicted if the condensation
is viable, if it is energetically favorable, and what more
stable compound among the studied.

Methods

To develop this work, we characterized the transition
states with the Density Functional Theory (DFT) from
the existence of only one negative frequency for each
substituent. The quantum calculations were performed
at the B3LYP /6-311++G** level of calculation as
implemented in the GAUSSIANO9 suit of programs.

The transition states were located using the
‘Synchronous transit-guided quasi-Newton’ method.
The transition states were used to estimate the activation
energies and build an energetic profile of these reactions
using different substituents - NO,, Cl, OH, H, NH, and



CH,O (MeO). The Zero Point of Energy (ZPE) was used
to correct the activation energies.

The estimative of the rate constant considered only
the first step (abstraction of hydrogen of ketone molecule
by anion hydroxyl) of the reaction (hypothesis of the
rate determining step, see Figure 2). The rate constant
was calculated using the Transition State Theory (TST)3
including Wigner correction tunneling.?

Results and Discussion

In the first step of the Claisen-Schmidt mechanism for
the formation of a generic chalcone, the anion hydroxyl
OH-, a basic catalyst, abstracts hydrogen of ketone
molecule. The first transition state, which was found, and
the mechanism of the first step of chalcone synthesis are
represented in Figure 2.

With the description of the first step study of these
reactions using DFT and QST2 methodology, it was
possible to estimate the rate constant. This kinetic data
is temperature dependent and was fitted with models of
Arrhenius law, obtaining values for the activation energy
(Ea) for each substituent in meta position of the aromatic
ring of the ketones, as can be seen in Table 1.

Table 1. Values of barrier height and activation energy (Arrhenius law)
in the first step of synthesis of chalcones. Units are in kJ.mol .

Chalcones ll?:fel;;ilf: Ag:gtgi;n Literature
Chalc-NO2 8.0 16.5 -
Chalc-Cl 15.3 22.7 -
Chalc-OH 17.9 24.8 -
Chalc-H 18.2 25.1 32,61
Chalc-NH2 20.4 27.3 -
Chalc-MeO 23.5 30.5 41,02

Based on the analysis of the first step of the formation
mechanisms of chalcones in Table 1, it was perceived
that the barrier height and the activation energy tend to
be smaller when the substituents are withdrawing groups
and to favor the reaction, making it faster.

Thermodynamic parameters of energy variation
between products and reactants have been calculated for
the first step of the reaction (Table 2). All of the process
is exothermic and spontaneous.

'
‘J
'] ‘.l;
N
= = ¥ P

DN () 2
o H OH o — & a
o} ':o X

Figure 2. First step of Claisen-Schmidt mechanism for the formation of
a generic chalcone, and the transition state which been found

Table 2. Enthalpy and Gibbs free variation energy for first step of
synthesis of chalcone. Units are in kJ.mol-1.

Chalcones AH AG
Chalc-NO2 -45.9 -46.1
Chalc-Cl -26.8 -28.5
Chalc-OH -23.2 -25.6
Chalc-H -22.1 -25.3
Chalc-NH2 -18.3 -25.5
Chalc-MeO -143 -17.2

Conclusions

The preliminary results show that the use of aromatic
ketones substituted at the meta position by withdrawing
groups favors the reaction, making it faster, because they
reduce the activation energy. The complete study of the
reaction becomes necessary once the remaining steps of
the reaction can be more decisive in the kinetics of this
reaction. We expect that these results will orient futures
experimental works.
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Electronic Spectra of Nitrosyl Chloride:
A Reinvestigation Using Coupled
Cluster and DFT Calculations

Iran da Luz Sousa, Pedro A. M. Vazquez & Nelson H. Morgon

Introduction

Nitrosyl chloride (CI - N = O) can be observed at the
strastophere and troposphere of the earth, being of interest
in atmospheric chemistry."” In particular, CINO can
efficiently be photolyzed by ultraviolet (UV) radiation,
releasing atomic chlorine radicals which are harmful for
the ozone layer.® The structure of nitrosyl chloride has
been identified by various methods, including microwave,
infrared, Raman and photochemistry spectroscopies .

CINO in the groud state has a bent molecular geometry
and Cs symmetry. The valence electronic structure of
CINO was investigated in early studies by photoelectron
spectroscopy and theoretical calculations.*” The CINO
electronic configuration of the frontier MOs is... (3a"")
(12a”)(13a") (4a"") (14°)...,3 where single and double prime
denote orbitals that are symmetric and anti-symmetric
whith regard to the molecular plane, respectively. This
system can be studied by rigorous computational methods
because it has “only” 32 electrons.®

The elucidation of the decomposition process can be
studied using molecular electronic spectra. The spectrum
of nitrosyl chloride in gas phase was obtained by Goodeve
and Katz.9 The UV/Vis region (2-7 eV) CINO exhibits
a strong broad absorption band consisting of three
contribuitions, where the most intense of them has a
maximum at 6.3 eV.

The purpose of this work is to carry out calculations
of the UV spectrum of nitrosyl chloride, based on current
state-of-the-art methods. These methods include the
approximate equation-of-motion coupled cluster with
single-and-double excitations (EOM-CCSD).

Methods

The molecular structure of the NOCI system was
optimized using program GAUSSIAN 09 program!® at
the CCSD or DFT levels. In the last case were employed
B3LYP, CAM-B3LYP and PBEO exchange/correlation
functionals. The following basis sets were used: Dunning
triple { aug-cc-pVTZ (ACCt) and quadruple  aug-cc-
pVQZ (ACCq).

Calculations of the vertical excited states were carried
out at EOM-CCSD and TDDFT/CAM-B3LYP levels
of theory. The CAM-B3LYP functional showed better
performance that others conventional functional when
applied for the excited electronic states.

Results and Discussion
In Table 1, the molecular structure of NOCI, showing
calculated and experimental values

Table 1. Geometrical parameters molecular structure of NOCI.

NOA)  NCHA)Y  NOC (%)

CCSDYACCH 1.135 1.942 113.1
COSIVACCq 1.131 1.934 113.1
COSI(TYACCH 1.141 1979 113.4
CCSINTYACCY 1.138 1.967 113.3
BILYPACC 1.127 1.997 114.1
CAMB3LYP/ACCr 1125 1.952 1134
PBED/ACCH 1.126 1.952 113.8
Exp." 1.14 1.97 113.3
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All theoretical results give geometrical parameters
closer to experimental values. The CCSD(T)/ACCt results
provided a better performance and these results are in Fig. 1.

CCSD(T)/ACCt
Experiment

Figure 1. Molecular structure of nitrosyl chloride.

The result of the UV spectrum for singlet and triplet
states is summarized in Table 2. The UV spectrum of
NOCI in the gas phase shows a two very weak bands at
2.06 eV (oscillator strength f=107%), 2.64 eV (f=9 x 10
%), a shoulder at 3.72 eV (f=107) and a very strong band
at 6.30 eV (f=0.5).

Table 2. Computed transition energies (in eV) and oscillator strength of
NOCI employed different methodologies.

State EOM-CCSD/ CAM-B3LYP/
aug-cc-pVQZ aug-cc-pvVQZ
AE f AE f
" 2.19 S
13A (2.06): 0 (10 1.76 0
n 277 -4 -5 -4
11A (2.64) 104 (9 x 10°) 2.71 10
" 4.49 103
21A (3.72) 7 x 10 (107%) 4.05 0
21A' 4.77 3x10* 4.23 4x10*
31A' 4.87 6x10* 499 | 14x10*
31A" 4.93 3x10* 5.07 3x10+
, 6.49 .
41A (6.30) 0.57 (6 x 10 6.61 0.45
, 8.51 5 2
S51A (8.26) 5x10 8.14 |6.8x10

*Experimental results (in parentheses)’.
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The calculations EOM-CCSD/ACCq overestimates
of excitation energy experimental. This methodology
produced intensities comparable to the experiment.
The energy of the bands in the CAM-B3LYP/ACCt
simulation agrees quite well with experiment, although it
overestimates at first and last excitation energy.

The calculated 41A’ state, probably correspond to
the most intense component of the experimental band.
The functional CAM-B3LYP estimates this energy 6.61
eV (f = 0.45) and the energy transition calculated using
equation-of-motion coupled cluster is 6.49 eV (f=0.57).
Both methods describe this electronic transition.

The best description for an electronic state few studies
in literature, 5'A’ state, also computed in this study. The
experimental vertical excitation energy is 8.26 eV (51A°
state). The energy calculated we found this transition is:
8.51 eV (f=5 x 10-2) with EOM-CCSD/ACCq method and
8.14 eV (f= 6.8 x 10-2) using CAM-B3LYP functional.

Conclusions

The molecular and electronic structure of the nitrosyl
chloride was investigated using density functional and
coupled cluster methodologies. A good agreement was
observed between CCSD(T)/ACCt calculations and
experimental results.

The calculations EOM-CCSD/ACCq overestimates
of excitation energy experimental. The CAM-B3LYP/
ACCq provides the best results of excitation energy for
the second and last bands. Both methods describe well at
the experimental intensities
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Construction of Brn? Protein

in Complex with MORE DNA
Through In Silico Methods

Ivan E. V. Coelho, Denise C. A. & Alex G. Taranto

Introduction

The incidence of non-melanoma (basal cell and
squamous cell carcinoma) and melanoma skin cancers
has increased in last decades. In three diagnosed cancers,
one is skin cancer. More rare and lethal, melanoma is the
most aggressive type of skin cancer. Currently, 132000
cases occur worldwide each year.! However, if detected
early, the cure chances are more than 90%. Metastatic
melanoma cases have a worse prognosis, which in most
cases has no cure and have a limited number of therapeutic
options.> Therefore, prevention campaigns and early
diagnosis are very important. Typically, melanoma arises
in areas of the body most exposed to solar radiation,
especially people with pale skin.? In recent years, some
new drugs have improved the survival of patients with
melanoma. However, this increase in survival is modest
and most patients with metastatic melanoma are not
cured.? Thus, studies should be conducted to search
for new molecular targets and more effective treatment
options for melanoma skin cancer.

In this context, Brn2 transcription factor has been
studied due its relationship with melanoma development.
High levels of this protein expression, compared to the
low levels found in differentiated melanocytes, have
been found in melanoma cell lines.*>¢’® The Brn2
protein, codified by POU3F2 gene and known as N-Oct-3
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when complexed with DNA target site, is a member of
transcription factor family, which has conserved POU
domain.’ Melanocyte precursors also express Brn2, but
express lower levels with the differentiation of these cells.
This protein can coordinate the normal development
of melanocytic lineage or can reactivate signals to an
abnormal growth as in malignant melanoma.'* Moreover,
there is evidence that BRN2 overexpression is regulated
by the major signaling pathways in melanoma: Wnt/b-
catenin, MAPK/BRAF e PI3K/AKT.%!L12

The Brn2 structure can interact with distinct types
of DNA targets: the more palindromic Oct recognition
element (MORE), palindromic Oct recognition element
(PORE) and N-Oct-3 recognition element (NORE)
as a mono—mer but also as a dimer.”* Similar to POU
proteins, Brn2 can interact with several DNA sequences,
with different orientations and spacing between its POU-
specific subdomain (POUs) and POU-homeodomain
(POUh) subdomains because of subdomains are bonded
by flexible linker. This protein, constituted of 443 amino
acids (47 kDa), has both transactivation N-terminal
domain (local of interactions with co-regulatory proteins)
and DNA-binding C-terminal domain.'* The conserved
DNA-binding domain consists of N-terminal POUs of
approximately 75 amino acids and C-terminal POUh
of 60 amino acids joined by a less conserved linker.9



The POU domain-DNA interaction occurs primarily
on 5’-ATGCAAAT-3’ octameric sequence. Both POUs
and POUh subdomains form a helix-turn-helix motif
using the second and third helices of each subdomain.'®
However, neither the Brn2 three-dimensional structure
nor its POU domain are available in the Protein Data
Bank (PDB).! Only part of the structure (POU domain)
of several POU proteins can be found in PDB, and no
complete structure is available. The Brn2 DNA-binding
domain was constructed through homology modeling
using as template the Oct-1 protein (PDB code: 10CT)."”
However, the construction of full-length Brn2 model and
molecular dynamics (MD) simulation of this protein in
complex with MORE DNA provide knowledgement of
its structure and function. This studies can contribute
for the development of selective inhibitors against this
protein or DNA target site.

In this work, we construct the full-length three-
dimensional structure of Brn2 bound to MORE half-site
(5’-ATGCATGAGGA-3’). The MD simulation of Brn2-
MORE complex is in progress.

Methods

The primary sequence of Brn2 was retrieved from
NCBI’s protein database,'® access code NP_005595.2.19
Currently, there is no template available in PDB for full
Brn2 protein. Thus, this protein was built using PHYRE2
program.?® This built model was improved using Swiss-
Model program,?! which built a new brn2 model using
the previous model generated by PHYRE2 and Oct-6
(POU3F1) POU domain available in PDB (2XSD) as
templates. The model was evaluated to structural quality
using PROCHECK 3.5.4,2 Verify 3D,? ANOLEA25
and structural features obtained from circular dichroism
spectra of full-length Brn2 protein.14 The DNA-
target structure which has the 5’-ATGCATGAGGA-3’
sequence was retrieved from PDB (2XSD). This complex
was submitted to 20000 steps of energy minimization
under conjugated gradient using NAMD program?®® and
the CHARMM36 all-atom force field.?”**2% The explicit
solvent model with water box (TIP3P water model)31,32
and periodic boundary conditions were used. The
protein-DNA complex was immersed in a water box and
solvent molecules closer than 2.4 A to the solute were
eliminated. The dimensions of box sides were 79, 90

and 104 A whereas the water box had at least 12 A of
extension between any protein-DNA atom and the edge
of the box. Counter ions Na+ were added to neutralize the
system before simulation. Electrostatic interactions were
calculated using the Particle Mesh Ewald method** with
real-space cutoff of 12 A and 1 A between grid points.
The Lennard-Jones interactions were included with force
switching from10 A to 12 A. The list of nonbonded atoms
was kept for interatomic distances of 14 A.

Results and Discussion

The full three-dimensional structure of the Brn2
protein was obtained by comparative modeling method.
This protein was bound to an 11 base pair oligonucleotide
containing the half-site of the MORE motif (ATGCAT)
and optimized through energy minimization. The
stereochemical quality of the Brn2 model, was evaluated
using the PROCHECK 3.5.4 software after energy
minimization. The model showed 76.5% of its amino
acid residues in favourable regions, 17.9% in allowed
regions, 2.7% in generously allowed regions and 3.0% in
disallowed regions (except glycine and proline residues).
Moreover, the POU domain, which interact with DNA,
has 92.7% of your amino acid residues in favourable
regions and 5.8% in allowed regions. This region (both
POUs and POUh subdomains) has 95.31% of sequence
identity with the same Oct-6 region available in PDB
which was also used for model building. High sequence
similarity level (greater than 30%) confers reliability
to built model.>* The model analysis through Verify 3D
showed that 85.78% of the residues had an averaged 3D-
1D score >= 0.2 (threshold value is 80%)**2* (figure 1).
The model showed compatibility of its atomic model
(3D) with its own amino acid sequence (1D) when
comparing the results to good structures. The figure 2
shows the energy estimation of Brn2 model through
non-local atomic interaction energy assessment using
ANOLEA before and after energy minimization. The
model quality was improved after energy minimization.
As can be seen, the number and energy value of high-
energy amino acid residues decrease after the process.
The POU domain of this protein is constituted mainly
of helices and transactivation domain of loop regions.
As shown in figure 3, the model has 9 a-helices without
B-sheet. The POUs subdomain consists of 4 a-helices
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and POUh of 3 a-helices. Both subdomains have helix-
turn-helix motif using the second and third helices of
each subdomain, similar to other POU proteins. The
protein remaining is mainly constituted of loop regions
and two short helices (figure 3). The Brn2 structure was
compared with structural features data obtained from
circular dichroism spectra of full-length Brn2 reported
by Cabos-Siguier and collaborators.!* The structure
of Brn2 model was similar to circular dichroism data
which suggested the presence of a-helical secondary
structures. The location of trypto-phan residues was
also in agreement with the circular dichroism spectra
mentioned above. The side chains of the three trypto-
phan residues located in the transactivation domain
were more exposed to the solvent than those two tryp
to phan residues found in the POU subdomains, which
was buried inside the three-dimensional strucure of the
protein. Thus, the model showed good quality for further
MD simulation in complex with MORE half-site which
is in progress. This studies can contribute to describe
the structural properties of full Brn2 protein and the
mechanism of its interaction with specific DNA target
site.
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Figure 1. Analysis of Brn2 model using Verify 3D. The model has
85.78% of the residues with averaged 3D-1D score >= 0.2 (threshold
value is 80%).
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Figure 2. Energy estimation of Brn2 model using ANOLEA before (A)
and after (B) energy minimization. The plot shows a detailed energy
analysis along the sequence.
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Figure 3. Three-dimensional structure of full-length Brn2 model in
complex with MORE half-site. The recognition helices of Brn2 POUh and
Brn2 POUs are inserted within the major groove of the DNA (red). The
model is constituted mainly of helices (blue) and loop (white) regions.
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Conclusions

The model showed good quality verified through
evaluation by PROCHECK 3.5.4, Verify 3D, ANOLEA
and structural features obtained from cir~cu—lar
di—chroism spectra of Brn2 protein. The POU domain of
Brn2 model shared structural similarity to other members
of transcription factor family. This Brn2 domain is also
very similar to Oct-6 POU domain available in PDB,
which the regions share high sequence similarity. The
MD simulation of Brn2-DNA target site is in progress.
This simulation will allow to refine this protein structure,
and understand its specifics interactions with MORE
DNA. Knowledge about these interactions will also
provide information to contribute for the development of
specific inhibitors against Brn2 or DNA target site.
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Estudo QTAIM/NBO das Interacoes
Estabilizante do Empacotamento
do (E)-1,1, 1-Tricloro-5,
5-Difenil-4-Metoxipent-3-en-2-ona (CL,ONA)

José A. S. de Freitas, Mariano A. Pereira, Alex F. C. Flores, Davi A. C. Ferreira & Tatiane L. Balliano

Introducéo

O estudo espectroscopico com a finalidade de investigar
as organizagoes intrinsecas da matéria foi um marco para a
ciéncia moderna, pois ampliou os horizontes da aplicagdo
dos modelos matematicos do comportamento da matéria'.
Dentre estas técnicas, a Difracdo de Raios-X se destaca
na determinagdo estrutural. Esta se baseia na interacdo da
densidade eletronica com um campo externo incidente,
resultando em padrdes de difragdo, concentragdao pontual
das flutuagdes eletronicas®. Assim, a densidade eletronica
¢ o parametro experimental que determina a propriedade
do material.

Mesmo assim, a densidade eletronica é considerada um
pardmetro fisico-quimico polémico, devido as flutuagdes
na descricdo da densidade de carga’*. Informacdo
importante na descricdo das interagdes em sistemas
cristalinos e transferéncia de carga no seio do cristal o
que determinam a topologia eletronica do sistema. Para
tratar deste problema, Bader desenvolveu uma teoria que
descreve o comportamento atdmico em uma molécula,
ligagdo quimica estabilidade e estrutura molecular
a partir das propriedades topologicas da densidade
monoeletronica p. Ou seja, as propriedades topologicas de
p adquirem um significado fisico*®. Desta forma, a Teoria
Quantica de Atomos em Moléculas (QTAIM) descreve
o comportamento da matéria mediante da descri¢do das
propriedades contida na densidade eletronica; onde define
a ligacdo quimica como “caminho de ligagdo” (bond path

- BP) onde a distribui¢ao da densidade eletronica no ponto
critico (critical point - CP) — regido onde ha mudanga
abrupta da densidade eletronica — ¢ um minimo entre
atratores e maximo na dire¢do perpendicular ao BP, tendo
o gradiente da densidade eletronica o agente determinante
da topologia molecular’. Atribuindo ao sistema uma
aparéncia de “grafo” molecular.

A abordagem de grafo molecular, formado pelos
atratores a partir de caminho de ligagdo, para definir a
ligacdo quimica de um sistema apresenta corroboragao
experimental na analise de densidade em cristais®!?. A
QTAIM se apresenta como uma poderosa ferramenta para
a investigacdo das interagdes estabilizantes de sistemas
moleculares' e cristalinos'>. Neste trabalho, aplicamos
o modelo QTAIM" de descri¢do de estrutura eletronica
para compreender as interagdes intermoleculares no
empacotamento molecular no cristal de CL30NA.

Métodos

Neste estudo, as estruturas determinadas pela
caracterizagdo de difracdo de Raios-X foram
eletronicamente analisadas pela aplicagdo da Teoria do
Funcional de Densidade, através do funcional PBE1PBE
e base atdmica cc-pVDZ implementados no pacote de
programas Gaussian09. A analise QTAIM das intera¢des
do cristal foi realizada usando o pacote de programa
AIMAIL A andlise NBO para as interagdes estabilizadoras
ainda se encontra em fase de finalizagao.
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Resultados e Discussdo

O sistema molecular CL30NA apresenta um arranjo
cristalino monoclinico com grupo de simetria P 21/n.
Cujos dados da cela unitaria (Figura 1) é: a = 6,0493(2)
A, b=123443(5) A e ¢ = 23,4876(9) A; B = 95,654(3)°;
Z = 4 moléculas/cela unitaria; V = 1745,39(3) A%; F(000)
=759,9. E, o experimento apresentou os seguintes dados:
11935 reflexdes coletadas; 3683 reflexdes independentes;
208 parametros refinados; S = 0,9330; R(int) = 0,0711,
Robs =0,0529 e Rall =0,1163.

Ao 2
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Figura 1. Cela unitaria da CL30NA.

A analise da topologia da densidade eletronica da
cela unitaria do cristal de CL30NA mostrou duas regides
intermoleculares, regido formada pela interacdo de quatro
moléculas de CL30ONA no empacotamento (Figura 2).
Onde cada grupo R é uma molécula de CL30NA distinta
no empacotamento.
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Figura 2. Interagdes estabilizadoras no cristal de CL30NA: I)
vizinhaga da regido tri-halogenada do CL30ONA; II) empilhamento-m.
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Numa tentativa de compreender a natureza
das interagdes estabelecidas entre as moléculas no
empacotamento, realizamos andlises QTAIM para
extracdo de propriedades topoldgicas da densidade
eletronica nos pontos criticos de ligacdo (BCP)
destacados na Figura 3.

Figure 3. BCP’s na cela unitaria CL30ONA

Nesta analise, verificamos que ha uma rede
de interagdes ndo-convencionais que auxiliam no
empacotamento da CL30ONA. Esta rede de interacdes
foi caracterizada através da determinacdo de densidade
eletronica (p), laplaciana de densidade eletronica (V2 p),
elipticidade da densidade eletronica no ponto critico (g),
e densidade de energia potencial (V); estas propriedades
foram catalogadas (em a.u.) na Tabela 1.

Tabela 1. Propriedades QTAIM da cela da CL30NA.

BCP p V2p € v
a 0.001107 | +0.003285 | 5.519133 | -0.000456
b 0.001000 | +0.003244 | 2.777557 | -0.000367

0.004218 | +0.013040 | 0.040367 | -0.002158
0.003961 | +0.013848 | 0.111278 | -0.001998

o

o




Como pode ser observado na Figura 3, a existéncia
do BP, com CP a, indica a ocorréncia de uma interagao
do tipo empilhamento-n, de magnitude semelhante a da
interagdo delineada pelo BP e CP b. A interagdes descritas
pelos CP’s a e b sdo topologicamente correspondentes
a uma interagdo fraca, cada uma equivalente a metade
da forca de uma ligacdo de hidrogénio convencional (p
= 0.002 a.u. a 0.035 a.u.; V> p = +0.024 a.u. a -0.139
a.u.). Ja as interagdes descritas por ¢ ¢ d sdo expressivas
o suficiente para entrar na classificagdo de ligacdo de
hidrogénio segundo a QTAIM, além de apresentar
valores de V que indicam pontos de maior estabilizagdo
eletronica com relag@o aos pontos a e b.

Conclus@o

Calculos QTAIM indicaram que as interagdes
responsaveis pelo empacotamento molecular da CL30NA
se baseiam em sucessivos empilhamentos-rt e ligagdes
de hidrogénio ndo convencionais, topologicamente
caracterizadas, envolvendo fragmentos moleculares do
tipo C-H...CI-C.
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Adsorption of Atoms on

Cubic g-MoC (001) Surface

José R. S. Politi & Alanna P C. Dantas

Introducéo

O metano ¢ um dos principais poluentes industriais e
tem varias aplicagdes nas mais diversas areas, sendo alvo
de inimeros estudos. Um dos processos mais utilizados
para o uso racional desse gds ¢ a reforma a vapor.
Nesse processo o metano ¢ convertido em uma mistura
de hidrogénio e mondxido de carbono. Essa mistura
¢ conhecida como gas de sintese ¢ ¢ muito utilizada
como insumo em varias indastrias de transformagio,
como, por exemplo na produgido de amdnia e sintese de
hidrocarbonetos via processos Fischer-Tropsch. Contudo,
a reforma & vapor ¢ um processo caro industrialmente
principalmente pelo uso de metais nobres como
catalisadores. Por isso ha grande interesse no estudo de
catalisadores mais baratos para essa reacao.

A adsor¢@o ¢ uma das principais etapas na catalise
heterogénea, pois ¢ através da formacdo de novas
estruturas, resultantes da adsorcdo das moléculas do
meio sobre o catalisador, que ocorrem as modificagdes
nos mecanismos que promovem o aumento da taxa de
reacdo. a demanda por tecnologias mais econdmicas
e com menor impacto ambiental vem crescendo, e
segundo Basta et al (1994), esse ¢ um dos fatores que
mais contribuem para o desenvolvimento da técnica de
adsor¢do quimica ',

Os carbetos de metais de transicdo (TMC) tém
se mostrado catalisadores promissores em diversas
reacOes estudadas. Estudos publicados na literatura de
nanoparticulas de ouro suportadas em TiC se mostraram
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excelentes catalisadores para a dissocia¢do de oxigénio*
e a dessulfuracdo do tiofeno.*

A extensdo desse estudo para nanoparticulas de prata
e cobre mostrou que essas estruturas tém propriedades
cataliticas ainda melhores para a dissociagdo de
compostos contendo enxofre organico.”> A atividade
catalitica de superficies de nanoparticulas metalicas ¢
bem conhecida, mas a importancia do suporte de carbeto
no processo catalitico também foi recentemente provada,
devido ao processo de polarizagdo.®

Nesse contexto, define-se o objetivo desse trabalho
que ¢ estudar a adsor¢do dos atomos de niquel, ruténio,
platina e paladio na superficie do 5-MoC (001).

Metodologia

Nesse estudo foi utilizado o método periddico para
representar o sistema solido e evitar o efeito de borda
existente nos estudos de sélidos. Em particular, modelos
periddicos de representacdo de solidos associados a
niveis sofisticados de aproximagdo sdo potencialmente
uteis para descrever e interpretar aspectos dos fendmenos
regidos pelas caracteristicas eletronicas, estruturais e de
reatividade de soélidos. Os calculos foram realizados
com a teoria do funcional densidade (DFT), dentro da
aproximacdo GGA. Foram utilizados os funcionais PBE
e PWOI1, implementados no programa VASP. Nessa
estratégia, a densidade dos elétrons de valéncia sdo
expandidas em um conjunto de bases de ondas planas e
o efeito provocado pelos elétrons internos é descrito pelo



método PAW (projector augmented wave) de Bloch. O
método DFT empregado nesse projeto tem se mostrado o
método ab initio mais adequado para esse tipo de estudo,
apresentando uma boa acuracia quando comparado a
dados experimentais e teoricos.

Resultados e Discussao

Foram propostos diferentes sitios de adsor¢ao, com
o intuito de determinar em qual deles ocorre a interagao
mais favoravel. A adsor¢do de um unico atomo na
estrutura ctibica do 6-MoC foi provada nos sitios bridge,
hollow, topC e topM, mostrados na figura a seguir.

bridge

topC

hollow

“
) ©

Figura 1. Sitios de adsorgdo na superficie 3-MoC

000

C0CO

O sitio hollow foi o que apresentou a menor energia de
adsor¢do para os adatomos (ad) selecionados. Na tabela a
seguir, sdo apresentadas essas energias de adsor¢ao.

Energia de adsorcdo (ev) dos adatomos (ad) na
posi¢ao hollow

Eads(eV) 4,9292 4,4067 4,9575 7,0247
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Ao serem adsorvidos, todos os dtomos promoveram
uma reconstru¢do da superficie (001) do 6-MoC. Os
atomos de carbono se deslocam na direcdo do metal
adsorvido e os de molibdénio se afastam (figura 2).

Figura 2. Atomo de Ni adsorvido na superficie 001 do 8-MoC

A carga sobre o Ni varia em +0,1 na adsorgao.
Variag@o semelhante ocorre com os demais atomos.

Conclus@o

Os atomos de niquel, paladio, platina e ruténio
foram adsorvidos pela superficie. E possivel observar a
ocorréncia de reconstrugdo na superficie com a adsor¢ao
desses atomos. O comprimento de ligagdo e as energias
envolvidas indicam que essas adsor¢des sdo quimicas.
Hé um leve aumento da carga dos atomos quando ocorre
a adsorg¢do, significando uma transferéncia de carga do
adatomo para a superficie. Essa transferéncia torna a
superficie ligeiramente mais oxidativa, o que sugere que
esses adatomos favorecem a agao catalitica da superficie.
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Synthetic Routes of the Fundamental
Building Blocks of Life: Computational
Study of The Reaction Free Energy

Kelson M. T. Oliveira & Elaine Harada

Introduction

In recent years, theoretical and experimental studies
have made efforts to understand the origin of the
building blocks that gave rise to life, generating a lot of
discussion about abiogenesis theme '*. The idea most
widely widespread, known as “the RNA World””*3,
maintains that life arose spontaneously through five
main stages: (1) prebiotic synthesis of nucleotides;
(2) prebiotic formation of polynucleotides from the
nucleotides; (3) emergence of special RNA molecules
catalyzing its own replication; (4) evolution of the
primordial replicases towards more efficient ones; (5)
emergence and evolution of other and better catalytic
RNA molecules®’. All stages are target of much
speculation and discussion as it can not be replicated
faithfully the original conditions in the laboratory,
and there is no guarantee that will be performed in the
future®. This work, from a semi-empirical theoretical
approach, investigates some aspects of the two first
stages by means of thermochemical data from the
prebiotic nucleotide synthesis reactions, and short
sequences of DNA and RNA. The objective was to
verify that various abiotic reactions identified in the
literature®!® as natural precursor in the formation
of life blocks can occur spontaneously in abiotic
environment. It was used as a criterion calculating
the Gibbs free energy, since the thermodynamic
parameters calculated by semi-empirical methods such

as AM1 and PM3 has shown a good correlation with
experimental data''.

Methods

The theoretical quantum chemical calculations were
performed in an INTEL QuadcoreTM PC (8 GB RAM),
on the Debian LINUX (5.0 version) by Gaussian 03
Program (Revision E.01). In the optimization geometry
and energy routines, the AM1 and PM3 methods were
used. Molecular geometries were fully optimized by
the force gradient method using Berny’s algorithm,
and potential energy surfaces were characterized using
standard analytical harmonic vibrational analysis to
confirm that the stationary points corresponded to
minima of the potential energy surfaces (no imaginary
frequencies or negative eigenvalues were found).
The thermochemical parameters AH_and AS_for each
compound were obtained from vibrational analysis
(T=298.15K), allowing the calculation of AG_. The
methodology consisted of modeling of reactional
systems in two distinct stages: 1. Abiotic synthesis
reactions of nucleic acids; 2. Formation reactions
of short sequences of nucleotides. For this purpose
the optimized geometries were obtained as well
as the calculation of the energies, frequencies and
thermochemical data of each participant’s reaction
compound. The nucleotide sequences used, are for a
single helix conformation, as Table 1.
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Table 1. Conformational data from a single helix sequence. Table 2. Thermochemical Data of compounds necessary for the abiotic
synthesis reactions of nucleic acids, nucleotides and sequences.

I AH A5 a5*
Si]]gle HE]_iX ﬁ s [ Kcalmol) [Calfmad] {Kcal/mol)
€-Biaminomaleanitrile 134578689 E745 1104508355
& 39.17 T-Oiaminhumeromitrie 147 0281057 E7AS 1905847013
Aminoimbdarol Carbonitrile 1436157037 B1.11 1154327572
p -151,44 HCHN 4400288373 47Es 297248003
3089 HCH damer B2.05885519 6359  E3.00855909
¥ ! Aminam.secritrile 110:2911874 TEEL 74894554
z -95,44 Fomambdine 5592557373 6135 3753228233
Acserires 163.2818671 B524  137.56M111
ﬁ 155}56 Thymine 1707517461 B4.55 -£.14533355
e 159,19 Citedine 6992092926 TRER 4640085726
Guanine 129.5707748 55954 102.5744238
g -98,97 Uracii B.A4T0NTT4 7986 -17 ITATIRIE
Sugar form 3' Endo Deasyritere < 1014005959 9161 1287141174
HyPOy .252.5621073 7799 2755148258
HHCOMHCHCHEN 738830274 5005 470346159
PO, -57.701THEAT 7471 -BO0ETTETST
bt i e 120.3156253 129.69 E1.58892E635
Aitonine 2R 84514577 13581  -5.067H0573
Results and Discussion dnanine BE9ITIESS 13373 47.1263569
ATIMINA -25.51518411 13141  -64.69507561
HCCCN 107 2251437 5767 9003083324
1. REACTIONS FROM NUCLEIC ACID HOCHCHEN 15 33019333 7148 1700843133
SYNTHESIS HH (0N, -1.44550051 65.95  -FII06E9301
Triocyanate| 131568847 4763 +1.0419998
. : : : HDy =122 1624721 .00 -4 1. 2540721
The estimation of the free energies of format.lon of iy e o i i i
each compound (Table 2) allowed the calculation of o 5 7503176 4635 -BOT016524
AG, of each reaction (Table 3). The more traditional H:0 ~34,05896706 4508 5745855056
reactional routes were chosen (Figure 1). In the case HH.OH -2B.TE152085 TRAE 5113476585
HH, 167168564 45.54 3.0365518

of adenine and cytosine, two main routes have been

leulated. The abioti hesis of thvmi d -117. 1605096 23292 1836241076
calculated. e abiotic synthesis of thymine an A S T
guanine are the subject of discussion, and have not ATC -80,726853 2805 107252046

a5

been investigated in this work '2. ATCG -231 2606524 38806 -350 2105768
Results showed that all the nucleic base synthesis ST et i B s

. 11 f bl d t AIMG -312. 5915862 42692 440 1777442

routes are energetlcg y unfavorable and may no Bt i b Sem
spontaneously occur in the way it has been proposed. ATPO; 23 41578030 13504 -50.E9748539
Reactions 01 and 02 had more than one intermediate APh 3.79267044 N334 -30 45058556
step thermodynamically unfavorable. The second step iR, M T5T40009 1205 3453032509
APl -301. 1972653 11778 »336.3143713

of the reaction 03 presents a large AG, which makes
it impossible to produce cytosine. There is a similar
argument to reaction 04. Reaction 05, as proposed
by Luisil5 depends on the spontaneous formation of
cytosine by other mechanisms, especially thiocyante

Table 3. Free energy (in Kcal/mol) of routes of synthesis of nucleic
acids.

Reaction AG; AG; AG; AGy AGs AGs

and urea routes, which proved to be energetically RO1 354 533 -662 049 845 -1158
£ ble. In thi ‘th the f i ¢ R 02 354 533 662 849 -1646

un av.ora e. .n 1s case, Wi .e .orma 19n o RO3 1551 5112 5687

cytosine, uracil spontaneous generation is possible, a R 04 -68.22 56.87

basic component for RNA. ROS 5687 082
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Figure 1. Abiotic routes of synthesis of Adenine, Cytosine, Uracil
nucleic acids.

2. REACTIONS FROM FORMATION OF SHORT
SEQUENCES OF DNA AND RNA

The abiotic mechanism of simple sequences of
nucleotides formation has never been adequately and
sufficiently demonstrated. There are at least three possible
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suggestions of formation: (a) reaction from the individual
components present in the environment; (b) nucleosides
reaction in environments rich in phosphorus; (c) reaction
from pre-existing sequences containing a phosphodiester
bridge.

In case (a), free energy was calculated with the
thermochemical data of all necessary components to
form a single sequence(Table 4). Analysis of the resulting
values presents a strong correlation with the size of the
sequence. The longer the more positive the value of AG,
(Figure 2). Extrapolation to a complete sequence (single
helix) with 200x106 nucleotides, as contained in the
human genetic code, without any particular order, will
result in a DGf of 3.19x1010 Kcal/mol.

Table 4. Free energy (in kcal/mol) of formation of short sequences,
from the individual components present in the environment (nitrogen
basis, deoxyribose and phosphoric acid).

COMPONENTS — SEQUENCE AG,
A+T+2DEOXY +1H;PO, — AT+ 2H;0 105.18
A+T+C+3DEOXY + 2 HsPO, — ATC+4H,0 424.74

!

A+T+C+G+A4DEOXY + 3 HsPO, ATCG + 6H,0 368.37

A+T+C+G+A+5DEOXY+ 4 HsPO;, — ATCGA+ 8H,0 656.18

!

A+U+C+G+4DEOXY[+ 3 HsPO, AUCG + 6H;0 287.52

@
2
=1

—B- Theoretical data
—— Linear fit (y=10.54+159

-
2
=1
T
1

Free Energy (KCal/mol)
=
[=]

200 - B

L | ' | L |
AT ATC ATCG ATCGA
Nucleotide Sequence

Figure 2. DGr formation of random nucleotide sequences according to
the size of the sequence. In blue, the linear fit.
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For case (b), some longer sequences were
shown to be energetically favorable to spontaneous
formation, if complete nucleosides are available
in the environment in the presence of anion of
phosphoric acid (Table 5). However, the formation
deoxynucleotides (dA, dC, dG and dT) proved to be
energetically unfavorable.

Table 5. Free energies (in kcal/mol) of d-nucleosides complete reactions
in the presence of phosphorus.

COMPONENTS — NUCLEDSIDES/SECIUENCES AG,
d+A —*dA+HO 15.13
d+T —dT +H0 14.66
d+C —+dC+H;0 15.74
d+G —+dG+H:D 15.46
dC + dT + POy + T -118.15
da+dT+ POy -+ AT -120.45
dA+dT +dC + 2P0y — ATC 45,12
dA+dT +dC +dG + 3P0y  — ATCG -164.95
dA+ dT + dC + dG + dA+ AP0y — ATCGA -30.61

The latter case (c) investigated the formation of new
sequences from other smaller d-nucleosides sequences
containing a phosphodiester bridge (see Figure 3).
The results showed that some sequences may have
negative DGr, but the data are not sufficient to set
as a rule. Once the first sequence is not energetically
favored (107.89 Kcal/mol), the next cannot be formed
therefrom (Table 6).

Table 6. Formation free energy (in kcal/mol) of new sequences from
pre-existing sequences and d-nucleosides with phosphodiester bridge.

SEQUENCE PREEXISTING — RESULTING SEQUENCE AGr

AT+dCPO: — ATC 107.89
ATC+dGPOz: — ATCG -277.85
ATCG+dAPO2 — ATCGA 64.72
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Figure 3. Deoxyribonucleosides containing a phosphodiester bridge.

Conclusions

None of the investigated abiotic reactions of nucleic
acids synthesis showed positive DGr in all their stages.
Calculated values do not contemplate a spontaneous
occurrence of these reactions in an abiotic way. The
formation of sequences of nucleotides, considering
the presence of all components in an abiotic reaction
environment also resulted in positive values. In this
case, even with all components present, there is no
formation of nucleotides sequences. In the presence of
complete deoxynucleotides there is the possibility of
spontaneous formation of larger sequences. However,
the formation of these deoxynucleotides remains
not spontaneous , which prevents the generation of
longer sequences. Finally, reactions with complete
nucleosides which exhibit a phosphodiester bridge,
do not guarantee that larger DNA sequences can be
formed continuously. Therefore, it is suggested that
other reactions and proposals should be exhaustively
investigated before giving a final word on the
appearance of bases of life from an abiotic environment.
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Conformational Analysis,
MC Simulation, Experimental and
GIAO-DFT *C NMR Calculation on
2'-Hydroxy-3,4,5-Trimethoxy-Chalcone

Leandro O. Duarte, Paulo G. Freitas, Andressa K. Silva, Luciano M. Lido & Fabio L. P Costa

Introduction

Chalcones (1,3-diaryl-2-propen-1-ones) (Fig. 1) are
important intermediates for the synthesis of biologically
active compounds such as flavonoids, isoflavonoids
and their derivatives.! Due to their bio-physico-
chemical properties, among which we highlight the
antioxidant activity, the chalcones have been the focus
of experimental and theoretical investigations.'? Their
properties are related, among other factors, to its great
conformational freedom, as well as to the several patterns
of substitution of A and B rings.*

OMe
Py 2L OMe
(Al o e ]
b ;",:'-.-._____..- ".“_-\-\.____.-'fl '\_:'-:"-':-_.‘\DME
| fi
OH o

Figure 1. Structure of 2°-hydroxy-3,4,5-trimethoxy-chalcone molecule

The goal of this work is to investigate the ability of
the scaling factor protocol at the mPW1PW91/6-31G(d)//
mPWI1PW91/6-31G(d) level of theory to predict the
NMR 13C chemical shifts (8) of the 2’-hydroxy-3,4,5-
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trimethoxy-chalcone (chalcone) molecule. Moreover,
it will be compared two different approaches for
determining the chemical shift of the chalcone. In the
first one (I), the absolute shieldings (o) for all carbon
atoms in each geometrically optimized conformers of
the 2’-hydroxy-3,4,5-trimethoxy-chalcone molecule
were calculated using the GIAO approximation at the
mPW1PW91/6-31G(d)/mPW1PW91/6-31G(d) (NMR//
optimization) level of theory, and further used to generate
weighted average values for each atom considering the
previously obtained conformational distribution, 5, . In
the second one (II), only the o for the lowest energetic
conformer was taken to account, G, _ .

Methods

A randomized conformational search of the
2’-hydroxy-3,4,5-trimethoxy-chalcone molecule using
the Monte Carlo (MC) method with a search limit of 200
structures, and employing the Merck molecular force
field (MMFF) as implemented in the Spartan’08 software
package5 considering an initial energy cutoff of 10 kcal.
mol! was performed. The conformation preferences of
these molecules are ruled mainly by the formation of
hydrogen bond interactions between the OH and C=0,
see figure 2.



Figure 2. Superposition of the three lowest energy conformations of
the chalcone molecule

In the approach (I), for each optimized conformer
geometry, 'C atomic chemical shielding tensors
(o) were computed at the mPWIPW91/6-31G(d)//
mPWI1PWI1/6-31G(d) level of theory. Isotropic atomic
chemical shifts (8) in units of ppm were computed
as differences between the atomic isotropic shielding
of the solutes and corresponding reference atoms in
tetramethylsilane (TMS). So, the Population-averaged
chemical shifts for the selected conformers were
computed assuming Boltzmann statistics, see equation 1,
based on mPW1PW91/6-31G(d) free energies. Finally,
the *C NMR chemical shifts were scaled according to
Costa et al’. Protocols.

—AE; /KT
e

<5>:ZW ()

In the approach (I), only the lowest-energetic
conformer was used to obtain the scaled chemical shifts.
The chalcone was obtained from Sigma Aldrich Chemical
Co, BC NMR assignments are based on 'H and 'H-"*C
HSQC / HMBC spectra at 500 MHz and 125 MHz, using
CDCl.,.

Results and Discussion

Out results are in very good agreement with
empirical data. Indeed, '*C chemical shifts calculated
at the mPW1PW91/6-31G(d)/mPW1PW91/6-31G(d)
level of theory reproduce the chalcone experimental
data with small mean deviation (MD), see equation
2, and mean square deviation (MSD), see equation 3
error (see Table 1).

n
Z_ (Siexp _Sitheor:}
i=1

n

MD =

where {Smp} and {5. } are 13C NMR experimental

itheor

and theoretical (dcalc and dscal) chemical shifts of the
chalcone.

T - 2
Z, (Oiexp_oitheor}
i=1

n

MSD = 3)

Table 1. Statistical data illustrating the performance of various methods
for the GIAO calculation of *C NMR chemical shifts (8, in ppm) for
the chalcone

Level MD MSD)a MD (MSD)b
0 0.63 (1.80) -1.43 (2.14)
(I1) -3.10 (3.45) 1.10 (1.81)

aCalculated chemical shifts (3, = TMS - &) obtained by TMS
subtraction; bScaled chemical shifts (5= 1.055_, -1.22) obtained by
the generated universal scaling factors.

The main differences between experimental and scaled
9, level (I) and (II), were observed in carbons C4, OMe-
3, OMe-4 and OMe-5. These differences are consistent
with the 3 selected conformers (see fig. 2) to obtain the
d at the level (I). The reason is that they have different
orientations of the OCH3 group (atoms C3, C4 and C5) with
respect to the aromatic ring and the their 6 systematically
dependent on the orientation of the methoxy group.
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Table II. Differences between scaled and experimental '*C NMR
chemical shifts (in ppm) in the chalcone relative to TMS.

Nuclei Level (I) Level (II)
Cl 0.61 0.90
C2 1.00 0.50
C3 -0.77 -0.68
C4 -6.56 -1.12
Cs -1.45 -0.48
C6 1.00 0.50

o -3.03 -3.57

3.72 3.75
C9 2.39 2.38
cr 0.62 0.63
c2 -2.52 -2.48
c3' 0.02 0.08
c4' 0.62 0.62
Ccs' 3.35 3.30
Co' 0.45 0.38

OMe-3 -2.86 1.89

OMe-4 6.71 1.96

OMe-5 -3.32 1.90

Conclusions

We investigated the ability of the scaling factor
protocol at the mPW1PW91/6-31G(d)/mPWI1PW91/6-
31G(d) level of theory to predict the NMR 13C & of
the 2’-hydroxy-3,4,5-trimethoxy-chalcone molecule.
Although, the two approaches were able to reproduce the
0 of the chalcone, significant differences in the calculated
6 of the carbons C4, OMe3, OMe4 and OMeS5 were
observed. The best results were obtained at the level (II),
where only the clowe were taken to account to obtain
in order to the §_, . These findings suggest that, in this
case, the level (II) is that best approach and that further
analysis of the methoxychalcones is therefore justified.
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Proposta para o Cdlculo do Coeficiente
de Particao Gas/Aerossol de Compostos

Organicos Volateis Utilizando Métodos
DFT Associados ao Modelo IEFPCM

Leonardo Baptista & Lillian L. Castilho

Introducéo

Ja é bem aceito na literatura o fato da composigao
do aerossol organico secundario (SOA) ser composto
majoritariamente pelos produtos de oxidagdo de
compostos organicos volateis, como os terpenos emitidos
pelas plantas. Por este motivo, encontra-se uma série
de trabalhos que tentam caracterizar a composi¢do do
SOA, suas fontes, velocidade de particionamento dos
compostos entre a fase gasosa e o aerossol liquido e
elaboracdo de modelos para o calculo dos coeficientes
de particdo gas/aerossol. Devido a importancia do tema
para qualidade do ar e satide dos seres vivos, o presente
trabalho propdes uma alternativa para o célculo dos
coeficientes de particdo gas/aerossol pelo calculo da
energia livre de Gibbs de solvatagdo usando métodos
DFT associados ao modelo IEFPCM para inclusdo do
efeito do solvente

Metodologia

O processo estudado no presente trabalho ¢é o
particionamento dos produtos de oxidagdo de terpenos
no aerossol atmosférico, como esta ilustrado na Figura 1.
O parametro Kp ¢ o coeficiente de partigdo gas/aerossol
dos produtos de oxidagéo.

COV + oxidante —— S? + Sg

o

S SE
1 2

Figura 1: Esquema do particionamento dos produtos de oxidagéo no
aerossol atmosférico e formagdo do SOA. Adaptado da referéncia [1].

Osprodutos de oxidagdo do d-limoneno e A3-careno?
foram escolhidos como o caso de estudo. Inicialmente,
uma busca conformacional em fase gasosa foi realizada
de para fornecer o conjunto de estruturas possiveis para
cada produto de oxidagdo em fase gasosa. Esta etapa
foi feita utilizando dindmica molecular e o campo de
forca AMBER. A partir das estruturas iniciais, cada
conformagdo foi completamente otimizada com os
funcionais PBEIPBE e M06-2x na base 6-311G*.

Em seguida, todas as conformagdes foram
otimizadas na presenca do solvente (agua) utilizando o
modelo IEFPCM para inclusdo do efeito do solvente.
A energia livre de Gibbs de solvatagdo média,
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AGav(solv), foi calculada via uma média ponderada
da energia eletronica corrigida por ZPE de todas
conformacdes em fase gasosa, considerando que as
estruturas obedecem a distribui¢do de Boltzmann.

O coeficiente de parti¢do gas/aerossol foi calculado
segundo um modelo de rede simples

i} — 0
EnKéI?f}‘r‘osoI _H (aerosol)—p°(ar) In (}’aerossol) (1)

RT Yar

onde p°é o potencial quimico do soluto em cada fase e y
¢ o coeficiente de atividade do soluto em cada fase.

Resultados e discussdo

A Tabela 1 apresenta os valores para AG, (solv)) e
InK_ ' para alguns produtos de oxidagdo de terpenos.
Em uma primeira aproximacdo foi considerado
Yoo~ 1+ NESta aproximagao, o coeficiente de particdo
calculado se assemelha ao calculo da constante da Lei
de Henry para os solutos.

Como era de se esperar, devido a formagdo de
compostos oxigenados, todos o0s compostos sdo
altamente soliveis em agua. Logo, espera-se que em
uma primeira aproximagdo, estes compostos sejam
encontrados principalmente no aerossol atmosférico
ao invés da fase gasosa.

Tabela 1: Energia livre de Gibbs de solvatagio média (AG, (solv)) e
1nKar‘“’“’S°1 calculado em nivel PBE1PBE/6-311G**.

AG, (solv) keal anﬂr“‘""s“'
mol!
Acido cérico -15,46 26,19
Caronaldeido -8,77 14,86
Acido carénico -14,91 25,26
Acido liménico -8,30 14,06
Acido limononico -7,92 13,42
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O efeito da inclusdo da forg¢a i6nica do aerossol
estd mostrado na Figura 2. Foram utilizados valores
médios da forga i6nica medida para cada tipo de
aerossol’>. O efeito da concentragdo de eletrdlitos
reflete na solubilidade de cada produto de oxidagdo,
diminuindo de forma drastica a solubilidade de cada
espécie. O mesmo efeito é observado para os produtos
de oxidacdo do limoneno. Logo, apesar da baixa
volatilidade destas espécies, deve-se esperar que
estas espécies sejam encontradas em concentragdo
apreciavel no aerossol troposférico no aerossol e em
fase gasosa.

AG,, (solv) keal mol?

- l | | l . N
0.00 — . — a— —
Nuvem_continental Neblina Aerossol_Marinho  Nuvem_Poluida  Nevoeiro_Poluido

0.50

W Ackdo Carboico W Adido nor-cardnkco 8 Caronabdeldo

Figura 2: Valores de AG_ (solv) para os produtos de oxidagdo do A3-
careno calculados em nivel PBEIPBE/6-311G**. O efeito do solvente
foi incluido por meio do modelo IEFPCM.

O coeficiente de particdo para acido carico foi
calculado por meio da equagdo (1), considerando
Yaerosso— 1> POT s€ tratar de um gas ideal € v, utilizando
o modelo AIOMFAC*. Para o calculo foi considerado
um intervalo de valores para a fragdo molar do acido
e as propriedades experimentais do aerossol foram
retiradas da referéncia’>. A Tabela 2 apresenta os
resultados para InK_ar"aerosol do acido carico quando
a fragdo molar deste composto no aerossol ¢ 10-2
em funcdo do tipo de aerossol. Apesar do processo
de solvatagdo ser espontdneo (AG, (solv) < 0) para
todos os tipos de aerossol considerados, InK_ %! ¢
negativo. Estes resultados indicam que a presenga de
ions em solugdo dificulta a migracdo do acido da fase



gasosa para a fase aquosa. E possivel perceber, que a
energia livre de solvatagdo diminui a metade quando ¢é
considerado o efeito de eletrdlitos em solugdo aquosa.

Tabela 2: InK_ar"aerosol calculado para o acido carico utilizando a
equagdo (1) e AGav(solv) em nivel PBEIPBE/6-311G**. O efeito do
solvente foi incluido por meio do modelo IEFPCM.

AGav(solv) InK_ 2erose!
kcal mol-1
Nuvem continental -7,70 -16,40
Aerossol marinho -7,95 -16,47
Nuvem poluida -7,71 -16,09
Neblina poluida -7,72 -16,13
Chuva -71,70 -16,07

Conclusbes e Perspectivas
Futuras

O calculo da energia livre de solvatagdo associados
ao cdlculo de InK_*! negligenciando o coeficiente
de atividade da fase condensada, para produtos de
oxidagdo de terpenos indicam que estas espécies devem
se encontrar majoritariamente no aerossol atmosférico.
No entanto, quando se inclui o efeito dos eletrolitos
dissolvidos no aerossol, a solubilidade destas espécies
¢ alterada significativamente. Este efeito mostra que as
espécies consideradas podem ser encontradas tanto no
aerossol atmosférico aquoso, quanto em fase gasosa. No
presente momento, calculo dos coeficientes de atividade
para fase aquosa, utilizando o modelo AIOMFAC, estio
em andamento. Estes coeficientes possibilitardo o calculo
dos coeficientes de particdo para sistemas que emulam
condigdes mais proximas as observadas no aerossol
atmosférico.
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Andlise termodindmica e
cinética de reacoes de mecanismo de
acao para Compostos de Platina (ll)
Andlogos a cisplatina com ligantes
derivados de terpenos.

Lucas C. Santana & Juliana F. Lopes

Introducéo

A cisplatina ¢ uma das drogas mais eficientes e utilizadas
para o tratamento do cancerl. Entretanto oferece alguns
problemas, sendo baixa solubilidade e efeitos colaterais
indesejados como: nefrotoxicidade, cardiotoxicidade,
ototoxicidade, toxidez ao trato intestinal, entre outros2.
Atualmente hd mais de 3000 complexos analogos a
cisplatina, porém nenhum esta a altura da cisplatina3. Por
esse motivo ha uma busca por complexos de platina (II),
a fim de que suas propriedades sejam melhoradas em
relagdo a cisplatina e nesse contexto o estudo tem como
principal objetivo utilizar a quimica computacional para
determinar propriedades como: geometria, estabilidade
energética, lipofilicidade e barreira de ativagdo na reacao
de substitui¢do dos ligantes cloro por ligantes aquo de 12
complexos analogos a cisplatina.

Metodologia

Todos os calculos foram realizados nos computadores
do LaQC, através do software Gaussian 09, com a
metodologia DFT, funcional M062X, fun¢do de base para
os atomos leves 6,31g(d,p) e pseudo potencial LanL.2DZ
para o atomo de platina. Os 12 complexos estudados
foram divididos em trés modelos para a facilitagdo em
sua identifica¢do. De acordo com a Fig. 1.
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Figura 1 — Representagdo simplificada dos 12 complexos estudados
em trés modelos base (R=C.H,,C H, ,C H ).

5579 157725 107717

A partir dos modelos representados na Fig. 1, altera-
se a ramificacdo lateral, por quatro derivados de dleos
essenciais: Prenila, Farnesila, Geranila e seu isomero
Nerila.

Resultados e Discucéao

Neste trabalho sdo apresentados os resultados para
somente um dos doze complexos, cuja estrutura ¢ a mais
simples (MOD1-R=C5HY), os outros complexos seguem
0o mesmo comportamento. Os complexos estudados
apresentam estrutura quadratico plana, os ligantes cloro e
amino ligados diretamente ao atomo de platina de forma
analoga a cisplatina, conforme ilustra a Fig. 2.



Figura 2 — Representagdo da estrutura de minimo local para o
complexo (MOD1-R=C H,).

Os processos reacionais dos complexos apresentam
uma etapa de substitui¢ao a mais (em relacdo a cisplatina)
devido a ndo simetria destes complexos. Assim a entrada
do ligante aquo fornece propriedades diferentes ao
complexo, conforme a posi¢do que este ligante ocupa no
lugar do cloro. As reagdes envolvidas estdo descrita pela
Fig. 3.
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Figura 3 — Equagdo representante da substituicdo dos ligantes cloro
por ligantes aquo. Observa-se que os complexos ndo sdo simétricos
como a cisplatina o que realiza a adigdo da etapa B ao processo, sendo
que a cisplatina segue apenas a etapa A.
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Apods a obtengdo dos parametros termodindmicos
dos complexos de forma isolada, identificou os estados
de transicdo para cada reagdo. Os estados de transi¢ao
obtidos possuem estrutura bipiramide trigonal, assim
como o TS da cisplatina e como esperado para compostos
quadraticos planos. Os TS estdo ilustrados pela Fig. 4.
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Figura 4 - Estruturas do estados de transicdo do modelo 1 com

ramificacdo R= C,H,, cuja estrutura ¢ bipirdmide trigonal nas quatro

etapas reacionais.

Em seguida com os calculos de IRC, verificou-
se como ocorreu a substituicdo dos ligantes, ou seja,
o caminho percorrido por cada ligante. Confirmando
que os TS pertencem as reagdes descritas, fornecendo
a estrutura dos reagentes e produtos intermediarios. Os
calculos de IRC estdo demonstrados pela Fig. 5.
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Por fim, otimizando os produtos e reagentes obtidos
pelo IRC determinou os parametros termodindmicos
e cinéticos envolvidos na reagdo com reagente e
produtos intermedidrios. A energia de ativacdo possui
um modulo inferior ao da cisplatina, assim como a
energia livre de Gibbs. Verifica-se que para o caso
dos reagentes e produtos isolados tem-se um absurdo,
isto porque os produtos possuem energia superior
ao estado de transi¢do, devido ao desbalanceamento
de cargas da reacdo, fato também observado para o
processo reacional da cisplatina. Outro fator ¢ ndo ter
adicionado o efeito solvente para descrever melhor o
sistema bioldgico.

As barreiras de energia para as etapas estdo
ilustradas pela Fig. 6. Para os 12 complexos analisados,
tem-se uma energia de ativacdo em torno de 15 kcal.
mol' e cerca de 3 kcal.mol-1 a menos que a cisplatina,
sendo um fator significante na velocidade de reagdo,
pois a velocidade de reacdo ¢ descrita pela equagdo de
Arrhenius®, ou seja, esta descrita por uma exponencial,
logo torna a velocidade de reacdo mais sensivel a
qualquer variacao na energia de ativacgdo.

E observado para alguns complexos (etapa 2-A da
Fig. 6) uma energia de ativacdo superior a da cisplatina,
com 1,7 kcal.mol', no entanto em sua maioria os
complexos apresentam menor energia de ativagdo, ou
seja, maior velocidade de substitui¢do que a cisplatina.

Um exemplo é o complexo apresentado ao
longo do trabalho (MOD1 R=C.H,) que apresenta a
menor energia de ativagdo para a primeira etapa de
substituicdo (monoaquo) com energia de 11,9 kcal.
mol.

Para a segunda etapa de substitui¢cdo o complexo
com maior velocidade de substituicdo ¢ o complexo
MOD3 R=C H,..

Em relagdo a variagdo da energia livre de Gibbs
observa-se que o complexo MOD3 R=C H,, ¢ o mais
espontaneo (mais negativo) e para a segunda etapa,
tem-se 0 MOD3 R=C, H ., com energia de 88,77 kcal.
mol'e 168,63 kcal.mol! respectivamente.

Refor¢ando o fato de que a analise com os reagentes
e produtos intermediarios descrevem melhor a reagao,
por eliminar o desbalanceamento de cargas, entretanto
a otimizagdo ¢ analise vibracional dos reagentes e
produtos do IRC ainda estdo em andamento.
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Conclus@o

Os parametros termodinamicos para os reagentes e
produtos intermedidrios descrevem melhor a reacdo, por
ndo possuirem o desbalanceamento de carga.

Os parametros termodinamicos dos complexos estdao
melhorados em relagdo a cisplatina, pois a energia de
ativagdo é menor ¢ a energia livre de Gibbs mais negativa,
o que fornece uma reacao mais rapida e mais espontanea.
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Multiple Hartree-Fock Solutions of
Systems Constituted with First Line
Atoms: BH and FH molecules using the
Double Zeta Base

L. A. C. Malbouisson, A. M. de C. Sobrinho & M. D. de Andrade

Introduction

In the study of atoms, molecules and aggregates,
the Hartree-Fock (HF) approximation is a start point to
determine the energy and properties. A central aspect of
this method is that the basic equation, the HF equation,
is not linear '. Thus, in principle, these equations have
multiple solutions and consequently the HF functional
has multiple extremes.

The absolute minimum is, among the extreme HF, the
one that best represents the ground state, in this approach,
with regard to energy. The determination of the absolute
minimum HF, however, is still an open problem. There
is no resolution method of HF equation ensuring their
achievement. Direct minimization of the HF functional
have been employed in this absolute minimum search
process .

In addition to the absolute minimum HF, the others
extreme of the functional HF have been used in the
calculation of non-variational properties. For instance,
in the calculations of permanent electrical dipole
and quadrupole moments using the Multi-Reference
Configuration Interaction method based on multiple HF
references (MRHFCI) 3.

The usual procedure for solving the HF equations is the
self-consistent field (SCF) method # and its extensions °.
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Another method for solving the HF equations is the algebraic
method (AM) [1c,d].

In this work it is presented two sets of HF solutions
(the HF energies), obtained using a combination of the
SCF and AM procedures, for the BH and FH systems
using the double zeta (DZ) base.

Theroy

Since the Roothaan and Pople-Nesbet problems are
very well known and documented in the literature®, only the
closed-shell HF-Roothaan real equations will be presented.
The HF equations for a system with 2n electrons constitute
a system of integro-differential equations,

F(@r) o)) @) =€05) 5 i=1,..,m, (1)

where F"is the HF operator, ¢, is the molecular orbitals
(MO) and ¢, are the orbital energies [4a]. The equations
(1) can be expanded in a linear combination of atomic
orbitals (LCAO), and are written in matrix form [4a]

Fle e )e.—€8€¢ vii=1wnu 2)



The usual method to solve the HF-Roothaan equations
is the self-consistent field (SCF) method *. The SCF
method is an iterative algorithm based on an occupation
orbital rule (aufbau usually). This procedure is one of
trial and error. One assumes a set of ¢.’s, calculates the F
matrix, solves equation (2) for the € lowest eigenvalues,
and compares the resulting c¢_i’s with the assumed ones
until to obtain the convergence. This procedure has been
improved by several investigators, in particular by Pulay
[5a-b] and Kudin et al. [5c]. The aufbau rule is a sufficient
[6a], but not necessary, condition [6b] to find a minimum.

Another method for solving the HF equations is
the algebraic method (AM) [lc,d]. In the AM, the HF
integro-differential equations are rewritten as a infinite
nonlinear system of polynomial equations. For the HF-
Roothaan real problem the AM method is formulated as
follows. The eigenvectors ¢, ,i=1,...,00 of the F"operator
that define the pseudo-eigenvalue problem of the SCF
algorithm are orthonormal and form a base of the one
particle space. The matrix representation of F"on its own
base of eigenvectors is diagonal. So, the eigenvectors ¢,
must to satisfy the following equations, in the real case:

F=(e:lFle)) =0, i<j=1.,0 (3)
Si={ele)=6, . i<j=1.,0 @

we obtain a algebraic system of polynomial equations in
the LCAO coefficients, Cie For the restricted closed-shell
HF real problem we have the following equations:

@;) = Zp_ Cui ;u} ; (5)

In the above equations, (£ |, }, {§H|h "l g, ) and
{&u §A|&V &, ) are the overlap, core and correlation
integrals, respectively. The index k indicates the
occupied molecular orbitals (MO), p, v, A and o indicates
the atomic orbitals (AO), and i,j=n+1,...,0 indicates the
virtual MOs.

In the Roothaan approximation of the closed-
shell HF real problem with a atomic base &=[ |— &1

Z v iy Gl RIE, ) +
+EEZ uﬂoc,ui C}tkcujccrk [2<§,u{5{|fu EJ) +
~(Galea) =0 < ©

SU = E.uv Cmcuj@plfv) e 5”- =0, ii:_}" (T)

{..., |- &_m )], the AM equations is a system of m?
nonlinear polynomials algebraic equations in the
m? coefficients LCAO ¢, In the base &, the o™ HF
solution is a set of functions { |—(pi‘*‘ 1=6c, ;i=1,...,n}
where ¢,* is a column vector with components ¢ i
.., ¢ i®. The functions |- ¢, ) are called occupied
LCAO-MO. Both algorithm SCF and AM generate a
additional set of functions { |-(pa“’ (=&c,® ;a=n+1,...,m}
called virtual LCAO-MO orbitals of the o' solution.
After solve the AM equations, we can calculate the
associated orbital energies of the o™ solution, €°,
i=1,...,n,n+1,...,m, calculating the diagonal elements
F_ii, using the set { } 9.2 }=¢c® ;i=1,...,n,n+1,...,m},
ie.,

Table 1. Multiples HF energies (hartree) for the BH molecule in DZ
basis set.

N° Energy N° Energy
01 -25.11339530 11 -8.22439472
02 -24.28664301 12 -7.87053289
03 -23.75420066 13 -7.73994180
04 -23.18328731 14 -6.51796174
05 -22.83648699 15 -6.27733084
06 -22.36169840 16 -6.06047772
07 -22.31472311 17 -4.44263542
08 -21.86719149 18 -4.34199043
09 -21.03503117 19 -3.91640233
10 -20.85752741

Interatomic distance: 2.329 bohr; Symmetry of the
solutions (1)Z* .
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Table II. Multiples HF energies (hartree) for the FH molecule in DZ
basis set.

N° Energy N° Energy

01 -100.02189594 18 -90.71852225
02 -99.01552707 19 -89.55574937
03 -97.79015093 20 -89.53665280
04 -97.41570193 21 -89.25579499
05 -97.22026796 22 -89.14047913
06 -97.06425308 23 -87.70156966
07 -96.39560029 24 -85.79229772
08 -95.52923980 25 -82.74910380
09 -94.74488707 26 -45.49958845
10 -94.01348082 27 -44.35475371
11 -93.99396778 28 -43.60336904
12 -93.68292526 29 -35.15266557
13 -93.08505171 30 -33.21222009
14 -92.48397594 31 -29.47566301
15 -91.27628076 32 -26.24509634
16 -91.00880325 33 -18.49652725
17 -90.94870392

Interatomic distance: 1.7334 bohr; Symmetry of the solutions (1)Z* .

Conclusodes

The determination of all extremes of the HFR functional
can be a complicated algebraic-geometry problem.
To ensure the achievement of the HF ground state by
solving the HF equations, it is necessary to search all
the solutions, which are minimal points. Consequently,
it becomes clear that obtaining the HF ground state may
not be an easy task.

For any Hartree—Fock problem, it is possible, in principle,
to obtain several HF extremes in the symmetry class of
interest, in our case (1)X" . These extremes correspond to
minimum, maxima and saddle points of the HF functional
and correspond to different orbital occupations.

With each HF solution and its respective virtual
orbitals, it is possible to construct a basis of the full
Configuration Interaction (CI) space. These HF extremes
can be used in a multi-reference HF CI method for energy
and properties calculations 3.
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The number of solutions of a HF problem is an open
problem too. In our two examples we present here, we
have obtained, beyond of the usual HF solution, more
eighteen and the thirty two unpublished HF solutions, for
the BH and FH molecules, respectively, using the DZ base.

The calculations of sets of HF solutions, using several
bases for the systems H,, LiH, BH, CH+, Li,, OH—, FH,
CO, N,, BeH,, CH,, H,O, NH,, CH,, HCHO, CH, NH,
NH,, OH and O, are now in progress.
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The Confined Helium Atom in
Hyperspherical Coordinates

M. N. Guimaraes & F V. Prudente

Introduction

This work aims to develop and implement an
efficient theoretical and computational method for the
non-relativistic quantum study of spatially confined two
electrons atoms. Especially, in recent decades, studies
on simply and doubly excited states of helium atom
have attracted considerable attention in atomic physics.'
Additionally, advances in semiconductor technology
have increasingly attracting the interest of physicists and
chemists for investigating new quantum objects obtained
by the confinement of electrons, atoms or molecules by
potential models.?

Methods

Our methodology is based on the variational formalism
and hyperspherical coordinates fixed in space,' consisting
of one hyperradius, p, and five hyperangles, Q, being
applied to study the helium atom whose Hamiltonian
operator for the time-independent Schrodinger equation
in this coordinate system is given by where p depends on

h? /g2 5 d hZ
A= _ﬂ(a_,onrE@) to R,

the masses, A is the hyperangular momentum operator
containing all the angular variables® and the confinement
potential is given by the expression

1 C(m)

dmweg P

Vip,2) = + d(p)

with the first term representing the Coulomb interaction
and the second term representing a harmonic isotropic
confinement:

1 ()

dmweg P

Vip,n) = + & (p)

Also we employed the finite element method for
expansion of the wave function in terms of a finite set
of local basis functions. In particular, we propose a
modification in its p-version (p-FEM) assuming that
the Hamiltonian is invariant under a reflection around a
midpoint, then the parity is preserved. In this case, we
propose to use the p-FEM to build, in a simple way, basis
functions adapted to the parity of the wave function. In
Figure 1 we show, as an example, the eigenfunction of
the seventh excited state of one-dimensional harmonic
oscillator problem together with the basis functions
utilized to expand an even function. Also we utilize the
self-consistent finite element method* to optimize the
elements mesh, which, among other things, provide a
reduction in the matricial dimensions of the problem.
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with the first term representing the Coulomb interaction
and the second term representing a harmonic isotropic
confinement:

1
D(p) = Emzpz.

Also we employed the finite element method for
expansion of the wave function in terms of a finite set
of local basis functions. In particular, we propose a
modification in its p-version (p-FEM) assuming that
the Hamiltonian is invariant under a reflection around a
midpoint, then the parity is preserved. In this case, we
propose to use the p-FEM to build, in a simple way, basis
functions adapted to the parity of the wave function. In
Figure 1 we show, as an example, the eigenfunction of
the seventh excited state of one-dimensional harmonic
oscillator problem together with the basis functions
utilized to expand an even function. Also we utilize the
self-consistent finite element method4 to optimize the
elements mesh, which, among other things, provide a
reduction in the matricial dimensions of the problem.

of the symmetry of the Hamiltonian solutions of the
hyperangular equation can be divided into even and odd.
Therefore, we can apply the finite element method with
basis functions appropriate to symmetry of the problem in
which we had argued in the previous section. Examining
the singlet states, S = 0, of helium atom with total angular
momentum L = 0 it is possible to note that the conditions
given by problem equations determine that only even
solutions will exist.

The use of hyperspherical coordinates enables
propose an adiabatic separation between the hyperradius
and hyperangles in the same sense as the usual adiabatic
model for a molecule. In Figure 2 are shown the potential
curves for the first eigenvalues obtained from the solution
of hyperangular part considering o = 0, corresponding to
free helium atom, and ® = 0.1 a.u., corresponding to the
harmonic confinement. We note that the potential curve
of Figure 2 for @ = 0 are compatible with the graphics
in the literature.5 On the other hand, in the confinement
situation, we note that as the hyperradius increases the
angular eigenvalues tend to feel more the influence of
the confinement potential increasing rapidly its value as
compared to the free situation.

Figure 1. Eigenfunction of seventh excited state of the one-dimensional
harmonic oscillator and their symmetry-adapted basis functions using
the FEM.

Results and Discussion

Our emphasis is given to the calculation of the energy
levels in atomic units. All calculations were made using
a computational implementation in Fortran. Because
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Figure 2. Potential curves of the solution the hyperangular part of
the problem of harmonically confined helium atom. Dashed line
corresponds to ® = 0 a.u. and solid line corresponds @ = 0.1 a.u..

In the Table 1 we show some energy values of singlet
states with L = 0 for two confinement intensities, .
We note that even in a weak confinement the levels are
already significantly different from the free helium atom
presented in literature®. Although we have no numerical
data for comparison we note that our results have values



consistent with those presented in Figure 6 of the Sako
and Diercksen paper6.

Also in Figure 3, we show the energy spectrum, E,
depending on the intensity of confinement, ®. In this
figure it can clearly be observed split between the levels
with L = 0 when o increases in value which becomes
more evident as the confinement is getting stronger.
Indeed, for large values of o, the influence of Coulomb
repulsion on the correlation of electrons is smaller and
its movements become mostly governed by the harmonic
potential of confinement that affects the state with higher
energies.

Table 1. Energy levels of helium atom, with L = 0, confined by a
harmonic isotropic potential obtained by p-FEM.

State Energy [a.u.]
®=0.1 =05
1S -2.892146 -2.655916
28 -2.048908 -1.006816
3S -1.756004 0.115915
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.
*
=

€ [hartree]
-

-

L]
']

-

Figure 3. Energy spectrum, E, depending on the intensity of the
confinement, o, for the helium atom confined by an isotropic harmonic
potential.

Conclusions

We conclude that the procedure focused on p-FEM
was overall quite efficient. We believe that the realization
of this work represents a starting point to achieving
our primary goal in this research field: the building of

computer codes based on new variational methods for
solving the time-independent Schrodinger equation
which are capable of performing extensive calculations
of spatially confined atomic systems.
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Quasiperiodic CH,/SiH,
Molecular Nanowires

David L. Azevedo, M.S. Vasconcelos, Marco A. de Andrade, Kleber A. T. da Silva,
Fébio F. Monteiroa & Antonio L. A. Fonseca

Introduction

Nanotechnology is a fast growing researcher field
[1]. With their application, it promises a new industrial
revolution, giving us the understanding, production,
control, and use of structured matter at the atomic and
molecular level, i. e., objects with dimensions from 1 to
100 nanometers, where the physics laws that govern this
world is quantum mechanics. Thus, the study of quantum
mechanics applied to these miniature systems enables us
to discover new and revolutionary directions in science,
and the development of new technologies associated with
this miniature world, called nanotechnology. Various
scientific groups are keen about this technology and are
devoting themselves to the development of more, new,
and better nanomaterials [2, 3, 4]. In the next decade,
the expectation is that no field will be left untouched
by the incredible benefits available through application
of nanotechnology. Between these news developments,
we detach the one-dimensional nanowire [5, 6, 7, 8].
The complete understanding of these nanowires is one
important key to further applications in nanotechnology.

In this paper we address to theoretical calculations of the
electronic spectra of molecular nanowire where its molecular
components are arranged in a Fibonacci quasiperiodic
sequence. This nanowire is formed by CH., and SiH, radicals.
We have used molecular mechanics with universal force
field(UFF) for obtain the optimized relaxed structures, and
semi-empirical quantum method based on Hiickel extended
model to obtain the electronic spectra. In our calculations
we use only a single point which is the sufficient condition
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to consider all the orbitals and charge distribution across
the entire system. Although the calculations presented here
are more complete than the models adopted in the literature
which take into account the electronic interaction, up to the
second and third neighbors, an interesting property remains
in their electronic spectra: the fractality (which is the main
signature of this kind of system). We make some preliminarily
considerations about the electronic gap decreasing with the
increasing of the nanowire. Furthermore, we discuss the
fractality trends of the spectra.

Methods

Consider a straight line of radicals (CH,, and SiH.)
obeying a Fibonacci sequence rule. The Fibonacci chain can
be obtained by an inflation rule or recursive sequence, forming
a binary string that can be grown by juxtaposing two building
blocks A (CH,) and B (SiH,). The n-th stage Sn of Fibonacci
chain is generated by: Sn =Sn—1Sn—2 (n>2), with SO =
B and S1 = A. Another way to obtain a GFS is through the
recurrence relation A — AB and B — A. The total number
of blocks A and B in Sn is equal to the Fibonacci number Fn,
and is given by the recurrence relation Fn = Fn—1 + Fn—2,
with F1 = FO = 1. The first terms of the sequence are : A,
AB, ABA, ABAAB,..., where A and B are building blocks of
the sequence, i. e., CH,, and SiH, radicals, respectively. We
adopted an initial bond length of 1.5 A between Si — C and
C — C. After a complete optimization, the final bond length
found for Si—C, and C—C were around 1.87A, and 1.53A
respectively. In the Figure 1 we show a 3D representation of
the fifth generation molecule.



Figure 1. Atoms disposition in a CH2-SiH2. The atom number one is
at the origin, while the atom number two is at 1.6 A to the right of the
atom one, and the same rule we apply to others terms of the Fibonacci
sequence. This figure is equivalent to the ABAAB term.

Results and Discussion

In the Fig. 2, we show results obtained for the spectra of
eigenenergies for each generation, and the corresponding
density of states for the whole spectrum. The DOS
indicates a fractal trends on the bands structures.

In the Fig. 3 we show the band gap variation with length
of the chain or nanowire Fibonacci generation. There is a
decreasing of the gap with the chain increasing, which is
awaited property in a typical polymer. Although we have just
quantum mechanics qualitative results, we can infer from
the observed results, that for quasiperiodic chain, in general
the gap is lower than the periodic chain for same generation,
which is surprising interesting, the order of chain growth
could influence the gap behavior. Further investigation with
a more robust quantum mechanics method would provide a
better understanding of this behavior.
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Figure 2. Energy levels in function of the generation number for
Fibonacci nanowire, and the corresponding to the entire density of
states(DOS) for the whole spectrum.
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Figure 3. Gap energy behavior for each Fibonacci generation n.
Open blue circle corresponds to periodic nanowire. Open red square
corresponds to Fibonacci nanowire. Figure 3. Gap energy behavior for
each Fibonacci generation n. Open blue circle corresponds to periodic
nanowire. Open red square corresponds to Fibonacci nanowire.

Conclusions

In summary, we investigated the Quasiperiodic CH,/
SiH, atomic nanowire with extended Hiickel methodology.
Our calculations show clearly a fractal aspect in the
eigenenergies distribution with the increasing of the
Fibonacci generation, i.e. the inclusion of more complex
structure with four orbitals per atom does not break
the main property of this system: the multifractality.
Curiously there is an electronic gap reduction with the
introduction of disorder through quasiperiodicity along
the nanowire. Maybe this could happen due of some
above mentioned Hiickel method limitations. Further
investigations with more precise methods would clarify
this aspect.

If we compare with others models, the method
applied here are more complete and could give more
physical information not explored yet in the literature.
We hope that the present findings described in this paper
may stimulate further investigations in the quasiperiodic
molecular nanowires.
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A Theoretical Study of CCD4a

Dioxygenase of Citrus, a Cleavage
Enzyme of Carotenoids in Plants

Mauricio Vega-Teijido, Margot P Zunini, Carolina Lépez & Maria J. Rodrigo

Introduction

The coloration in citrus and other plants is due the
accumulation of carotenoids, which are isoprenoid pigments
of 40 carbon atoms (C40) and its derivatives. The enzymatic
function of CCD4a has been associated previously with the
metabolism of carotenoids in Chrysanthemum morifolium
[1]. The flowers with white petals showed a high expression
of CCD4a in contrast with those with yellow petals that
showed a low expression. The interpretation was that the
synthetized carotenoids are degraded by CCD4a to produce
colorless petals [1]. In saffron stigmas (Crocus sativus)
CCD4a and CCD4b were associated with the transformation
of zeaxanthin in the apocarotenoids responsible by the color,
taste and aroma of this so appreciated spice [2].

Recently, Rodrigo et al. [3], reported a series of CCD4-
type citrus dioxygenases involved in the generation of
C30 apocarotenoids. These natural compounds provide an
attractive reddish-orange pigmentation to the peel of many
sweet oranges and mandarins, which is associated with its
perception of quality. Among them, CCD4bl1 is the first
reported case of dioxygenase that cleaves double bonds
of carotenoids C40 in the position 7,8 or 7°-8’, generating
the corresponding C30 derivative. In this case, the possible
products are PB-citraurin or 8-f-apocarotenal depending
on the carotenoid used as substrate, that is, zeaxanthin or
B-carotene, respectively. P-cryptoxanthin substrate can
derivate in one or other product depending on the ring

cleaved. Still remains unclear the specific position where
CCD4a enzymes can cleave a carotenoid double bond.
Two possible double bonds could be cleaved, 7-8/7°-8’ as
CCD4b1 or 9-10/9°-10" as has been previously reported
by Rubio et al. [2] for CCDD4a of Crocus sativus with
zeaxanthin and PB-carotene as substrates. In the case of
CCD4a of citrus the specific position is not confirmed yet
and this is one of the aims of our studies (Figure 1).

Here we report a new tridimensional model of CCD4a
and their complexes with a series of 3 carotenoids (4 different
complexes). The structure of CCD4a was optimized and
stabilized in an explicit water box using Molecular Dynamics
(MD). The complexes with the ligands were constructed by
means Docking. Finally, MD was used to optimize, and
then, simulate and study these molecular systems.

'*k/‘» "‘;/“-v "‘T/\' \\r/\v\fyj/

\\ zeaxanrhm
Jon Qf\*

3-hydroxy-p-cyclocitral 3-hydroxy-p-ionone

Figure 1. Schematic representation of zeaxanthin and both possible
subproducts of cleavage.
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Methods

The structures were modeled by sequence homology
(2biw, PDB code [4]) and Molecular Dynamics (MD). After
this, Docking calculations [5] were performed in CCD4a
receptor with thousands of initial ligand conformations, in
order to find all the possible poses in the active site. The
evaluation of the interaction energy was done by means of
ASE scoring posing, an Amber99 refinement and LondonDG
rescoring. The force field used in MD was Amber99, with a
0.002ps time-step using the NPA algorithm. The water box
was constructed orthorhombic with 6 nm distances to the
faces. The MD procedure was implemented by heating of
100ps from 0 to 300K, 100ps of equilibration and 5ns of
simulation at 300K, in order to obtain values with statistical
significance.

Results and Discussion

The docking results are presented in two tables, one
for the all-trans ligands (Table 1) and other for the 9-10-Z
isomers (Table 2). All-trans ligands are known as substrates
of CCD enzymes in general. In docking results we observed
that ligands adopt a curvature in the active site, so we tested
ligands with a trans-cis transformation of the 9-10 double
bond. Some examples, as CCDS, can cleave cis isomers
[6]. Even we can mention that in the 2biw crystallographic
structure, used as template for our model, the soaking
procedure of the crystal without Fe(2+) (inactive enzyme)
were done with the all-trans substrate. Despite this, the
final structure of the ligand showed an isomerization when
the active form with Fe(2+) was obtained [4]. The authors
suggest that some members of the CCD family can act as
isomerases.

Table 1. LondonDG scores for the best five solutions. In B-cryptoxanthin
column two solutions correspond to the conformation with the OH
moiety out of the active site.

zeaxanthin B-crtyptoxanthin [B-carotene
1 -20.91 -19.94 (out) -16.43
2 -20.62 -19.93 -16.25
3 -20.6 -19.67 -16.13
4 -20.54 -19.63(out) -16.04
5 -20.53 -19.41 -15.83
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The results of docking (Table 1) show LondonDG
score of -20, -19 and -16 kcal/mol, for all-trans zeaxanthin,
B-cryptoxanthin and B-carotene, respectively (Figure 2).
The correlation can be associated with the number of
hydroxylic moieties (two, one or none), this correlation were
experimentally observed in CCD4bl for these substrates
[3]. The same correlation was observed with the 9-10-Z
isomers with slightly more favorable scores and only one
solution with the OH moiety out of the active site.

Figure 2. Ligands docked in the active site of CCD4a. One water
molecule occupies one coordination site of Fe(2+). This site is occupied
by a reactive oxygen molecule during the catalysis.

Table 2. LondonDG scores for the best five 9-10-Z isomers solutions. In
B-cryptoxanthin column one solution corresponds to the conformation
with the OH moiety out of the active site.

zeaxanthin [3-crtyptoxanthin [B-carotene
1 -21.85 -19.85 -16.53
2 21.67 219.65 (out) -16.48
3 -21.13 -19.50 -16.42
4 -20.55 -19.49 -16.37
5 -20.16 -19.39 -16.35

All the molecular complexes showed a stable behavior
when were simulated by MD (Figure 3). The interaction
of the ligands with the actives site of CCD4a was
estimated by the Uab value that is the potential energy
of interaction between the ligand and all the surrounding.
The same sequence in the estimated interaction strength
(Uab) was obtained for the three ligands using MD [5]
(Table 3). Very similar values were observed for the two



possible orientations of B-cryptoxanthin in the active
site, so it is hard to say if one or other is a preferential
substrate for CCD4a.

Figure 3. Zeaxanthin ligand in the active site of CCD4a.

Table 3. Average values for the Uab (kcal/mol) and standard deviation
for MD calculations.

Uab Average (Std. Dev)
zeaxanthin -126.0 (4.2)
[-crtyptoxanthin (OH out) -110.8 (4.5)
[-cryptoxanthin -107.0 (5.0)
[3-carotene -87.5 (4.3)

The distance between the water molecule coordinated
with Fe(2+) and C8 is in a range of 2-4A, the same
occurs for C9 (Figure 2). Both distances are alternative
one shorter than the other during all the MD simulations,
so, depending on this parameter both double bonds can
be aim of the cleavage when an O2 molecule is the one
coordinated to Fe(2+). All the process may involve
other parameters influencing the selective cleavage or
unselective, these questions are those we hope could be
clarified in next steps of our work.

Conclusions

These findings will be discussed considering the
potential in vivo substrates and products, and the
physiological role in citrus fruits.
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Solving the Schrédinger Equation Using
Anharmonic Potentials and a Variational
Quantum Monte Carlo Method

Mauricio G. Rodrigues, Régis C. Leal & Rogério Custodio

Introduction

Oscillators are important models in quantum systems
because they are good approximation for different problems.
The harmonic oscillator is the first approximation used for the
vibrational spectroscopy models."? In this model, Hooke’s
law defines the potential energy operator:

L?(x)=51kxz (1)

where k is the force constant and depends on the nature of the
bonded atoms and x is the vibration coordinate.

A more realistic model to describe molecular vibrations
is given by the anharmonic oscillator. In this case, many
different forms of analytical operators have been proposed.
One of the most popular is the well-known Morse potential,'

V(x) = D (1—e7F)? 2)

where De is the molecular dissociation energy and B is a
parameter associated with the curvature of V(x).

The potential operator can also be described from
accurate quantum mechanical calculations. MRCI is among
the quantum mechanical calculations able to describe the
dissociation process as well as other spectroscopic constants
in a very high level of accuracy. However, such methods are
limited to be used in relatively small molecules. An interesting
alternative to be applied in large system are the composite
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methods. Such alternative correspond to a combination of
well-defined ab initio calculations to achieve an accurate
total energy at a low computational cost when compared
to high level calculations. These methods have been
applied successfully in the calculation of thermochemical
properties.>> However, potential energy curves provided
by such accurate methods have not been used to estimate
spectroscopic properties.

The objective of this work is to explore potential curves
of some diatomic molecules from a composite method to
estimate spectroscopic constants. The composite method
to be explored will be the Gaussian 3 theory or simply
G3.6 In order to obtain the spectroscopic constants a new
variational numerical procedure will be presented to solve the
Schrédinger equation.

Methods

The general G3 energy is defined as:

E_G3=E[MP4/6-31G(d)]+AE(+)+AEdf,p)+
AE(QCD+AE(G3large) +AE(SO)+E(HLC)+E(ZPE)  (3)

Where the correction are: AE(+) for diffuse functions;
AE(2df,p) for polarization functions; AE(QCI) for electronic
correlation effects beyond fourth order perturbation theory
using the method of quadratic configuration interaction;
AE(G3large) for larger basis set effects and for the non-
additivity caused by the assumption of basis set extensions
for diffuse functions and higher polarization functions; spin—



orbit correction, AE(SO), for atomic species only; E(HLC),
higher level correction, added to take into account remaining
deficiencies in the energy calculations and finally E(ZPE)
the zero-point energy at 0 K and thermal effects. In the
present work, E(ZPE) is not being included to describe the
potential curves. All the calculations were performed by using
Gaussian09 software’.

From the G3 potential curves the time independent
Schrodinger equation was solved using a form of variational
quantum Monte Carlo (VQMC) method. The one-dimension
mean value energy of a system is described as:

_ <ylHly> _ <¢@)ITe)+7 eIy >
<gly> <YEIP)>

(4)

where the right side of Eq.(4) contains the kinetic (T) and
potential operators (V).

The kinetic energy operator is a second order derivative
which can be described numerically by®

2 ] |:ie'-ifri—1}.—i+'-i(X|'J hﬁixﬂ—io'-i(xi—i}] (5)

where 1 is the i-thm component of a discretized wavefunction
vector, L is the reduced mass of the system and h_i=x_(i+1)-
x_1i. The potential energy operator will be described as set of
discretized points obtained from the G3 calculation. After the
application of the operators in an arbitrary and discretized
wave function, Eq. (5) gives the energy of the system.

The systematic to get the result by VQMC is:’

i. Generates a random vector to be the initial wave
function.

ii. Calculate the average energy using a discretized version
of Eq.(4), Eq.(5) and the desired potential function.

iil. Select at random a single point of the vector and
modify its value according to the equation:

W i )=p(x_i)+(1-rand)d 6)

where rand is a random number generator with uniform
distribution between zero and 1, and 6 is a number which
defines the range of change of the selected wave function.

iv. Recalculate the energy with the modified wave
function using Eq. (4). If the new energy is lower than the
first one, the modification is accepted. If it is not, the previous

wave function is restored.

v. The procedure is repeated until determined number of
steps and/or the convergence factor is reached.

After the optimization of the ground state wave function,
the first excited states can be obtained using the same
procedure but preserving the orthogonality of the system.
In this work the Gram-Schmidt method was used.’® The
procedure is repeated to provide as many excited states as
necessary.

After 106 steps of VQMC, an extra optimization of the
meshes was carried out using the modified Simplex algorithm
of Nelder and Mead"'.

Results and Discussion

The harmonic oscillator, which has the potential energy
operator shown in Eq. (1), was used as an initial test case.
The boundaries of the domains have been defined between £5
atomic units. The mass of the particle and the force constant
have been set to 1 a.u. Table 1 shows ten states of the harmonic
oscillators with 50, 125 and 200 points.

Table 1. The tenth firsts states for the harmonic oscillator. Energies are
in atomic units.

State S0pts 125pts 200pts Exact
EO 0.4987 0.4998 0.4999 0.5
El 1.4934 1.4990 1.4996 1.5
E2 2.4823 2.4974 2.4990 2.5
E3 3.4672 3.4949 3.4982 3.5
E4 4.4463 4.4920 4.4981 4.5
E5 5.4196 5.4876 5.4972 5.5
E6 6.3896 6.4851 6.4981 6.5
E7 7.3582 7.4833 7.5021 7.5
E8 8.3347 8.4987 8.5240 8.5
E9 9.3420 9.5225 9.6037 9.5

As expected, increasing the number of the points yield
more accurate energies which tends to the exact value. The
accuracy is reduced for higher excited states. The more
orthogonal functions are required from the calculations,
the more pronounced is the error propagation.

Figure 1 shows the first three harmonic wave
functions.
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na Table 2. The first five vibrational energies calculated from the Morse
and G3 potentials and experimental results. The simulation were carried
o out with discretized wave functions containing 200 points. Energies are
04 in atomic units.
02
B
State Morse G3 Exp.12
e EO0 0.00317 | 0.00298 [ 0.00317
0.4 El 0.00934 0.00880 0.00937
06 LiH E2 0.01528 0.01443 0.01535
e . . . . . . . . . E3 0.02109 0.01985 0.02112
A owd el mﬂ.a. 1 Z 4 4 3 E4 0.02720 0.02506 0.02668
Figure 1. The three firsts wavefunctions of the harmonic oscillator. E0 0.00986 0.00990 0.00989
El 0.02871 0.02901 0.02884
The method generates not only accurate energies, but H2 E2 0.04642 | 0.04688 | 0.04668
also well behaved wave functions as shown in Fig.1. E3 0.06297 | 0.06361 0.06341
From the present uncertainty for harmonic oscillator, E4 0.08145 [ 0.07921 0.07904
a mesh of 200 points will be used for the calculations EO 0.00931 0.00936 | 0.00932
involving the Morse and the G3 potentials. The reduced El 0.03000 | 002744 | 0.02736
mass, dissociation energy and curvature for Morse’s HF E2 0.04443 | 0.04468 | 0.04458
potential were taken from Herzberg,'? as well as the E3 0.06072 006111 0.06098
experimental energies. The same domain of the.Morse’s B4 007614 | 007672 | 0.07656
potential has been used to calculate the energies fr(?m 0 000674 | 000672 | 0.00675
the G3 theory. All meshes were constructed firstly with
. . . L . El 0.01977 0.01972 0.01990
few points which were increased by spline interpolation.
Table 3 shows the vibrational energies for LiH, H2, HF, Hel E2 0.03222 0.03218 0.03236
HCI, HBr, O, and Cl, by Morse’s potential, G3 energies E3 0.04408 | 0.04409 | 0.04475
and experimental results. All the data are in atomic units. E4 0.05554 | 0.05530 | 0.07365
Table 2 shows that the error in energy increases with E0 0.00596 | 0.00599 | 0.00598
the increases of the state of energy. By comparison, the El 0.01749 | 0.01762 | 0.01764
error of the zero-th state of the H, molecule, in Morse’s HBr E2 0.02847 0.02880 0.02889
potential, is 0.23%, while the fourth state is 3.0%. E3 0.03893 0.03953 0.03972
This enlargement of the error is explained by an error E4 0.04889 0.04978 0.05014
accumulation. EO 0.00357 | 0.00356 | 0.00359
Some spectroscopic parameters were estimated by El 0.01057 | 0.01061 | 0.01067
the equation: 02 B2 | 001738 | 001756 | 0.01765
. 12 E3 0.02402 0.02438 0.02453
E(n) =7, (n ks 5) —x,7, (n + 5) (7) E4 0.03046 | 0.03108 | 0.03129
EO 0.00127 0.00122 0.00128
~ . ~ ~ . El 0.00375 0.00363 0.00382
where v _e is the fundamental frequency and x _ev _eis
the anharmonic constant. Table 3 shows the values of v cl2 £ 000616 | 0.00600 | 0.00638
" eand X eV e from the calculations using the Morse E3 0.00852 | 000834 | 0.00892
and G3 potential, plus the experimental value. E4 0.01174 | 0.01063 0.01148

168



Table 3. Numerical and experimental values of vibrational parameters,
in cm-1.

'y XV

Morsze G3 Exp!l| Morse G3 Expl

LiH 13429 13179 14056 | 1912 4292 2320
H: 44066 44319 44012 ( 1322 1191 1213
HF 41327 415735 41383 0443 9543 91468
HCl 28725 20788 28308 | 3917 6264 35282

?

HBr 26420 26504 26490 | 5741 4844 4522
15736 15802 | 2040 1244 1198
Cl 53515 33824 55072 | 0183 4432 2673

[
(]
-
-
(=]

The calculated constants show that the errors do not
follow a regular behavior. It implies that there are some
situations that the Morse’s potential fits better than G3,
but this is not a rule.

Conclusions

The simulations performed in this work reveal that
the present version of the variational principle associated
with a Monte Carlo search is an accurate method to
generate vibrational energies and well-behaved wave
functions. The calculated spectroscopic parameters
were usually considerably close to the experimental
data with a small error. The approximate nature of both
potentials tested may be pointed out as responsible for
the deviations. Tests considering rigorous potential
curves are under progress.
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Estudo de Acoplamento Molecular e

NBO das Interacoes entre a Molécula
5-FU e o Alvo Biolégico HER-2

Michell O. Almeida, Daiane A. S. Barros, Sheila C. Aradjo,
Sergio H. D. M. Faria & Kathia Maria Honério

Introducéo

O cancer ¢ uma doenca que atualmente afeta grande parte
da populagdo. Essa doenga cronica tem como caracteristicas
a proliferagdo e o crescimento celular rapido e descontrolado.
A cada ano, o niimero de casos de cancer aumenta e devido a
este fato, diversos estudos vém sendo realizados com o intuito
de tratar o cancer'. Alguns estudos mostram que existem
diversos alvos bioldgicos relacionados a essa enfermidade.
Um desses alvos € o receptor tipo 2 do fator de crescimento
epidérmico humano (HER-2), sendo que a amplificagdo
do gene faz com que haja produgdo excessiva da proteina
contribuindo, assim, para a progressio do cancer’. Desta
forma, busca-se inibir essa proteina. Uma molécula utilizada
em estudos sobre o cancer ¢ a 5-FU (5-fluorouracil)’. Desta
forma, neste trabalho foram utilizados os seguintes métodos
computacionais: acoplamento molecular, calculos quénticos
em meio solvatado (para validar os métodos tedricos) e
calculos NBO* (orbitais naturais de ligagdo), tendo como
objetivo estudar as possiveis interacdes que ocorrem entre a
molécula 5-FU e sitio ativo de HER-2.

Método

O acoplamento molecular foi realizado utilizando o
programa GOLD, tendo como intuito inserir a molécula 5-FU
no sitio ativo de HER-2 (PDB 3PPO0) e analisar as interagdes
intermoleculares entre 5-FU e HER-2. Apds a andlise do
acoplamento, foram realizados calculos da molécula 5-FU
em solvente dioxano (métodos IEFPCM e Osanger), pois a
comparagdo dos valores dos momentos de dipolo tedricos
e experimentais (4,11 £ 0,5 Debeye, D°) ¢é utilizada para
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escolher e validar as fungdes de bases a serem selecionadas
(B3LYP/6-31G (2d,2p) e B3LYP/cc-pVDZ) para o calculo
dos orbitais naturais de ligagdo (NBO). O calculo NBO teve
o intuito de analisar as interagdes de orbitais aceptores e
doadores da molécula 5-FU e dos residuos ASP-863 e PHE-
864 (residuos que fazem interagdes de ligagdo de hidrogénio
com 5-FU, mostradas pelo acoplamento molecular).

Resultados e Discussao

A Figura lilustra a interagdo intermolecular (ligagdo de
hidrogénio) entre 5-FU e o sitio ativo de HER-2 (residuos
ASP-863 e PHE-864).

PHE-864

i
H“"-\..

e

( AsP-863
. 3

Figura 1. Analise do acoplamento molecular da estrutura 5-FU no sitio
ativo de HER-2 (PDB 3PP0).



Apos as andlises do acoplamento, foram realizadas
comparagdes dos valores de momento de dipolo teorico e
experimental (Tabela 1).

Tabela 1. Valores tedricos de momento de dipolo para 5-FU em
solvente dioxano, comparados com o valor experimental (4,11 £ 0,5 D)

B3LYP PCM Osanger
6-31G(2,2p) 4,35 4,17
cc-pVDZ 4,35 4,15

Os resultados mostram que ambas as fungdes de base
sdo validas para calculos computacionais, sendo que a
proxima etapa foi a realizagdo da analise NBO, que se
encontra na Figura 2 e Tabela 2.

Figura 2. Estruturas de 5-FU, ASP-863 ¢ PHE-864
utilizadas na analise NBO.

Tabela 2. Anélise NBO para a molécula 5-FU*

NBO Doador NBO Aceitador  AE*(kcal/mol)

5-FU para ASP-863 ¢ PHE-864

LPNI RY* 016 0,84 cc-pVDZ

LPNI RY* 016 117 6-31G(2d,2p)
ASP-863 ¢ PHE-864 para 5-FU

LPOI6 BD*(x) C3-09 543 cc-pVDZ

LPOI6 BD*(x) C3-09 447 6-31G(2d,2p)

*BD (Ligante), BD* (Anti-ligante), LP (Lone Pair, par solitario) e RY*
(Rydberg anti-ligante).

A Tabela 2 apresenta as interacdes de transigoes
eletronicas que ocorrem entre os orbitais aceptores e
doadores NBO de 5-FU e dos residuos ASP-863 ¢ PHE-
864 e também mostra o valor da energia perturbativa de
segunda ordem, a qual estabiliza esse sistema doador-
aceitador. Nota-se que para ambas as funcdes de base,
o maior valor de transi¢do eletronica que ocorre ¢ entre
os residuos ASP-863 e a molécula 5-FU. Sendo assim,
os resultados apresentados sugerem uma transferéncia
do par de elétrons do atomo O16 para os orbitais anti-
ligantes BD*(n) C4-O7, indicando um mecanismo de
reacgao entre ASP-863 e 5-FU.

Conclusoes

Os métodos empregados neste estudo de modelagem
molecular, tais como calculo tedrico da molécula 5-FU
em solvente, acoplamento molecular ¢ a analise dos
orbitais de naturais de ligagdo (NBO), fornecem dados
significativos para o planejamento de novas substancias,
candidatas ao tratamento do cancer. Os resultados obtidos
no acoplamento molecular indicam possiveis interagdes
que podem ocorre entre o composto 5-FU e residuos
do sitio ativo de HER-2, onde se notou que o composto
interage com o residuo de aminodcido ASP-863. Os
resultados obtidos dos calculos de 5-FU em solvente se
mostraram proximos dos valores experimentais, sendo
que os métodos escolhidos para o calculo NBO sao
validos. Por fim, os resultados obtidos pela técnica NBO
foram capazes de indicar a interagdo intermolecular que
ocorre entre os orbitais aceptores ¢ doadores de elétrons
do composto 5-FU e dos residuos de aminoacido ASP-
863 ¢ PHE-864, sendo que essas informagdes sdo de
extrema importancia no estudo das interagdes desses
compostos com o sitio ativo de HER-2.
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Effect of the Methyl Group on the
Stability and Twisting of Flavonoids

Milene A. R. de Oliveira, Keylla U. Bicalho & Jodo B. Fernandes

Introduction

Flavonoids is a class of phytochemicals/phytonutrients
originated from polyphenols of low molecular weight
found in several plants'. They present good effects on
human health such as active role on sickness healing. These
compounds are classified as the most important natural
colorants and flavors besides presenting a wide range of
biological activities, highlighting the anti-inflammatory?
and antioxidant3 properties. They are found in hydro and
liposoluble forms, and as aglycones (without sugar units) or
glycosides flavonoids***.

Some great sources of flavonoids are the seeds and fruits
of plants from the Leguminosae and Compositae families’.
More than 5000 flavonoids have been identified in the nature
and classified according to their chemical structure. This
class of compounds is subdivided in 9 subgroups: flavones,
flavonols, flavanones, flavanes, isoflavones, anthocyanins,
flavanonols (flavan-3-ol or cathechins), chalcones and
dihydrochalcones

The computational chemistry is a powerful tool that can
help better understanding some of the doubts questioned in
this work. With the advance of the computational chemistry,
is even more needed and easy to explain some experimental
observations based on the quantic chemistry® from many
studies found on literature®'®'"* | This kid of study
provides valuable information at low costs, that allows to
understand the effect of the different structural features
of the compounds. Some theoretical studies about a great
variety of flavonoids were published'?, where some of them

focus on the energetic properties of these compounds and
the effect of the hydroxyl groups on the structure.

In this perspective, this work presents the results
from a study of four glycoside flavones. Figure 1 shows
the representation of the general structure for flavonoids,
including the ones discussed in this research. This molecular
structure is characterized by charge delocalization on the
studied molecules from ring A to B trough C due to the
double bond C2-C3. Then, the main question of this work
is to understand how the presence of the methyl group
affects the charge delocalization and how it is related to the
geometrical and molecular parameters and the molecular
energy, as well as the twisting profiles around the C2-C1’
bond and its effect on rotation properties of cathecol (ring
B). The intramolecular hydrogen bonds will also be studied.
Density Functional Theory (DFT) was applied in this work
since it provides confident results between the precision and
computational requirements, considering the compounds
studied and its properties.

Figura 1. Molecula skeleton of flavone showing atoms numeration and
named rings.
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The flavones have the same basic structure derived
from the original molecule presented in Figure 1 and the
optimized structures for the compounds I-IV studied in
this work are presented in Figure 2. In these compounds,
the methyl, glucosyl and hydroxyl groups are alternating
in the positions 3 and 7.

Computational Methods

DFT calculations were performed with the Gaussian
0515 pack according to the Density Functional Theory,
using the exchange of corrected functional gradient of
Beckel6 and Lee-Tang-Parr functional correlations17.
For these parameters, the B3LYP method was used18. The
set of bases 6-311 ++G ** was used for the calculations
presented in this work. The atomic charges, bonds length
and dihedral angles were calculated for the optimized
structures in gas phase and in vacuum.

Results and Discussion

STRUCTURAL FEATURES

The optimizations of the four structures presented
in Figure 2 were performed and the intramolecular
hydrogen bonds in the structures and the main molecular
parameters are showed in Table 1.

As discussed in Santiago Aparicio work20, the
dihedral angle between ring B and the plane formed
by rings A and C is about 20° for flavones without
the hydroxyl group and 0° for the ones with hydroxyl
group at position 3. In our results is observed that both
structures with the methyl group presented a dihedral
angle, between the plane of the rings A-C and B (C3-C2-
C1°-C2’) of -71,36° (Structure 1) e 0,49° (Structure II),
and the structures with the hydroxyl, -23,18° (Structure
IIT) and -0,05° (Structure IV).

The values obtained indicate that the glucosyl group
present on structures at position 3, confirms the significant
change in the dihedral angle. This observation can also be
explained by the intramolecular hydrogen bonds present in
these molecules. On structure I, the hydrogen bond between
the hydroxyl hydrogen 7 at the glucosyl group with the
oxygen at position 2’ from ring B, can justify the non-
coplanarity between these rings, once this bond is 1.85341
A, which is considered as strong bond21. On structure II
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the rings are almost coplanar and that is explained by the
hydrogen bond between the oxygen bonded to methyl at
position 3 and the hydrogen at position 2’ from B ring,
where the distance is 2.29746 A

Figure 2 — Optimized structures of the studied flavones I-IV from the
calculation in gas phase on B3LYP//6-311 ++ G ** theoretical level,
with indication of the hydrogen bonds. Atom Colour code: Oxigen
(red), carbon (grey) and hydrogen (white).

For structures III and IV, that have the hydroxyl
changing by glucosyl, follows the same tendency of III
that has the sugar unit at position 3, the B ring has a small
rotation due to the hydrogen bond between the hydroxyl
hydrogen 7 at glucosyl unit with the oxygen at position
2> at B (1.91915 A), and for structure IV, the rings can
be considered coplanar, where the intramlecular bond
between the hydrogen at position 2’ and the oxygen at
position 3 is considered strong (1.79635 A). Table 2 shows
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the intramolecular hydrogen bonds on these structures.

In terms of stability, is observed that when the glucosyl
in the molecule is at position 3, it is more stable than its
correspondent at position 7. Since the atom of C, O and
H has a contribution of -38.2792077 a.u, -74.46309364
a.u and -0.56119365 a.u, respectively, for the stabilization
energy of a molecule (not considering the contributions
from hydrogen bonds, radicals and ions), it is possible to
compare the stabilization of the four structures (I-IV).

Atom numeration as Figure 1. Interatomic distances, r
in A; dihedral angles, 1, in degrees; energy E in a.u.; dipole
moment, , in D.

Table 1. Main geometrical and energetic parameters from the studied
flavones I-IV in gas phase calculated in the B3LYP / 6-311 ++ G **
theoretical level.

Structure " r r r3-|rd-
C4=0 | 3-OH | 5-OH | OH OH

I 1.235 -- 0.975 | 0.961 | 0.959

11 1.230 -- 0.965 | 0.961 | 0.941

111 1.263 -- 0.994 | 0.966 | 0.969

v 1.234 | 0951 | 0.985 | 0.963 | 0.968

Table 2 — Intramolecular hydrogen bonds in A.

Structures | C2°’H-O3 | O3°’H-04’ | O4’H-03’ | O5H-04
I 3.30500 2.50884 2.50348 1.81243
I 1.80116 2.49596 2.49636 1.81245
11 3.17287 2.15164 2.18359 1.691006
v 1.79594 2.49790 2.49531 1.82113

Table 3 - Huckel charge calculated by the B3LYP method with base
6-311 ++ G ** for I-IV

Structures | C4=0 | C3-O C5-0 C7-0 | C4'-0
I 0.602 0.556 0.554 0.516 0.547
I 0.571 0.544 0.558 0.527 0.549
11 0.609 0.550 0.557 0.542 0.568
v 0.594 0.544 0.559 0.531 0.550

Therefore, removing one CH2 group from
the structures I and II, it is obtained an energy of
-1714.90063333 a.u and -1714.8854695 a.u, respectively.
The comparison of the four calculated energies for I-IV,
we can conclude that having a hydroxyl group (structure
IIT) instead of a methyl group results in a more stable
molecule, which agrees with the lower dipole moment
for this structure. The Table 3 shows the Hiickel charges,
and it can be observed that the most electronegative atom
is the carbonyl oxygen and that on the structure III the
charge is bigger. The crescent order for these oxygens
from the structures would be III>I>IV>IL.This crescent
order for the Hiickell charge on the carbonyl oxygen is
equivalent to the crescent order of the stability of the
studied structures, confirming that the structures with the
glucosyl at position 3 is more stable than when it is at
position 7, regardless if they have hydroxyl or an methyl
group at position 7.

Conclusions

It can be concluded from this work that the methyl
group decreases the stability on the studied structures,
either if they are at 3 or 7 position, but the structures with
the glucosyl at position 3 are more stable than when the
glucosyl is at position 7, no matter if it has a hydroxyl or
a methyl group. It can also be concluded that the methyl
group does not influence on the ring B twisting, once it
is connected with an oxygen that has an intramolecular
bond with the hydrogen at position 1’ at ring B. On the
other hand, when the flavone has the glucosyl unit at
position 3, the tendency is that the planarity of ring B
in relation to the ring A-C does not occurs. The Hiickel
charge has a linear relationship with the stability of the
studied structures.
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Aspectos Moleculares da Solvatagao
do lon Fluoreto em Agua e DMSO

Natdlia M. Silva & Josefredo R. Pliego Jr.

Introducdo

O efeito do solvente € essencial na descri¢do de
reacbes em solucdo, principalmente reagdes idOnicas.
No caso de reagdes do tipo ion-molécula, ¢ necessario
a solubilizagdo de ambos o substrato organico ¢ o ion
inorganico. Solventes como agua e metanol usualmente
tem uma forte solvatacdo de anions, tornando sua
reatividade muito baixa. A introdugdo dos solventes
aproticos dipolares ha mais de 50 anos atras permitiu
a solubilizacdo de sais inorganicos ¢ dos compostos
organicos simultaneamente. Ao mesmo tempo, a menor
solvatagdo dos anions nestes solventes levou a uma maior
reatividade destes.'

Apesar da importancia deste efeito bem conhecido
dos solventes aproticos dipolares, com sua larga aplica¢do
em quimica organica sintética, e da publicacdo de escalas
de solvatagdo,>* os aspectos moleculares da diferenga
de solvata¢do de anions pequenos como o fluoreto em
agua e DMSO ndo foi investigada ainda. Neste trabalho
foram feitos calculos de energia em nivel MP2 utilizando
moléculas de 4gua como solvente protico e moléculas de
dimetilsulfoxido (DMSO) como solvente aprético dipolar
para solvatar o ion fluoreto. Nosso objetivo foi entender
a primeira camada de solvatagdo, que ¢ essencial para
descrever reatividade quimica em solugdo.*

Metodologia

Os complexos formados pelo ion fluoreto e moléculas
de agua ou DMSO foram investigados em nivel ab initio.
As geometrias foram otimizadas utilizando o método

MP2 com bases aug-cc-pVDZ. Apds otimizagdo de
geometria, foram feitos calculos da energia no ponto,
também em nivel MP2, mas utilizando uma base mais
estendida, aug-cc-pVTZ.

Resultados e Discussoes

A energia de interacdo do ion fluoreto com uma
molécula de agua é de -31,88 kcal/mol. Com adicdo
de mais moléculas de agua, a energia de formagdo do
cluster vai se tornando mais negativa, apesar de que
a cada nova molécula adicionada, a energia diminui
menos, o que ja era esperado. Com 4 moléculas de agua,
o cluster é estavel por -85,05 kcal/mol. As estruturas
estdo mostradas na Figura 1. Como podemos observar,
metade do ion fluoreto fica completamente solvatado por
4 moléculas de agua.

Tabela 1: Dados de energia para formagao dos clusters do ion Fluoreto
com solvente protico H20, e aprotico DMSO, em nivel de calculo
MP2/aug-cc-pVTZ//MP2/aug-cc-pVDZ.*

[E
F- (H,0) -31,88
F (H,0), -52,34
F (H,0), -69,27
F (H,0), -85,05
F-(CH,SOCH,) -32,79
F (CH,SOCH,), 55,72

*Valores em kcal/mol
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Figura 1: Complexos do ion fluoreto com dgua e DMSO.

Para complementar a argumentagdo de que o tamanho
das moléculas do solvente tem um papel importante na
energia livre de solvatagdo, observamos que cada um
dos clusters com 2 DMSO e 4 4guas terdo ainda de ser
solvatados pelo restante do solvente. Considerando o
modelo de Born, cuja energia livre de solvatacdo por um
dielétrico € dada por:

114¢% 1
_1_5}

el r——
o

notamos que a energia livre de solvatagdo ¢ inversamente
proporcional ao tamanho do ion (R, raio do ion). Ou seja,
o cluster de fluoreto com 4 moléculas de agua deveria
ser melhor solvatado do que com 2 moléculas de DMSO.

Tabela 2: Dados da Analise da Decomposi¢do de Energia (EDA) para
os complexos, em nivel de calculo MP2, todos calculados com conjunto
de funcdo de base aug-cc-pVTZ.*

Eletrostitica R::.cl::;o Polarizagio | Dispersio
(HO)F -44,02 40,91 -26,99 -1,78
(H,0), F -72,46 57,41 -33,39 -3,90
(H,0), F 9605 | 67,63 | -3507 | -5,78
(H,0), F 11732 | 749 | 3253 [ -10,10
F(CH,SOCH,) -40,51 33,97 -22,92 -3,33
F(CHSOCH), | -67,11 | 4825 | -3104 | -582
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Com o intuito de compreender melhor a natureza
das interagdes moleculares nestes complexos, fizemos
também calculos EDA (Energy Decomposition
Analysis).” A energia eletrostatica para o cluster do
fluoreto com moléculas de agua torna-se cada vez
mais negativa ao se adicionar mais moléculas de agua,
ao passo que sua energia de troca-repulsdo torna-
se cada vez mais positiva. Entretanto, enquanto a
energia eletrostatica aumenta por um fator de 2,7, a
contribui¢do de troca-repulsdo aumenta por um fator
de apenas 1,8. Isto pode ser explicado pelo aumento da
distancia entre o fluoreto e os hidrogénios, que inicia
em 1.414 A com uma 4gua até 1.713 A com quatro
aguas, aliviando assim o termo de troca-repulsdo, de
curto alcance.

No caso do termo de polarizacdo, que chega a ser
61% da interagdo eletrostitica com uma molécula
de agua, ¢ evidente a forte polarizagdo da agua pelo
pequeno ion fluoreto. Este termo apresenta uma
variagdo pequena com o aumento das aguas, indo de
-27,0 kcal/mol com uma 4gua e atingindo um valor
mais negativo com trés moléculas de agua, -35,07
kcal/mol. Esta contribuigdo se torna -32,53 kcal/mol
com quatro aguas. Este minimo pode ser explicado
pelo arranjo das moléculas de 4gua, onde a simetria de
quatro aguas em torno do fluoreto inibe a polarizagdo
maior em uma direcdo. Além disso, o aumento da
distancia das moléculas de dgua ao fluoreto gera um
campo elétrico menor nas aguas, e portanto, menor
polarizagdo. A energia de dispersdo segue a tendéncia
esperada de aumentar (mais negativa) com a quantidade
de elétrons no sistema.

Nos clusters do fluoreto com moléculas de DMSO,
a tendéncia nas energias ¢ bem mais previsivel.
Comparando com o cluster de agua, vemos que as
energias eletrostatica e de polarizacdo sdo de menor
magnitude com DMSO, mas os termos de troca-
repulsdo também. Isto ocorre pelo fato do DMSO
ficar bem mais distante do fluoreto do que a dgua. Por
exemplo, no complexo do fluoreto com apenas uma
molécula de DMSO a distancia hidrogénio-fluoreto ¢
de 1.821 A e com duas moléculas de DMSO ¢ de 1.929
A. Como consequéncia, o termo de troca-repulsio ¢é
menor, ¢ 0s termos eletrostaticos e de polarizagdo sdo
menos negativos.



Conclus@o

Ainteracdo do ion fluoreto com uma ou duas moléculas
de DMSO ¢ mais negativa do que sua interagdo com uma
ou duas moléculas de agua, desafiando a visdo de que
anions interagem fracamente com DMSO. Entretanto,
o fato de a molécula de DMSO ser bem maior do que
a molécula de agua leva a uma interagdo mais forte do
F- com a primeira camada de solvatacdo de agua do
que com a primeira camada de solvatagdo de DMSO.
Como consequéncia, o fluoreto ¢ muito mais solvatado
em meio aquoso do que em DMSO, levando a sua maior
reatividade em DMSO.
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Glucose-6-Phosphate Dehydrogenase as
Potential and Selective Target Against Malaria

Nelson A. N. de Alencara, Jordi Jimenez Juarez, Jeronimo Lameira Silva & Javier Luque Garriga

Introduction

Science does not have a magic formula for malaria,
Plasmodium parasites are developing unacceptable levels
of resistance and many insecticides are no longer useful
against mosquitoes that transmit the disease. Years of vaccine
research have produced few hopeful candidates and although
scientists are redoubling the search, an effective vaccine is
years away.! In response to this difficult situation, which in
this study, we explored the pentose phosphate pathway of the
malaria parasite Plasmodium falciparum (pf), in particular
the Glucose-6-Phosphate Dehydrogenase enzyme (G6PD),
in order to find a new potential therapeutic target and new
alternative drugs.?

Methods

Was constructed the three dimensional structure of the
enzyme pfG6PD using molecular homology modeling, with
the MODELLER? program and human enzyme in the same
structure as a mold.

Figure 1. Multiple Align between pfG6PD and templates. Arrows show
the active site. The red triangle presents most important residue for this
study. The accentuated residues with blue were cut off for humanize
the plasmodium.
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Figure 2. 3D Alignment between hG6PD and pfG6PD humanized
hG6PD in Green cartoon, pfG6PD in yellow Cartoon and G6P in stick
white. The key residue in this study is displayed under stick.

From the structural change of a single residue of the
active site between the two enzymes (Arg365-h/Asp575-
pf), were proposed and complexed six selective inhibitors of
the pfG6PD enzyme. Then studies of molecular dynamics
(MD) using the method of molecular mechanics (MM) via
the program AMBER* and binding free energy calculations
using the SIE® method (solvated interaction energy). Time of
Dynamic was 100 ns.

A, » b .'-; T .. - 2

Figure 3. Active site of hG6PD and pfG6PD models complexed with
GO6P ligand, Show the structural change of a single residue of the active
site Arg365-h (in Blue) and Asp575-pf (in Red)



Results and Discussion

Results showed that the proposed model is
satisfactory, both structurally and energetically, the mean
values of free energy (SIE) for hG6PD and pfG6PD
were -7.46 and -7.71 kcal/mol, respectively, compatible
with the literature,2 and site active well maintained with
RMSD never exceeding 3 A for pfG6PD.

RMSD MD
GEPUGOPD
10 . - . : - T - T

RMSD

[

. MWWWWMMM

WM“WMvrm IR .r.-ww'\“""‘w \"M\F

0 . L . ! L . L .
0 20 40 60 80 100

Time (ns)

Figure 4. RMSD of hG6PD (black) complexed with the substrate G6P
(green), red shows the RMSD of the active site, for a time of 100 ns.
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Figure 5. RMSD of pfG6PD (black) complexed with the substrate G6P
(green), red shows the RMSD of the active site, for a time of 100 ns.
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The SIE results presented next to the values found
in G6P-pfG6PD complex, with values below -6kcal/mol
for the proposed inhibitors LIG3 and LIG6, values close
to those found in the interaction of the enzyme with G6
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Figure 6. RMSD of pfG6PD (black) complexed with the ligand 3
(green), red shows the RMSD of the active site, for a time of 100 ns.
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Figure 7. RMSD of pfG6PD (black) complexed with the ligand 3
(green), red shows the RMSD of the active site, for a time of 100 ns.

Conclusions

In this study was constructed the 3D structure
of Glucose-6-Phosphate Dehydrogenase enzyme of
the plasmodium falciparum pfG6PD, that presented
a significantly mutation in one residue in the active
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site, compared with the similar human enzyme. Were
proposed six ligands for inhibit the pfG6PD enzyme. The
best ligands were LIG 3 and 6, based with SIE method.
The mutation of this single residue found in active site of
pfG6PD can open a new path in search of the Plasmodium
falciparum selective inhibitors and drug candidates
against malaria. These binders are being synthesized and
applied in studies of biological assay in vitro to confirm
the possibility of inhibition, results will be presented in a
next opportunity.
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Modelagem do Equilibrio de Fases do
Pentano e da Mistura de Pentano e CO,

Patricia B. Gusmado, Leonardo Baptista & Mdrcio Paredes

Introducdo

A descricdo precisa do comportamento de fases da
mistura de hidrocarbonetos e dioxido de carbono ndo ¢é
apenas um problema académico, mas também ¢ fundamental
em muitos campos industriais e tecnoldgicos, tais como a
concep¢do de equipamentos de separagdo nas industrias
quimica e de energia, recuperacdo avancada de petrdleo, e
sistemas geotérmicos avangados com presenga de CO,.

O sistema tem recebido maior atengdo devido ao
crescente interesse na captura e armazenamento geologico
do didxido de carbono. O equilibrio de fases da mistura em
questdo desempenha um papel importante na avaliagdo do
comportamento em longo prazo do dioxido de carbono em
reservatorios subterraneos profundos.

Este trabalho tem como objetivo investigar o equilibrio
de fases de hidrocarbonetos e da mistura de hidrocarbonetos
e dioxido de carbono através de simulagdo molecular
utilizando o método de Monte Carlo.

Métodos

O método de Monte Carlo (MC) foi utilizado para
simular o equilibrio de fases do pentano puro e da mistura
binaria de pentano e dioxido de carbono. As simulagdes
foram realizadas nas temperaturas 343k, 350k, 400k, 410k,
420k, 430k, 440k e 450k, considerando um total de 1000
moléculas no sistema. Aplicou-se o campo de forca Trappe
em conjunto ao ensemble de Gibbs NVT. O programa
utilizado foi 0 MCCCS Towhee'.

Resultados e discussoes

Os resultados obtidos por simulagdo foram comparados
com os valores estimados por interpolagdo nas curvas

experimentais encontradas na literatura.>*

Para as simulagdes com o pentano puro, o modelo
demonstrou ser representativo na predi¢do da entalpia de
vaporizacao. Pode se observar que a curva simulada se
aproxima da curva experimental a medida que a temperatura
se aproxima da temperatura critica do pentano, 469K.
O maior desvio encontrado foi na temperatura de 343k,
que apresentou um erro proximo a 8%; e o menor desvio
encontrado foi na temperatura de 440k, que apresentou um
erro de 0,8%. Os dados podem ser observados na Tabela
e Figura 1. Os dados estimados por interpolagdo na curva
experimental estio em vermelho. E possivel observar pelos
graficos que o acordo entre os dados tedricos e experimentais
aumenta a medida que a temperatura aumenta.

Tabela 1: Dados tedricos e experimentais de AH(vap) do pentano.
Resultados tedricos obtidos com o campo de forga Trappe. Valores em
kJ mol ™.

Entalpia de vaporizacio
Dados simulados
Temperatura | Experimental | Tedrico Desvio padrio

310 255
M3 134 AN 0,215
350 n 21,2 0,222
390 19.7
400 18,6 17.3 0,176
410 174 16.4 0344
420 16,3 152 0,315
430 15,1 14,1 0,391
4o 129 128 0468
450 10.7 11.2 0,564
460 85
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Figura 1: Comparagéo entre dados tedricos e dados experimentais.

Os valores tedricos para a densidade da fase liquida
apresentam um bom acordo com os dados experimentais
para o pentano puro, porém os desvios dos valores tedricos
foram elevados, indicando que a simulagdo necessita ser
refinada.

Todos as simulagdes anteriores negligenciaram o termo
eletrostatico do campo de forca, visto que a molécula ¢
apolar e ndo apresenta carga. Foi realizada uma simulagio
a 343k contabilizando o termo -eletrostatico, porém o
mesmo ndo se mostrou vantajoso. O valor de entalpia
de vaporizacdo obtido foi similar ao calculado sem a
contribuigdo eletrostatica e com um desvio padrao menor,
porém o tempo de simulagdo praticamente dobrou.

Outros campos de forca também foram testados, entre
eles o SKS. O equilibrio de fases do pentano puro foi
modelado também a 343K utilizando o campo de forga SKS
nas mesmas condigdes anteriores. O erro relativo observado
neste campo de forga foi de aproximadamente 9%, proximo
ao erro indicado pelo campo de forca Trappe, que ficou
em torno de 8%. Os desvios observados foram baixos em
ambos os campos de forga.

Outras temperaturas precisam ser avaliadas para
uma melhor andlise. Os dados mencionados podem ser
observados na Tabela 2.

Tabela 2. Comparaggo entre dados teoricos. Valores em kJ mol-.

AHivap) - 343K
Maodelo
Trappe com | pe g | TREPE =M | peoe || Desvig | Evperimental
termio Lerma i SRS
eletrostaticn pad eletrostitico | P* pad.
IL5 .08 L6 0z 55 05 14
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Para as simula¢des com a mistura pentano e dioxido
de carbono, o modelo demonstrou ser representativo na
predicao da fragdo molar dos componentes na fase vapor.
Foram encontrados dados experimentais para fracdo molar
em funcdo da temperatura e pressdo nas temperaturas de
408,15K e 438,15K. Estes dados foram comparados com
os dados tedricos obtidos a 410K e 440K, assumindo
que a diferenca entre estes valores de temperaturas
pode ser negligenciada. Pode-se observar uma boa
aproximagdo entre os valores interpolados a partir dos
dados experimentais e os valores obtidos por simulagdo. O
erro em ambas as temperaturas foi menor que 2,5%. Estes
dados podem ser observados na Tabela 3.

Tabela 3. Dados experimentais e dados simulados da fragdo molar de
CO2. Os dados em vermelho foram obtidos por extrapolagido dos dados
experimentais.

Fragho Molar 40815k Fracio Molar 438 15k
PkPn | Exp. | Simolagio | PkPa | Fxp. | Simulsgi
140 [INHE! - - - -
1779 0264 - el |71 Lil3 -
198 L298 305 20 Lis 0. 18s
213 439 - 2820 193 -
Conclusao

Os sistemas estudados via método de Monte Carlo no
ensamble de Gibbs NVT demonstraram boa confiabilidade
na predicao das entalpias de vaporizagdo do pentano e das
fracdes molares na fase vapor da mistura de pentano e
dioxido de carbono. Entretanto o modelo e a metodologia
aplicada ainda precisam ser melhorados e aplicados a
outros hidrocarbonetos e suas misturas com CO,, assim
como o célculo de outras propriedades termodindmicas
do sistema em equilibrio, como densidade e pressdo.
A proxima etapa ¢ simular o equilibrio de fases para
hidrocarbonetos de maior ordem e suas misturas com CO,.
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Cooperativity Effects on the

Hydrogen Bonds Within HCN
and HNC Complexes

Paulo M. C. de Oliveira, Juliana A. B. Silva & Ricardo L. Longo

Introduction

Hydrogen bonding (H-bond) remains relevant because
of its importance in Chemistry, Biology and Materials
Science. The diversity and peculiarities of H-bonds still
cause debates regarding, for instance, the behavior and
properties simple liquids such methanol and water. Another
aspect is the relationships between the topological and
statistical mechanics descriptors of complex H-bond
networks and the properties of liquids and mixtures.'* For
instance, the presence of small-world patterns in H-bond
networks of aqueous mixtures may be related to special
behavior of these networks, such as resilience and rapid
response to perturbation.'? These characteristics may be
helpful to explain and interpret various physical chemistry
properties of aqueous solutions. Thus, it is important to
extend these statistical mechanics analyses to more diverse
H-bond networks, such as pure HCN and HNC liquids and
their mixtures. The H-bond networks used in these analyses
are obtained from computer simulations employing classical
intermolecular interaction potentials, usually obtained by
parametrization from the liquid experimental properties.
However, these potentials are not available for HCN/HNC
systems, which leads to their parametrization with respect
to high-level quantum chemical calculations or to quantum
computer simulations such as the Born-Oppenheimer
Molecular Dynamics (BOMD) method.

HCN was chosen because it is a polar compound that
may form H-bond networks containing linear, branched
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and cyclic aggregates.** In addition, HCN may be a
relevant prebiotic and extraterrestrial species related to
the origin of life.6 Thus, the topological properties of
the H-bond bond networks in liquid HCN and HCN-
HNC mixtures could be relevant in understanding their
thermodynamics and structural properties. In addition,
it has shown that the H-bond cooperativity effects are
important for several properties.”” Computer simulation
methods such as Monte Carlo and molecular dynamics
do capture many-body effects on the H-bonds. However,
these H-bond cooperativity effects require specialized
intermolecular potentials or the use of quantum methods
that describe these effects properly.

Thus, the quantitative properties of the H-bonds
in HCN-HNC dimeric and trimeric complexes are
investigated in detail by electronic structure methods.
This aims at providing a benchmark for selecting density-
functionals to be employed in BOMD simulations or
a database for parametrization of the intermolecular
interaction potentials for HCN/HNC systems.

Methods

All possible dimeric and trimeric HCN-HNC
complexes were fully optimized with the MP2/6-
311++G(d,p) method without symmetry constraints.
Energy (single-point) calculations were performed
with global-hybrid (B3LYP, BP86 and PBE) and meta-
GGA (TPSS) density functionals, with long-range and



Table 1. Interaction energies (kJ mol™) calculated for a set of density functionals, with dispersion (GD3) and long-range (LR) corrections, using the cc-
pVDZ basis set and BSSE corrected values are in parenthesis.

HCN-HCN HCN-HNC HNC-HCN HNC-HNC
B3LYP 21.63 (16.69) 31.71 (25.48) 20.92 (17.74) 33.14 (28.49)
B3LYP-GD3 24.64 (19.71) 35.27(29.00) 23.05 (19.87) 36.69 (32.05)
B3LYP-LR 24.10 (18.95) 34.85 (28.28) 22.80 (19.41) 35.40 (30.46)
TPSS 20.59 (16.36) 31.13(25.73) 20.59 (18.12) 33.60 (29.96)
TPSS-GD3 23.60 (19.37) 34.64 (29.25) 22.72 (20.25) 37.15 (33.51)
TPSS-LR 23.97 (19.79) 34.52(29.12) 22.13 (19.66) 34.02 (30.33)
BP86 19.33 (14.56) 29.87 (23.85) 19.62 (16.57) 32.68 (28.28)
BP86-GD3 22.34 (17.57) 3339 (27.41) 21.76 (18.70) 36.23 (31.88)
BP86-LR 26.53 (22.01) 38.16 (32.34) 24.77 (21.92) 37.82 (33.68)
PBE 22.72 (17.61) 33.56 (27.15) 23.05 (19.75) 36.61 (31.92)
PBE-GD3 25.73 (20.63) 37.07 (30.71) 25.15 (21.84) 40.17 (35.48)
PBE-LR 24.60 (20.21) 35.61 (29.96) 22.89(20.21) 35.35(31.42)

CCSD(T)/CBS 19.76 29.92 19.93 30.98

dispersion corrections. The following basis sets were
employed: cc-pVXZ with X = D, T and Q. The basis-
set superposition error (BSSE) in the interaction energies
were corrected using the counterpoise method.

As reference, the H-bond energies were calculated
with the ab initio correlated CCSD(T) method
extrapolated to the complete basis-set (CBS) limit. This
extrapolation was performed by applying the Egs. 1 and
2 to evaluate the corresponding correlation (corr) and
Hartree-Fock (HF) energies:'®!!

Ef‘l‘.‘ll‘l"f}:‘] — Ef‘ﬂr‘l‘(v_.l} + An’.‘ﬂl'l'x 44 {'Eq_ 1:}

EHF(X) = E¥F(c0) + AFFX—F (Eq. 2)

where X = 2 for the cc-pVDZ basis and X = 3 for the cc-
pVTZbasis set, and o and B are optimized exponents. 10,11

Results and Discussion

The reported experimental binding energy for
the HCN-HCN dimer the gas-phase is 15.9 + 0.67 kJ
mol .12 There is also an older reported value of 10.88
kJ mol™' obtained from vapor density data.'* The binding

energy calculated in this work for CCSD(T)/CBS for
HCN dimer is 19.8 kJ mol'. Employing the zero-point
vibrational energy (ZPE) contribution (5.1 kJ mol—-1)
calculated with the MP2/cc-pVTZ method, provides
a corrected ZPE value (14.7 kJ mol™!) in excellent
agreement with the experiment based on spectroscopic
data.’? The binding energies calculated for the HCN/
HNC dimers are summarized on Table 1 and consider
the BSSE, dispersion and long-range contributions
separately employing density-functionals available in the
CP2K program.

Regardless of the method or the corrections employed,
the H-bonds with HNC as donor (e.g., HCN-HNC and
HNC-HNC) are at least 10 kJ mol™ stronger than the
H-bonds with HCN as donor. This behavior is due to
the larger positive charge density at the hydrogen in the
HNC molecule compared to the HCN. For instance, the
calculated (B3LYP/cc-pVDZ) APT atomic charges at
the hydrogen are +0.25 and +0.40 in HCN and HNC,
respectively. In addition, the intermolecular charge transfer
in the HCN-HNC and HNC-HNC dimers are larger than
those in HCN-HCN and HNC-HCN ones, which can
be correlated to the strengthen of the H-bond."* These
observations can also be used to explain the differences on
the binding energies for the trimeric species. Noteworthy
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that the dispersion and long-range corrections shown in
Table 1 lead to overestimation the binding energies. In
fact, the results obtained with the BP86 functional without
any of these corrections are in very good agreement with
the reference (CCSD(T)/CBS) data. The trend observed
by including the dispersion correction corroborates recent
analysis of a set of small H-bonded complexes.15 In this
analysis, the electrostatic contributions are the determining
factor in the intermolecular interactions and the inclusion
of dispersion corrections in the most density functionals
leads large errors. Notice that this situation changes
when the BSSE correction is taken in account. However,
because the interest is to perform BOMD simulations
during which the BSSE correction is not considered, the
best compromise (error cancelation) is the BP86/cc-pVDZ
method for describing the H-bond energy in dimers. This
is quite fortunate because this method does not present
a high computational demand and provides results at
the CCSD(T)/CBS quality. A quantitative analysis can
be ascertained from Table 2, which presents the mean
absolute error on the energies for the 12 investigated
species: HCN-HCN, HCN-HNC, HNC-HCN, HNC-
HNC, HCN-HCN-HCN, HCN-HCN-HNC, HCN-HNC-
HCN, HCN-HNC-HNC, HNC-HCN-HCN, HNC-HCN-
HNC, HNC-HNC-HCN, and HNC-HNC-HNC, taking
the CCSD(T)/CBS results as reference. The qualitative
analysis observed for the binding energies of the dimers is
quantitatively corroborated.

Table 2. Mean absolute error (kJ mol™) for the binding energy with
respect to CCSD(T)/CBS.

cc-pVDZ cc-pVTZ cc-pVQZ
B3LYP 3.65 2.79 4.07
B3LYP-GD3 8.16 1.72 0.49
B3LYP-LR 7.90 0.95 0.61
TPSS 3.18 225 3.02
TPSS-GD3 7.69 2.37 1.59
TPSS-LR 6.90 1.07 0.56
BP86 1.63 4.74 5.88
BP86-GD3 5.98 1.41 2.09
BP86-LR 12.61 6.13 5.32
PBE 7.58 1.49 1.35
PBE-GD3 12.08 5.62 4.57
PBE-LR 8.67 2.26 1.42
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Namely, the inclusion of dispersion and long-range
corrections lead to overestimated results for the smaller basis
set (cc-pVDZ). For triple and quadruple-zeta quality basis
sets these corrections become relevant and errors decrease,
except for the PBE density-functional. In fact, for this
functional, the dispersion correction is a problem because
it causes significant overestimation even for large basis set.
Whereas, the B3LYP results improve with dispersion and
long-range corrections for cc-pVXZ X =T and Q basis sets.
For the smaller basis set, the BP86 functional, without any
correction, provided the best results. This very fortunate
cancelation of errors allows the application of the BP86/
cc-pVDZ method within BOMD simulations because the
inclusion of BSSE and long-range corrections are very
troublesome.

An important characteristic of H-bonds is their
cooperative enhancement when the number of hydrogen
bonds increases. For the trimeric H-bonded complexes (see
Table 3), there are cooperativity effects, in addition to the
observed influence of the nature of the donor in the H-bond:
HCN X HNC. The cooperative energy for the trimeric
complexes was obtained by subtracting from their binding
energy, the respective energies from the dimeric species that
form the H-bonds. In the Table 3, the cooperative energies
calculated for all possible trimeric species of HCN/HNC
are presented. It can be noticed that the cooperative energy
increases as the number of HNC molecule increases in the
complex. This increase of the cooperative energy is roughly
2 kJ mol™ per unit of HNC moiety that is a donor in the
H-bond. Because the minimum cooperative energy is ca.
5 kJ mol™' (HCN-HCN-HCN) it almost double when the
number of HNC donors doubles (HCN-HNC-HNC and
HNC-HNC-HNC). Noteworthy that the DFT/cc-pVDZ
methods provide similar results for the H-bond cooperative
energy and they systematically overestimate this quantity
compared to the CCSD(T)/CBS calculations. This is
probably due to the basis set effects.

These findings suggest that the liquid mixtures of these
HCN/HNC molecules should have distinct topological
behavior depending upon the mole fraction of each species.
For instance, in a 50:50 mixture, the H-bond networked
system most likely would prefer to make intercalated bonds
of HCN and HNC instead of bonds between molecules of the
same type. However, the large differences between the pure
HCN and HNC networks also suggest that phase separation



Table 3. Cooperative energies (kJ mol—1) for HCN/HNC trimers calculated with the DFT/cc-pVDZ methods and CCSD(T)/CBS.

Complex B3LYP TPSS BP86 PBE CCSD(T)/CBS
HCN-HCN-HCN 5.31 5.31 5.48 5.65 478
HCN-HCN-HNC 7.20 7.36 7.45 7.53 6.44
HCN-HNC-HCN 6.86 6.90 7.07 7.15 5.96
HCN-HNC-HNC 9.96 10.33 10.59 10.67 8.03
HNC-HCN-HCN 5.44 5.52 5.61 5.73 4.81
HNC-HCN-HNC 7.91 5.44 5.27 5.19 6.94
HNC-HNC-HCN 7.41 7.61 7.87 8.03 6.07
HNC-HNC-HNC 10.84 11.51 11.80 12.01 8.20

at particular thermodynamics situation may occur. In fact,
these cooperativity effects can have considerable influence
upon the topological structures of these networks in the
liquid phase. As a perspective, topological studies of these
liquid systems may provide relevant information on how
these molecules interact in a complex network and how this
network behave upon external perturbations.

Conclusions

CCSD(T)/CBS//MP2/6-311++G(d,p) calcu-lations
provided a benchmark to ascertain the reliability of density
functionals, basis sets, BSSE, dispersion and long-range
corrections for determining H-bond energies in dimeric
and trimeric species of HCN/HNC and the cooperative
energies in the trimeric complexes. One of the most reliable
and precise method was the BP86/cc-pVDZ without any
correction. This is very fortunate because it is the simplest
and the least demanding method to perform BOMD
simulations of liquid HCN/HNC mixtures. In addition, the
cooperative effects of the H-bonds may significantly affect
the topological behavior of the H-bond networks in these
mixtures.

Because the H-bond networks in liquids can be large, we
are currently investigating these cooperativity effects within
the H-bonds of larger (tetramer and pentamer) HCN/HNC
complexes with the BP86/cc-pVDZ method.
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Application of the G3(MP2)-CEP
Theory in Understanding
Diels-Alder Mechanism

Régis C. Leal, Douglas H. Pereira & Rogério Custodio

Introduction

Even 80 years after the formulation of the “endo
rule” proposed by Alder and Stein in 1934,' the
factors controlling the formation of endo product in
[4+2] cycloaddition reactions are still not completely
understood.? In the context of organic synthetic chemistry,
the Diels—Alder reaction is among the most powerful and
well-known mainly due to the facility of generating two
carbon-carbon bonds simultaneously.

There are at least three points in an attempt to
explain the preference that leads to the formation of a
given product in this type of reaction. The first one is
the Secondary Orbital Interactions (SOI) proposed by
Hoffmann and Woodward # to rationalize the empirical
endo rule formulated by Alder and Stein, as previously
mentioned. Arrieta and Cossio ° studying the classical
Diels-Alder reaction between cyclopentadiene (CP) and
maleic anhydride (MA), claim that SOI do exist and are
responsible for at least an important part of the observed
stereo control.

An opposite tendency is defended by Garcia, Mayoral
and Salvatella ® which justify that the SOI concept was
based on the assumption that closed-shell repulsions
were identical in endo and exo approximations.
Therefore, the SOI concept is unnecessary and should
be abandoned by chemists as a general explanation for
the endo preference in Diels-Alder reactions. The study
by Ogawa and Fujimoto based on the reaction between
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maleic anhydride and butadiene has shown that the
endo preference is not due to SOIs, but to a balance of
several energy terms, including electrostatic attractions
and closed-shell repulsions.®” As a logical conclusion,
the endo preference of the cyclopentadiene and maleic
anhydride reaction should be essentially attributed to the
steric repulsion induced by the methylene group in the exo
approach, although other interaction mechanisms (such
as dispersion forces) may also play a role.*” Fernandez
and Bickelhaupt have also confirmed that neither the
orbital interactions nor the total interaction between the
deformed reactants contributes to the endo selectivity.
They believe that the selectivity is mainly caused by an
unfavorable steric arrangement in the transition-state
region of the exo pathway which translates into a more
destabilizing activation strain.!

Another relevant question is the solvent effect that
seems to have certain influence in some properties
depending on the system. The classical work of Cativiela
et al. 8 illustrates examples in which the polarity of the
solvent changes the selectivity endo/exo in Diels-Alder
reactions. However, overall donor properties of the
solvent are not important, although in some reactions
a solvent with high donation ability may reduce the
reaction rate. On the other hand, Tuvi-Arad and Avnir’
studying the classical reaction of [4 + 2] cycloaddition
of (E,E)-1,4-dimethoxy-1,3-butadiene (DMB) with
tetracyanoethylene (TCNE), show that the reactivity
increases with the polarity of the solvent used.



Independent of the hypothesis being analyzed, the
alliance between computation and experimental results
has been increasingly used with the goal to provide
subsidies for the discussion on the clarification of
structural and/or electronic properties of various types of
reactions, including the cycloaddition reactions [4+2] as
is the case of Diels-Alder reactions.

Significant advances in reducing the computational
cost while preserving the accuracy was recently developed
by Pereira et al.'®! combining a Compact Effective
Pseudopotential (CEP) of Stevens, Bash and Krauss '>!* in the
G3 theory, referred to as G3CEP theory. The theory reduces
the CPU time between 7 and 60% without losing quality
of the results obtained. The mean absolute deviation for the
theory is 1.29 kcal mol™ compared to 1.16 kcal mol™ from
the original all-electron theory for the test set G3/05.

Rocha et al. similarly developed G3(MP2)//B3-CEP
theory adapting the CEP in G3(MP2)//B3 theory.!* The
mean absolute deviation compared to the experimental
data for all thermochemical results was 1.60 kcal mol"!
and 1.41 kcal mol™! for theories G3(MP2)//B3-CEP and
G3(MP2)//B3, respectively, with CPU time reduction
between 10% and 40% using pseudopotential.

The success of these new theories developed with respect
to their original all-electron methodologies, mainly due to
the accuracy of results and reduced computational time,
led to the implementation of CEP in the G3(MP2) reduced
order theory ', which led to the G3(MP2)-CEP theory '¢.
The objective of this study is to evaluate the performance of
this new method to study the mechanism of a set of selected
some Diels-Alder reactions.

Method

The G3(MP2)-CEP theory is characterized by the same
sequence of calculations of the G3(MP2) original theory
with the replacement of core electrons by pseudopotential
CEP. The procedure for obtaining the final G3(MP2)-CEP
energy is also similar and are described in the literature.16
All maximums (TS, Transition State) were characterized
by frequency calculation and then undergoing the IRC
(Intrinsic Coordinate Reaction) procedure with the
MP2/CEP-P31G(d) methodology. All calculations were
carried out with Gaussian 09W software.!”

Four cases were selected where the reactions have
different endo/exo yields in order to evaluate the behavior

of G3(MP2)-CEP theory relative to experimental results
and the other calculations from the literature.

Results and Discussion

It is known that the experimental ratio of endo/
exo adducts is greatly changed when the cyclopropene
is replaced by cyclopentene in a reaction with
cyclopentadiene, and this was the reason for the choice
of these particular mechanisms.

REACTION 1: CYCLOPROPENE AND
CYCLOPENTADIENEI1S8,19

This reaction provides an endo/exo ratio of 97:3.
Figure 1 shows the energy profile calculated with:
(a) G3(MP2)-CEP and (b) IRC obtained at MP2/
CEP-P31G(d) level indicating a kinetic preference
for endo adduct, because the barrier is 4.5 kcal mol-
1 lower compared to the analogue which leads to the
exo TS. However, the exo adduct is still the product
thermodynamically more stable, which is in agreement
with the endo rule proposed by Alder and Steinl.
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Figure 1. Energy profile (a) and IRC (b) for the reaction between
cyclopropene and cyclopentadiene.
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REACTION 2: CYCLOPENTENE AND
CYCLOPENTADIENE 19,20

Thereactionbetweencyclopenteneand cyclopentadiene
provides a kinetic preference for the exo adduct formation.
It can be seen that the difference between both barriers
is approximately 2.5 kcal mol!. The exo adduct also is
the thermodynamic product. The results once again may
justify the 20:80 (endo/exo) ratio found in the literature. In
this case the kinetic and thermodynamic preferences point
to the exo adduct (see Figure 2).

According to Liu et al." the reactivity of cycloalkenes
as dienophiles are controlled by distortion energies
from the reactants into the transition-state geometries.
The distortion energies increase from cyclopropene to
cyclohexene resulting in a decrease in the Diels-Alder
reactivity resulting in an enlargement of the activation
barrier. Observe that the TSendo energy of the reaction 2
is practically the triple compared to reaction 1, 21.0 and
6.9 kcal mol”!, respectively.

On the other hand the dienes reactivities are controlled
by both distortion and interaction energies. Interaction
energy is the difference between the activation energy
and the total energy of distortion.

The energy difference between the endo/exo
stereoisomers, in reactions 1 and 2 do not exceed 2 kcal
mol-1. The barrier height can justify well the experimental
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yield in these two situations.

REACTION 3: CYCLOHEXADIENE AND
ACRYLONITRILE

Tuvi-Arad and Avnir* studied the symmetry-
enthalpy correlations in Diels—Alder reactions with
three cyclic dienes: cyclopentadiene, cyclohexadiene
and cycloheptadiene, beyond acyclic butadiene, and
three  dienophiles:  cyanoethylene (acrylonitrile),
1,1-dicyanoethylene and 1,1,2-tricyanoethylene.
Cyanoethylene derivatives are widely studied due to their
known ability to accelerate cycloaddition reactions.? In
particular, cyanoethylene (acrylonitrile) is a reactive
dienophile in DA reactions with cyclopentadienes,
cyclohexadienes, and cycloheptadienes®. In general, the
reactivity decreases as the ring size increases?.

Takakis et al.
cyclohexadiene and cycloheptadiene with acrylonitrile
are exceptions to the Alder—Stein rules regarding the exo/
endo ratio of 40:60 for cyclohexadiene (Reaction 3) and
35:65 for cycloheptadiene (Reaction 4).

Figure 3 shows results found by G3(MP2)-CEP for
the reaction between cyclohexadiene and acrylonitrile.
The small energy difference between the transition states
and products shows a balance between both adducts
agreeing with the experimental yield.

showed that the reactions of
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Figure 2. Energy profile (a) and IRC (b) for the reaction between cyclopentene and cyclopentadiene.
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REACTION 4: CYCLOHEPTADIENE AND
ACRYLONITRILE

The small energy difference, either between TSs
or products, does not allow state a high selectivity for
a particular stereoisomer, agreeing therefore once again
with the experimental yield 35:65 (endo/exo).

It is observed in reactions 3 and 4 that the difference
of energy between TSs and reaction products do not
exceed 0.5 kcal mol-1. IRC profiles are also practically
overlapped showing no significant difference in energy
between both paths.

Energy pcal.maol']

Conclusions

In the Diels-Alder reactions studied one cannot reach
a general conclusion to explain the preference for a
particular endo/exo product from the reactants. The four
mechanisms analyzed show kinetic preference for the
endo stereoisomer in Reaction 1, exo in Reaction 2, and
balance between both products in Reactions 3 and 4. The
thermodynamic preference points to the exo product in
Reactions 1 and 2, and balance between both products in
Reactions 3 and 4.
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Figure 3. Energy profile (a) and IRC (b) for the reaction between cyclohexadiene and acrylonitrile.
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The endo rule cannot be followed in many cases, as
shown in some of the reactions discussed here. Though
often the experimental yield point out to high selectivity
for the endo or exo product, theoretically it is not verified
large differences in energy between the products formed
independent of the methodology used.

The G3(MP2)-CEP theory agrees with the experimental
data in all analyzed reactions, although in some cases
(Reactions 3 and 4) the energy difference is very small (~0,5
kcal/mol). Worth remembering that the solvent effect has
little influence in most Diels-Alder reactions. The question
of SOI likewise cannot be taken into account to explain
alone the selection by either adduct, as some authors claim.

The interaction and distortion energy seems the best way
to explain the cases studied in this work. The G3(MP2)-CEP
theory performed well in all cases tested and will be used in
other situations in order to attempt to elucidate the Diels-
Alder reaction yields.
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Interplay Between Interatomic Distance and

Orbital Overlap at Control of Magnetism in
FeBO, (B = Ti, Ge, Zr, Sn) limenites

Renan A. P Ribeiro, Ageo M. de Andrade, Luis H. S. Lacerda, Alexandre C. Jr. & Sergio R. de Lazaro

Introduction

Perovskites oxides, which have the general formula
ABO3, are widely studied by theoretical or experimental
means due to the large variety of intriguing properties,
such as ferroelectricity, piezoelectricity, multiferroicity
and others."” One fascinating feature for this structure
is the capability to control the existence of different
properties from chemical substitution and doping at A-
and B-sites.* For example, the ilmenite structure based on
very common mineral of earth surface (FeTiO,), allows
a high compositional diversity of A%* and B** cations that
occupy alternate basal-planes along the [001] hexagonal
axis of a ordered corundum structure.® The most studied
ilmenite materials are Ti-based compounds with different
A?" (A=Mn, Fe, Ni, Co) cations, although other materials
are found in this symmetry.®® In relation to the magnetic
ordering of ilmenite materials, mainly ATiO, (A = Mn,
Fe, Ni, Co), Goodenough and Stickler proved that such
materials are antiferromagnetic insulators and have
two different magnetic couplings constants: Intralayer
(J) and Interlayers (J,), as shown in Figure 1. For J,
the magnetic exchange happens between A-O-A atoms
and is dominated by the coupling of a t, orbital in one
cation with an e, orbital in other. Thus, the signal for
exchange parameter depends upon the occupancies of the
interacting orbitals making MnTiO, antiferromagnetic
and FeTiO,, CoTiO,, NiTiO, ferromagnetic for intralayer
coupling (J,). The J, interactions are mediated by the BO,

clusters in the intermetallic connection A-O-B-O-A with
a less contribution of a direct overlap in [001] direction
due to the vacancy in cationic sublattice (Figure 1) with
opposite magnetization directions between adjacent A
layers (antiferromagnetic).>!?

In Fe-based ilmenite materials, aim of this study, the
antiferromagnetic ordering is stabilized by the long-range
exchange coupling (J,). Therefore, I, is the responsible for
magnetic ordering control of these materials. As previously
discussed, J, depends of intermetallic connection Fe-O-B-
O-Fe suggesting that the non-magnetic B-site replacement
can control the magnetism for such materials.

Other kind of materials show superexchange
interactions (A-O-B-O-A) as the key for magnetic
ordering control, for instance, A,BO, and AA’3BO,,
compounds." Shiraki and co-workers reported that A-site
ordered perovskites CaCu,Ge,O,, and CaCu,Sn0O,,
which are isostructural to antiferromagnetic CaCu,Ti,0,,,
are ferromagnets.”” Mizumaki and co-authors using
X-ray absorption spectroscopy (XAS) for such materials
proved that the antiferromagnetism in CaCu,Ti,O, can
be explained by strong hybridization of the Cu 3d, Ti 3d
and O 2p orbitals, while CaCu3Ge,O,, and CaCu,Sn,0,,
spectra shows hybridization only for Cu 3d and O 2p
orbitals.”® Similar results are found in ab initio predictions
performed by Toyoda and co-workers to investigate
the magnetic coupling constants of CaCu,B,O,, (B =
Ti, Ge, Zr and Sn) from energetic and Density of States
calculations." Such simulations clarify the magnetic
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ordering for CaCu,B,O materials proving that long-range
superexchange interaction can turn the magnetic orientation
through orbital hybridization.

From this point of view, Shimakawa and Saito
synthetized solid solutions based on the mixing of non-
magnetic B-cations (B = Ge, Ti, Sn) in CaCu,B,0,
materials and shown that the magnetic orientation depends
of Ti concentration in ferromagnetic CaCu,B,-xTi O,, (B
= Ge, Sn) compounds.'® In other hand, Zhu and co-author
investigating Cr(Te, W )O, solid solutions found that
magnetic interactions are controlled by tuning the orbital
hybridization between Cr 3d and O 2p orbitals through W
5d. In this case the authors argue that W d and O p coupling
creates a virtual hole which mediates ferromagnetic
interactions between Cr atoms.'® Such experimental and
theoretical observations lead us to the following question:
Is possible to control the magnetic ordering of Fe-
based ilmenite materials by non-magnetic B-site cation
replacement?

In this study, we investigate the interlayers exchange
coupling of FeBO3 (B = Ti, Ge, Zr, Sn) ilmenite materials
by DFT periodic calculations. Our results proved that
the orbital hybridization between B-O atoms and Fe*
interlayers distances controls the magnetism of ilmenite
materials making FeTiO® and FeGeO® antiferromagnetic,
while FeZrO? and FeSnO? are ferromagnetic.
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Methods

Electronic and Magnetic properties of FeBO3 (B = Ti,
Ge, Zr, Sn) ilmenite materials were investigated by means
of periodic DFT calculations within a hybrid functional
consisting of a non-local exchange functional developed
by Becke!'” combined with a correlation functional based
on gradient of electronic density (GGA) developed by Lee,
Yang and Parr'8, using CRYSTALO9 code.'*® The R-3 (n°
148) ilmenite structure (Fig. 1) is based on experimental
lattice parameters a = b = 5.0875 A and ¢ = 14.0827 A
and internal coordinates: Fe (0, 0, 0.3536), B (0, 0, 0.1446)
and (0.3172, 0.0234, 0.2450).2' All FeBO3 (B = Ti, Ge,
Zr, Sn) materials were full-relaxed (lattice parameters and
atomic coordinates) in relation to system total energy of
Ferromagnetic (FEM) state (Fig. 2a).
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Figure 2. Magnetic configurations for FeBO, (B = Ti, Ge, Zr, Sn)
ilmenite materials: a) FEM and b) AFM. The up and down-spin sites
are represented by black and gray balls, respectively.

Figure 1. Ilmenite-type conventional unit cell and their exchange coupling constants. Black, orange and red balls represent A*", B+ and O* ions, respectively.
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The antiferromagnetic (AFM) model (Fig. 2b) refers
to the FEM optimized geometry and their energy is
obtained by a single-point calculation as performed by
Chartier and co-workers for Mn,0O,.** All-electron atom-
centered Gaussian-type-function (GTF) basis sets of
triple-zeta valence quality, augmented by a polarization
function (TZVP) are adopted for Fe, Ti, Si, Ge, Zr ¢ O
atoms,? while Sn atoms are described by pseudopotential
basis set (Sn_ DURAND-21G*); where the core electrons
are described by an effective potential defined by Durand
and Barthelat.24 Infinite Coloumb and exchange sums
are truncated by five thresholds set to 107, 107, 107,
107 and 10-". The shrinking factor (Pack—Monkhorst
and Gilat net)® was set to 6 x 6 x 6, corresponding to
40 independent k points in the irreducible part of the
Brillouin zone integration. The convergence threshold
for SCF energy calculation on optimization process was
set to 10-® Hartree.

Resultsand Discussion

The optimized structural parameters of FeBO, (B =
Ti, Ge, Zr, Sn) in FEM state are presented in Table 1. The
results obtained for FeTiO, show good agreement with
experimental one.?! In relation to the other materials, was
observed that the lattice parameters and unit cell volume
were modified in accordance with the ionic radius for
B-site cation. A more detailed discussion about structural
properties of ilmenite materials can be found in our
previous work.?

In order to analyze the magnetic properties for such
materials, we used a magnetic ordering stability criteria

that was derived from comparison between the calculated
total energies at FEM and AFM spin configurations. This
scheme has been successfully used in a lot of theoretical
studies.'*?? In FEM configuration the spin orientation
within the Fe?* layers and in adjacent layers is parallel
(Fig. 2a); whereas, for AFM state the Fe* magnetic
moments are ferromagnetic coupled in a [001] plane but,
they have opposite orientation for adjacent layers in c
axis (Fig. 2b). The energy results indicate that FeTiO, and
FeGeO, are AFM materials, while FeZrO, and FeSnO,
are FEM. In the following subsections, we will discuss
the interlayers magnetic ordering for FeBO, ilmenite
materials considering the existence of both direct (J,)
and superexchange (J ) couplings between adjacent Fe**
layers, as shown in Figure 1.

As previously discussed, the ilmenite structure
arrangement enables a vacancy formation between
adjacent Fe*" layers separated by a B-site plane. From
this, the interlayer magnetic coupling integral can be
visualized as a direct coupling between 3d orbitals of
adjacent Fe** cations. Once the vacancy formation occurs
in cationic (B) sublattice and the direct exchange coupling
depends on the distance, the non-magnetic B-site cation
modification can affect the magnetic ordering in such
direction. To investigate such hypothesis, the energy
difference (AE) between FEM and AFM states was
plotted against the interatomic distance for Fe?" layers,
as shown in Figure 3. From these results, it was observed
that the FEM state is stabilized for ilmenite materials
with large B-site metals (Sn, Zr), whereas, contracted
ilmenite cells (Ge, Ti) exhibit an AFM behavior.

Table 1. Theoretical and Experimental results for structural parameters and Energy Difference (AE) between magnetic configurations for FeBO3 (B = Ti,

Ge, Zr, Sn) ilmenite materials.

Models Lattice Parameters (A) Bond distance (A) Fe-Fe (A) ®0-B-O | AE (meV)
Fe-Oax Fe-Oeq B-Oax B-Oeq (degrees)

FeTiO3 5.093 14.226 2.180 2.100 2.120 1.860 4.158 160.43 -45.8

FeGeO3 4.762 14.191 2.243 2.075 1.978 1.882 4.056 165.00 -17.0

FeZrO3 5.453 14.242 2.216 2.152 2.223 2.057 4.193 161.50 63.3

FeSnO3 5.275 14.437 2.263 2.139 2.162 2.046 4.111 166.81 94.8

Exp.21 5.087 14.083 2.200 2.080 2.090 1.870 - - -
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Figure 3. Energy difference (in meV) between AFM and FEM
configuration as function of Fe-Fe interlayer distance (in A).

This result can be discussed as function of electronic
repulsion between Fe?* atoms 3d orbitals in different layers,
as presented in Figure 4. In this case, we use the c-axis
oriented 3d orbital (3d ), once the cationic vacancy induces
a coupling in such direction. In Figure 4 is possible to seen
that B-cation volume control the distance between different
Fe2+ layers in accordance with the results presented in Table
1 and Figure 3. For instance, from periodic Group 14 (Sn,
Ge), the increase in B-site cation ionic radius (Ge = 0.53 A;
Sn=0.69 A) induces an angular distortion in O-B-O bonds
in axial plane, which causes an increase in bond distances
allowing a bigger spacing between Fe?* layers (Table 1).
The same behavior was observed when we compare the
FeBO, (B=Ti, Zr) ilmenite materials from periodic Group 4
(Table 1 and Figure 3).

In these different periodic Groups (4 and 14),
such O-B-O angular distortion induces a decrease of
direct overlap between 3d, orbitals from different
layers enabling a FEM ground-state due to the control
of smaller electronic repulsion between the unpaired
electrons. On the other hand, for smaller cations the
proximity between Fe?" layers increase the overlap
between 3d , orbitals stabilizing an AFM ground-state,
once the higher electronic repulsion induces a pairing
of electrons in agreement with the Pauli Exclusion
Principle.

Regarding the results presented in Figure 3, was noted
that the last discussion is not valid if we compare B-site
cation from different periodic groups. For instance, the
expected result for FeTiO, (Group 4) from the interlayer
distance (Figure 3) suggests a FEM ordering due to the
larger spacing in comparison to the FeSnO, material
(Group 14), which can be attributed to the chemical
differences between such metals, for instance, valence
orbitals, ionization potential, ionic radius and others.

As previously cited in the introduction section is
know that the B-site cations for ilmenite materials
enables a connection between different Fe?* layers,
which is denominated intermetallic connection Fe-
0-B-0O-Fe. Goodenough and Stickler argue that this
kind of interaction originates a long-range coupling,
which is the most fundamental reason to the AFM
arrangement observed in ilmenite materials.’ However,
this kind of long-range coupling is also observed in
other materials that exhibit variations of the magnetic
ordering as function of valence orbitals from “atom-
bridge”.!>14

Electronic Repulsion

Figure 4. Representation of electronic repulsion between adjacent Fe*" layer in FeBO, (B = Ti, Ge, Zr, Sn) as function of ionic radius of B-site cation and

its influence on magnetic ordering.
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Figure 5. Spin-polarized Density of States for a) FeGeO,, b) FeSnO,, ¢) FeTiO,, d) FeZrO, ilmenite materials
Following the same discussion addressed by Toyoda
In order to investigate the orbital overlap effect and co-workers for CaCu,B,0,, (B = Ti, Ge, Zr, Sn)
on magnetic ordering of ilmenite materials, the spin- materials, the expected behavior suggest a FEM ordering
polarized Density of States was evaluated as presented for B-site cations without d valence orbitals; whereas, the
in Figure 5. From this result is clearly shown that the AFM ground state is stabilized for transitions metals from
Valence Band (VB) exhibits the same pattern of orbitals d valence orbitals. Such expected result can be related
distribution for all investigated ilmenite materials: Fe to the large overlap between d and 2p oxygen orbitals,
3d orbitals are always overlapped with O 2p orbitals in which strengthen the intermetallic connection and,
VB. However, for Conduction Band (CB) were observed consequently, induces a large electronic repulsion among
different compositions as function of valence orbitals unpaired electrons stabilizing the AFM configuration from
from B-site metals. For FeGeO, and FeSnO, materials Pauli Exclusion Principle. , , However, the comparison
(Figure Sa, b), the CB is mainly composed by 4sp and between the ground-states for FeTiO, and FeZrO,
5sp of the Ge and Sn atoms, respectively; whereas, for materials indicates that only Ti-based ilmenite (Figure
FeTiO, and FeZrO, the 3d and 4d orbitals of the Ti and 5¢) has an AFM ordering, while FeZrO, (Figure 5d) is a
Zr atoms are superposed with O 2p orbitals, respectively FEM semiconductor. This result can be attributed to the
(Figure Sa, b). contribution of d valence orbitals in CB observed from
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DOS results. For FeTiO, (Figure 5c), a large contribution
of 3d overlapped with O 2p orbital was observed between
0 to 2 eV suggesting a bigger overlap between these
states providing strengthens in intermetallic connection.
On the other hand, the smaller overlap between Zr(4d)
and O(2p) orbitals added large Zr-O bond distances
enabling a smaller interlayer electronic repulsion, which
is responsible by FEM ordering.

Similarly, the FeBO, (B=Ge, Sn) ilmenite materials
are expected to be FEM due to the absence of d valence
orbitals (Figure 5a, b). However, only Sn-based ilmenite
has this configuration suggesting a large effect of ionic
radius and interlayer distance of the FeO, clusters.
Comparing the ionic radius and bond distance for
FeBO3 (B=Ge, Sn) materials was observed that the
increase in ionic radius from Ge** to Sn*" induces a large
spacing among Fe*" layers in intermetallic connection
that drastically reduce the electronic repulsion and
stabilize the FEM configuration. The summation of
these theoretical results demonstrates that the magnetic
ordering of ilmenite materials can be controlled from
a complex relation between ionic radius and valence
orbitals of non-magnetic metals occupying B-site.

Conclusions

From theoretical results obtained through DFT/
B3LYP theory applied to the ilmenite structure of
FeBO, (B = Ti, Ge, Zr, Sn) materials, it was observed
that structural parameters were calculated with good
agreement to experimental results and describe very
well the B-site effect on such parameters. Furthermore,
the simulations performed in this work reveal the
effect of non-magnetic B-site cations at control of
magnetic ordering of ilmenite materials from a complex
relation between interlayer distance, valence orbital
and intermetallic connection. In particular, FeSnO, and
FeZrO3 materials exhibit ferromagnetic ground state
due to the large spacing among Fe*" layers and the weak
intermetallic connections; whereas, FeGeO, and FeTiO,
materials are antiferromagnetic for the opposite reasons.
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Success Case of the Application of
Virtual High Throughput Screening
Against Molecular Antimalarial Targets

Renata R. Nunes, Rafael C. R. Chagas, Fernado P, Varotti & Alex G. Taranto

Introduction

Malaria is an infectious disease caused by parasites
belonging to the genus Plasmodium, having five
species which infect humans: Plasmodium falciparum,
P. vivax, P. malariae, P. ovale and P. knowlesi.!

The main symptoms presented by the disease are
fever, chills, headache, vomiting, anemia, diarrhea,
anorexia, fatigue. The untreated malaria can evolve
to pulmonary edema, renal complications, obstructive
jaundice, causing the death of infected individual.?

According to the World Health Organization
(WHO), about three billion people are exposed to the
risk of having malaria, of these, 216 million are affected
by the disease and 655,000 die from it. In Brazil, the
most important species are P. vivax, responsible for
90% of the cases, and P. falciparum, responsible for
the most serious cases and for the mortality increase. A
major factor contributing to the spread of the disease is
the resistance of parasites to current antimalarial drugs
used in therapy.?

In this context, new groups started to develop
strategies to search for new antimalarial drugs. Based
on molecular biology techniques and high throughtput
screening. *

Although many studies have focused on the screening
of new molecules with in vitro and in vivo antimalarial
activity, few compounds reached the stage of clinical
trials. Therefore, it is of fundamental importance to focus
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efforts to find new molecules with potential antimalarial
activity to create a therapeutic arsenal.?

A major factor contributing to the spread of
the disease is the resistance of parasites to current
antimalarial drugs used in therapy.’ In addition, the
plasmodium resistance to commercially available
drugs for antimalarial therapy is a threatening factor in
controlling the disease worldwide.’

One strategy used for the development of new
drugs is the use of in silico techniques due to high
experimental costs such as X-ray crystallography
and in vivo biological assay for few molecular
targets. Hence, molecular modeling techniques,
such as comparative modeling®, docking’, molecular
dynamics® and virtual screening®, have been used as
a tool to development of new drugs. Such techniques
allow researchers to build molecular target scaffolds to
simulate and predict toxicity, activity, bioavailability
and effectiveness. Therefore this rational drug design
project, reduces the time and the costs to develop a
new drug, wherein, virtual screening approaches,
consists in the identification of novel molecules
against specific molecular targets.!® It has been largely
used to obtain the pharmacoforic conformation and
the binding energy, of a set of compounds against a
biological receptor.!!

In this context, our research group has studied
specific targets building a database denoted by Our
Own Molecular Targets (OOMT)!? with 40 structures



from Protein Data Bank (PDB)" and built by
comparative homology modeling.°

In a previous study, we performed virtual screening
process on 10 compounds using OOMT database.
Following, the compound I showed specificity for the
malaria targets. Hence, this compound was addressed
for antimalarial assay. As a result of experimental
work, the compound I had a satisfactory antimalarial
activity. In this study, we described a success case of a
hit compound obtained from virtual High Throughput
Screening (VHTS). This process consisted the use of
docking approach between the compound I and specific
P. falciparum molecular targets, such as plasmepsin
IV, plasmepsin II, falcipaina 1114 and PfATP6. '

All these proteins are present in the digestive
vacuole of P. falciparum, except PfATP6 present
in membrane. Additionally, the digestive vacuole
enzymes work with optimum pH of 4-5.1

Methods

The previous results of virtual screening using
OOMT database motivated us to study new molecular
targets against selected P. falciparum targets. The
molecular targets plasmepsin IV plasmepsin I,
falcipain II, which were obtained from PDB under
codes 2ANL, 1LF3, 3BPF, respectively;’®  while
PfATP6 was obtained by previous comparative
modeling methodology."

The promising compound was designed in
MarvinSketch program where its protonation was
adjusted to pH 4.5. Next, it was refined inthe MOPAC17
program using the semi-empirical parametric method
7 (PM7).'8

The compound was oriented toward the binding
site through a grid box with dimensions of 20 A
covering all binding site. The coordinates X, Y and Z
were defined according to table 1 with spaced points of
1 A centered in the ligand. Following, crystallographic
ligands were re-docked into the targets to evaluate
the docking methodology, obtaining the root mean
square deviation (RMSD) values for heavy atoms.
Two distinct approaches were used, rigid and flexible
docking using programa AutoDock Vina7. After the
rigid docking, the binding site amino acid residues
were chosen for flexible docking (table 2).

Tablel. Grid box size and position for all molecular targets.

Coordenates ( A)
X y z
2ANL 54.924 13.448 25.686
1LF3 16.215 6.850 27.605
3BPF -36.87 31.066 -47.069
PfATP6 -5.142 -48.212 8.979

In addition, the targets state of protonation was
adjusted to acid pH using PROPKA from Maestro
software®.

All docking simulations were carried using
AutoDock vina’, DockThor?® and SwissDock?!
softwares. The exhaustiveness was set to 8 to improve
the docking search.

Finally, DS Visualizer v.4.0 (Accelrys Software

Table 2. Flexible residues in the binding sites of molecular targets

2ANL 1LF3 3BPF PfATP6
ASP34 ILE14 GLN36 ILE251
GLY36 MET15 CYS42 LEU253
ILE75 ILE32 TRP43 PHE254
TYR77 ASP34 LEU72 GLN257
GLY78 GLY36 ASNS1 LEU258
LEU131 TYR77 GLY82 ILE261
ASP214 VAL78 GLY83 ILE748
THR217 SER79 LEUg4 ILE752
VAL292 ILE123 HIS174 ASN 755
ILE300 TYR192 ILE756
ASP214 VAL759
SER218 PHE763
LEUS815
ILES16
LEUS21
TYRS824
ILE825

203



Artigo Geral 48

Inc, USA) was used to show the docking results of
the binding conformations; thereby establishing the
best molecular target for the compound. Moreover,
logP, Molecular Weight (MW), number of hydrogen
atoms acceptors and donor, Log S, Druglikeness,
properties were calculated using DataWarrior
program.

Results and discussion

Initially, the re-docking using AutoDock Vina
process showed that the crystallographic and
docked ligand shared the same conformation into
the binding site. The RMSD values are represented
in table 3.

Table 3. Root mean square deviation (RMSD)

Software Molecular targets - RMSD values (A)
2ANL 1LF3 3BPF PfTP6

AutoDockVina 0.25 0.40 1.51 1.12

DockThor 7.09 2.37 1.59 3.46

SwissDock 9.16 2.94 1.89 3.04

values found after crystallographic ligands were
re-docked into the targets to evaluate the docking
methodology

These results evaluated the docking methodology
considering the RMSD value less 2.0 A. In this
context, the AutoDock Vina program showed the
best RMSD results compared with SwissDock and
DockThor softwares?7.

The AutoDock Vina’, DockThor?® and
SwissDock21 software were used to generate the
binding energy of compound for four enzymes.
Table 4 shows the binding energies between the
promise ligand and all targets for rigid and flexible
approach.
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Table 4. Binding energy (Kcal/mol) between the compound and binder
crystallographic against Plasmepsin IV, Plasmepsin II, Falcipain II
and PfATP6, using the software AutoDock Vina (Flexible and rigid),
DockThor and SwissDock. Table A, B, C and D, respectively

(A)
Flexible Docking using AutoDock Vina
2ANL ILF3 3BPF PfATP

Compound -10.1 -10.4 -8.0 -12.2
Crystal -12.7 -12.1 -8.1 -6.8
(B)

Rigid Docking using AutoDock Vina
2ANL ILF3 3BPF PfATP

Compound -8.1 -8.6 -6.7 -8.6
Crystal -12.5 -17.9 -6.8 -1.7
©
Using Docking DockThor

2ANL 1LF3 3BPF PfATP

Compound -30.96 -47.08 -23.38 -16.39

Crystal -31.22 -37.96 -31.79 -20.84
D)

Using Docking SwissDock
2ANL 1LF3 3BPF PfATP
Compound -8.18 -8.36 7.50 -6.62
Crystal -9.16 -11.33 -7.25 -6.98

As can be seen, the Autodock Vina program
obtained more accuracy results than other softwares.
In addition, both rigid and flexible approaches through
AutoDock Vina suggested the 3BPF and PfATP6 as
molecular targets for compound I.

The compound could perform electrostatic, van der
Waals and Pi interaction. Fig. 1 shows the interaction
of compound with 3BPF3 and PfATP6 into the binding
site. The crystallographic ligand and compound shared
the same amino acids in the binding site Fig.2.

In addition, the compound was evaluated against
Lipinski rule (logP < 5, number of hydrogen bond
groups acceptors (HBA) < 10,

number of hydrogen bonds groups donors (HBD)
(<5 and MW < 500)* using Data Warrior software.



As a result, the compound respects the Lipinski rule
having MW, HBA, HBD, and logP of 291.377 g/mol,
4, 2 and 3.33, respectively. Moreover, this molecule
has aqueous solubility and druglikeness of -3.205 mol/
liter and 2.76, respectively. These results are close with
antimalarial drugs, like chloroquine. Furthermore,
Datawarrior could not estimate any mutagenic,
tumorgenic, irritant activity.

Figure 1. Electrostatic interactions, van der Waals and Pi interaction
between target and compound. a) falcipaina II. b) PfTPA6. Green and
pink show van der Waals interactions and electrostatic, respectively.

B)

@@@@
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Figure 2. Binding site kept a) falcipain II; I — Crystallographic ligand
and II - compound b) PfATP6; I - crystallographic ligand and II
-compound.

Conclusions
This work evaluated the accuracy among three
different docking methodologies, which AutoDock
Vina showed more suitable results for our system.
The data addressed PfATP6 and falcipain II as a

Revista Processos Quimicos 205
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potential molecular target for this synthetic compound.
In addition, this compound fits into Lipinski rule
with acceptable values of Log S and druglikeness,
suggestion it as a potentianl new antimalarial drug.
Noteworthy, after docking studies, this compound
was addressed to antimalarial assay. As a result, this
compound was able to kill 78% of parasites in vitro
test. Further ligand optimization cycle had begun
generating new hit for docking and biological assay.
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Theoretical Quantum Study
of the Molecular System XLi, ,
with X=D,T and Mu

Ricardo Gargano, Thiago F. da Cunha, Henrique V. R. Vila, Wiliam F. da Cunhag,
Luciano A. Leal & Geraldo M. e Silva

Introduction

This work presents an exact quantum investigation
of the reactive scattering process X+Li—LiX+Li, with
X=D, T, and Mu in the fundamental state with total angular
momentum equal zero. The study has been carried out with
a recently developed potential energy surface (PES) [1],
which has been fitted from the ab initio energies determined
through a full CI calculation for the 6-311G (2df, 2pd) basis
set and also through a pseudo potential representing the Li.

Methods

Analytical representations of the X+Li, PES, with X=D, T
and Mu, were obtained using a Bond Order (BO) polynomial
expansion for both two and three-body terms, in agreement
with the standard many-body method. Due to the fact that
the considered reaction is highly exothermic (yielding an
amount of energy of about 33.66 kcal/mol), a great number
of rovibrational states and quadratures has been taken into
account (even for low energies) in order to accurately describe
its dynamical properties. The time-independent nuclear
Schrodinger equation has been solved by means of the ABC
program [2]. This code is ideally suited to calculating detailed
state-to-state quantities - such as the state-resolved differential
crosssections - in which the quantum states of the reactants, as
well as those of the products, are specified at the same time.
ABC simultaneously expands the wave functions of all three
possible chemical arrangements in the Delves hyper-spherical
coordinate system.

Results and Discussion

Theobtained results show the isotope effects in promoting
the reactivity of the H+Li, reaction and the reproduction of
the physical behavior expected by the eigenvalues of the
adiabatic vibrational functions to demonstrate the reliability
of the expansion of the nuclear wave function. In both purely
excitation rotational and vibrational, the system reactivity
is higher when the translational energy of the reagent and
low. The isotopic systems follow the trend of the studies
for the hydrogen atom and also, the studies by da Cunha
at. al [3] on the HLi, system and its isotopic variants, ie,
both the vibrational excitation as the rotational influence the
reactivity XLi, the system.
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Figure 1. Reaction probabilities as a function of the translational
energy of reactant Deuterium for the purely rotational excitation of the
molecule Li,.
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Conclusions

These results show us that the probability of reaction
of D+Li, and T+Li, systems is greater at low translational
energies of the reactant and also, when the reagent Li2 is in
the fundamental state ro-vibracional.

From these results, we conclude also higher reduced
mass of the reaction diatoms (T+Li,— LT+Li), the greater
the reactivity of the system. This result is consistent with the
fact that the greater the mass of the system, the greater the
coupling and the bonding of rovibracionais states of reactant
and product participating in the reaction.

This has also influence in energy distribution. It is
observed in energy distribution of the products that the
energy yield of the product is greater when the molecules
products are more massive, or in isotopic systems with more
massive nuclei.
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Angular Momentum Coupling and Discrete

Quantum Mechanics: the 10-Spin Network,

the Pentagonal Relationship, an Eigenvalue
Equation and Semiclassical Limits

Robenilson F. dos Santos, Mirco Ragni, Ana Carla P Bitencourt,
Frederico V. Prudente & Vincenzo Aquilanti

Introduction

Remarkable advances in quantum angular momentum
theory and related spin network approaches are of relevance
not only to the traditional fields of atomic, molecular and
nuclear spectroscopy and dynamics, but also to recent
developments in quantum information and quantum
relativity [1]. Applications are being developed also for
imaging reconstruction, particularly in tomography.

An icosahedral ‘“abacus” representation combines
pentagonal and hexagonal relationships. The latter has
been recently reconsidered in [2], the pentagonal one is the
subject of this work.

Another aspect considered is the relationship with
the classification of continuous and discrete polynomials
within semiclassical limit illustrated in Figure 1.

Methods

Recoupling schemes [3,4] can be arranged in
pentagonal relationships, allowing to illustrate
properties of Wigner 6j symbols or Racah coefficients
[5], Wigner 3j symbols or Clebsch-Gordan coefficients
[6]. Wigner djmm’(b) rotation matrices or symmetric-
top wavefunctions. As an important alternative to the
generality of treatments, the asymptotic or semiclassical
limit connecting 6j to 3j and djmm’(b) permits a unifying
vision, also to be connected to the modern theory of

orthogonal polynomials and the sets of Sturmian orbitals
of applied quantum mechanics. Importantly, it generates
uniformly the recurrence relationships permitting
calculations and asymptotic analysis [2,5,6].

The 6/ symbols relate to the 3j symbols by a
semiclassical limit procedure, illustrated graphically
by the downward arrow in Fig 1, can be simply written
as follows, without specifying the phase and the
normalization factor:

Semicleszical

Figure 1. Quantum angular momentum and wavefunctions.
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From the viewpoint of interpreting the coupling of
two angular momenta, we have the Clebsch-Gordan
coefficients relating to the symbols 3;j (Figure 2):
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Figure 2. Illustration of the coupling of two angular momenta giving a
third one and of the associated projections, as they occur in the Clebsch-
Gordan coefficient or equivalently in Wigner 3j symbols.

Results and discussion

THE PENTAGONAL RELATIONSHIP

Making use of the tree structures, several relationships
between 3nj symbols can be graph. If we consider
relationships involving only different tree structures, i.e.
without any permutation in the order of the labels a, b, ¢
and d, so that only recoupling operations are considered,
we obtain the pentagonal scheme. Figure 3 illustrates
graphically the origin of the pentagonal relationships in
angular momentum theory known as the Biedenharn-
Elliot identity, that we write in a rearranged form as
follows and illustrate in Fig 3:
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Figure 3. Illustration of the pentagonal relationship, exhibiting the
coupling scheme trees, their representation as tetrahedra and the
associated 6j symbols.

RECURRENCE RELATIONSHIPS AS
EIGENVALUE EQUATIONS

The three-term relationship for 6; symbols can be
obtained by specializing to specific values entries in the
above equations and imposing increase of one of the
angular momenta in unity steps. A way of writing here,
useful for computation and semiclassical analysis, is:

Jie B e + ':-l"' "Ir h""; I_i 4+ Fijy :l‘:_’ I :I“I b ke + 1IEG :.l-'ll -'I* h"-‘: I_i =1
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When rearranged as an eigenvalue equation, this
relationship can be interpreted as a second order finite
difference equation, and therefore as a discrete Schrodinger
equation of interest for applied quantum mechanics.

QUANTUM AND SEMICLASSICAL SPIN
NETWORKS:

Spin networks are illustrated here for the case of two
quantum systems, as described by coupling schemes
associated to tree-like structures, each endowed with
angular momenta, which can assume in usual cases integer
or half-integer values in terms of reduced Planck’s constant.
In practice, they actually can be not only an electronic or
nuclear spin but also e.g. rotational and orbital, giving a state
with total angular momentum j (coupling described by e.g.
spin—orbit terms in the Hamiltonian).

Figure 4 illustrates schematically the combination of
pentagonal and hexagonal relationships of these angular
momenta. Representations of couplings as trees extend those
in Fig 3 to an additional angular momentum and permit the
introduction of the 9j coupling scheme as a combination of
intermediate coupling along a path on the abacus.

Figure 4. Icosahedral “abacus” representation, combining the hexagonal
relationship rediscussed in Ref 2, and the pentagonal relationship
reconsidered in this work.

Conclusions

Numerical exact and approximate calculations can be
explicitly carried out following the techniques developed
previously [7]. Besides general use in the contexts
mentioned, the results are of perspective use in solutions
of quantum mechanical problems by discretization
algorithms. In general relativity, spacetime is discretized by
Regge calculus; spin-networks originated from Ponzano-
Regge asymptotics; Regge symmetries are crucial for our
developments: we dedicate this modest contribution to the
memory of Professor Tullio Regge (Torino, 1931-2014).
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Cdlculo da Segunda
Hiperpolarizabilidade da
L-arginina Fosfatada Monohidratada
Considerando o Efeito do
Ambiente Ciristalino

Rosemberg Fortes Nunes Rodrigues, Clodoaldo Valverde, Basilio Baseia &
Heibbe C. B. de Oliveira

Introducdo

Para uma classe de matérias com alta aplicabilidade
em Optica moderna estdo os materiais com
caracteristicas Optica ndo Linear (ONL), no qual os
cristais hibridos organicos-inorganicos se mostraram
excelentes candidatos para a sua confeccdo [1]. Estes
sistemas podem exibir elevado comportamento 6ptico
ndo linear na regido do visivel e boa estabilidade
térmica e mecanica, quando comparados com os cristais
organicos. Um tipico cristal organico-inorganico
ONL ¢ a L-arginina fosfatada monohidratada
(CH,,N,O,H.,PO H,0), mais conhecida pela sigla
(LAP) [2,3]. A sua unidade cristalografica assimétrica
¢ composta por uma molécula organica quiral
[L-arginina]+, uma molécula inorganica [H,PO,]-, e
uma molécula de agua.[3].

A estrutura cristalina da LAP pode ser descrita
como camadas alternadas de ions de fosfato, ions
L-arginina e moléculas de agua presas por ligacdes
intermoleculares de hidrogénio de uma forma rigida
ndo-centrossimétrica [2]. A estrutura molecular da
LAP ¢ mostrada na figura 13.

Figura 1. Estrutura molecular da unidade assimétrica da LAP4)

No estado solido, a LAP se cristaliza no sistema
monoclinico, que pertence ao grupo de simetria espacial
P2, e os parAmetros da cela unitaria sdo a= 7,319 A, b=
7,912 A, c=10,779 A, B = 98,05° (angulo cristalografico
entre os eixos a e ¢) [3]. Observa-se ainda a existéncia de
duas unidades assimétricas por cela unitaria. No presente
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trabalho empregamos um modelo tedrico proposto
por Fonseca et al. [4] para explorar as propriedades
cristalinas da L-arginina fosfatada monohidratada. O
objetivo ¢ obter a segunda hiperpolarizabilidade dessa
molécula envolvida em um ambiente cristalino, para este
fim, utilizou-se a teoria do funcional da densidade (DFT-
Density Functional Theory).

Métodos

Nesse trabalho foi feita uma abordagem
supramolecular através da qual ¢ possivel detectar os
efeitos da polarizagdo do meio sobre as propriedades
elétricas da LAP. Nesse aspecto, as moléculas vizinhas
sdo vistas como cargas pontuais. Esta aproximacdo se
baseia no fato de que as interagdes entre moléculas sdo,
predominantemente, de natureza eletrostatica e leva em
conta os efeitos eletrostaticos de longo alcance [5].

A figura 2 mostra uma molécula de LAP envolvida
por outras iguais. Nesse trabalho foi considerado um
nimero proximo de 249 unidades assimétricas como
cargas pontuais, constituindo um conjunto de celas
unitarias 5X5X5, e cada cela unitaria contendo duas
unidades assimétricas.

Os célculos foram feitos nos nivel DFT usando o
conjunto de fungdes base 6-311+G(d), para os seguintes
funcionais de densidade: B3LYP, B2PLYP, CAM-B3LYP.

Figura 2. Projegdo ao longo do eixo a do cristal mostrando a unidade
assimétrica de LAP envolvida no campo de polarizagao das moléculas
das unidades envolvidas tratadas como cargas pontuais4.

214

Resultados e Discussao

Inicialmente o calculo das propriedades elétricas
do cristal de LAP foi efetuado por Fonseca et al. [4],
no nivel MP2 utilizado o conjunto de fungdes base
6-311+G(d). Nesse trabalho as propriedades elétricas
calculadas foram momento de dipolo, polarizabilidade
linear e primeira hiperpolarizabilidade.

No presente trabalho, realizamos os calculos
das propriedades elétricas do cristal de LAP em
nivel DFT utilizando os funcionais, CAM-B3LYP,
B3LYP e B2PLYP, ¢ com o conjunto de fungdes base
6-311+G(d).

Ao comparar os valores do momento de dipolo
elétricos da molécula envolvida no nivel DFT,
utilizando diferentes funcionais, com o valor invariavel
de 33,26 D (MP2), obtém-se percentuais variados.
Desse modo o CAM-B3LYP, nota-se uma diferenca
de 0,21%. Assim, seguindo o mesmo raciocinio
comparativo, verificam-se que, para B3LYP, tem-se
0,75% e por ultimo, B2PLYP uma diferenca de 0,45%.

; QR 2
A A
33,0 . >
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' 3254
° i
g
- — 320
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= 3154
=
=
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O 31,04 —e— MP2/6-311+G (d)
g —=— CAM-B3LYP/6-311+G (d)
S s B3LYP/6-3114G (d)
- = —h— B2PLYP/6-3114G (d)

4] 1 2 3 4 5
Numero de interagoes

Figura 3. Evolugédo dos valores do momento de dipolo da LAP com
os respectivos niumeros de interacdo (conjunto cela unitaria 5X5X5)

Para o calculo da segunda hiperpolarizabilidade
utilizou-se o funcional CAM-B3LYP e B2PLYP,
pois ambos representaram valores proximos ao MP2
no calculo do momento de dipolo, com o objetivo
de mostrar os valores de (y), notando uma réapida
convergéncia assim como para o momento de dipolo.



A tabela 1 mostram os resultados das componentes
e resultante para segunda hiperpolarizabilidade (y)
da LAP com os respectivos numeros de interacdo e
uma visualizacdo alternativa dessa convergéncia fica
evidente através de graficos da figura 3

Tabela 1. CAM-B3LYP/6-311+G(d) Resultados das componentes da
segunda hiperpolarizabilidade e sua resultante (10-36esu)

Eﬁ;’_"&;‘: a 1 1 3 5
o~ 1547 18,65 18,13 15,65 1565 | 1136
Pepwy wer | 127 | wess | amez | a7es | aess
Vicss 20,70 503 7,92 7,72 7,70 12,06
s 0,00 611 5,96 11 614 549
- .63 415 112 4.14 4,15 4,08
Fypez 444 165 0,59 047 0,48 264
Fiotal 2310 14,73 1421 14,33 14,33 1437

= CAM-B3LYP/6-311+G(d)
24 ) A— B2PLYP/6-311+G(d)
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Figura 2. CAM-B3LYPe

Conclusoes

Dessa forma os resultados apresentados para
(y) serdo de fundamental importdncia para o meio
cientifico, pois o entendimento das propriedades
opticas dos materiais propicia a obten¢do das maneiras
de manipulagdo da luz. As investiga¢des sobre essas
propriedades ¢ esse tipo material sdo vitais a aplicacdo
da 6ptica moderna.
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The Charge Carrier Density Influence
and Thermal Effects on Charge
Transport in Organic Semiconductors

Sara Santiago de Brito, Wiliam Ferreira da Cunha, Demétrio Antdnio da Silva Filho &
Pedro Henrique de Oliveira Neto

Introduction

Conjugated polymers have optical and electronic
properties presenting semiconductor characteristics
that make them ideal for manufacture of solar cells
and electronic devices. These organic materials may
be similar to the metals and semiconductors. Peculiar
qualities are related to processes involved in interchain
charge transport. In this sense, a phenomenological
description involving temperature, different types of
charge carriers, as well as, the influence of charge
carriers density is fundamental to the understanding
and eventual improvement of these devices. Usually,
the creation of charge carriers in organic conductors is
connected to photon absorption or injection of electrons
in gaps, due to the large electron-phonon interaction,
which leads to creation of quasiparticles. These particles
are responsible for the charge transport in conjugated
polymers. Recently, in a theoretical study, it was observed
the temperature effect on interchain polarons dynamics.
The results suggest a charge transfer increase due to
the thermal effects leading to greater mobility of the
carriers'. In another study, the effect of charge carriers
density was studied, showing that charge density increase
leads to a nonlinear carrier mobility growth?. However,
both studies take into account only polarons. Therefore,
the thermal effect on interchain charge transport remains
poorly described.

In this research, we study the charge transport
between two polyacetylene molecules in the presence
of external electric field. We take into account several
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temperature regimes, electric field and charge density.
We have investigated the both polarons and bipolarons
quasiparticles and the influence of intermolecular
interaction for transportation of charge in coupled chains.
This study deals with the improvement of interchain
charge transport.

Methods

We use a modified version of model Su-Schrieffer-
Heeger (SSH). The model is a semi-empirical tight-
binding which considers the interactions between the
nearest neighboring sites where the network potential
are weakly overlapping. The dynamic of the system
was solved on a numerical approach in the context
of Hartree-Fock approximation. The SSH model was
modified to include the effects of temperature, the term
of Brazovskii-Kirova symmetry breaking, external
electric field and interaction between chains. We use the
following Hamiltonian:

H=Hy+H;+ Hy,

with j indexing the chain, and:

— T
Hj = Z tj'nm+1 [:Cjn+1,scjﬂ;5+ H'C') -

nE

K p-z

a2 in

+Zzy1“+ZZM“
T T




The operator Cj.n’S is the annihilation operator of an
n electron with spin s at the n-th site of the j-th chain,
K is the harmonic constant and M is the mass of a CH
group. The Hopping term is t . =[1+(-DndJ(t;ty,),
where a is the electron-phonon coupling constant, t; is
the transfer integral between the nearest neighboring
sites in an undimerized chain and 3, is the Brazovskii-

Kirova symmetry breaking parameter.

Results and Discussion
The simulations in this study describe two coupled
cis-polyacetylene chains with 80 sites each®.

Figure 1: Temporal evolution of charge density for two polarons for an
electric field of -0,0195 mV/A: (a) T=0 K, (b) T = 4,7K.

Figure 2: Temporal evolution of charge density for two bipolarons for
an electric field of -0,013 mV/A: (c) T=50K, (d) T =100 K.

The temperature regime ranged from 0 to 100 K. The
results are shown respectively in the graphs of Figures
1(a), 1(b) and 2(c), 2(d). In the first set of simulations
figure 1.a) shows two polarons in the presence of an
external electric field at T = 0 K. Eventually, these
quasiparticles reach the end of the chain where there is
the interaction between the molecules. Due to the strong
electrical field, one of the quasiparticles moves to the
next chain. However, the charge density profile suggests
the degradation of the polaron. Here, the external electric
field provides energy in order to dissociate the charge from
the phonons. Figure 1.b) shows the 4,7 K temperature
regime. It is noted that, in the presence of thermal effects,
the charge transfer occurs faster than in the absence of
temperature, however both quasiparticles have degraded.
The figure 2 shows the interchain charge transport with
bipolarons. 2-c) shows one bipolaron in the interface
when thermal effects are taken into account. With this
charge carrier, the energy provided by the electric field
and the temperature were not enough to overcome the
barrier between the two molecules. In 2-d) it is presented
a simulation with two bipolarons. Note that the increase
in charge density initiates the interchain charge carrier
transport mechanism. Also, we find that an increase in
the temperature do not change this mechanism.

Conclusions

It was investigated the interchain charge transport in
polyacetylene molecules. In order to do this, it was used
o modified version of SSH model. Both temperature and
carriers density play an important role on charge transport
in conjugated polymers.

In this study we analyzed different charge carriers.
We simulated conjugated-polymer chains with polarons
and bipolarons under the presence of an external electric
field and thermal effects. The simulations investigated
the interchain charge transport. The results of simulations
performed in this study reveal for two polarons the effect
of interaction between quasiparticles affects the charge
transport. The interaction between two bipolarons results
in charge transportation between chains and effective
untrapping area of interaction interchain. It is possible to
visualize how the thermal effects provide charge carrier
mobility gain. We observed that the perturbation provided
by thermal effects improves the charge delocalization.
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Besides, in a interchain process the results suggest that
the polaron transfer is enhanced by thermal perturbation.

In this study, it is presented the temperature increase
raises the delocalization of the charge carrier, fastening
the transport and, thus, leading to a mobility increase. It
was shown that temperature effects give rise to systems
with an improved of charge carriers and higher mobility
especially through untrapping mechanisms.
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Estudo Termodinamico e Cinético
da Formacdao de Modelos Quimicos
Derivados de Adamantano para a
Interacao com Ciclodextrinas

Selma F. Bazan, Clara H. S. Braga, Frederico B. de Sousa & Juliana F. Lopes

Introducdo

Complexos de inclusdo sdo objetos de estudos
da quimica supramolecular, sendo que uma das
moléculas mais estudadas para criar estes sistemas
sdo as ciclodextrinas (CDs). A partir da formagao de
um composto de inclusdo ¢ possivel, por exemplo,
modular a liberagdo de um farmaco.! Também ¢
possivel aperfeigoar a eficiéncia e diminuir os efeitos
colaterais ja apresentados pelo farmaco, quando
incluidos na cavidade das CDs.? O adamantano (Ad) é
uma molécula que quando interage com ciclodextrinas,
produz complexos de estabilidade alta,® isso faz
com que seja possivel modificar a cadeia lateral
desta molécula e estudar a estabilidade de diferentes
complexos de inclusio modelos.> Diante disso,
pretendia-se realizar os estudos termodinamicos de
equilibrio entre os complexos de inclusdo, formados
por ciclodextrinas e os modelos de adamantano, porém
a dificuldade experimental na sintese de tais derivados
de adamantano exigiu a mudanga no foco do objetivo
inicial. As reagdes a serem estudadas seguem na Figura
le2:

+ HO" T - e e e HR

Figura 1. Primeira reacao de esterificagao (R = OH ou Cl)

+ WO oM - i 1k

Figura 2. Primeira reagéo de esterificagdo (R = OH ou Cl)

Os calculos com a reagao do Modelo 1, (R = OH)
apresentaram resultados termodindmicos e cinéticos
insatisfatorios (AG > 0 ou proximo de 0 e AG} > 50 kcal/
mol), o que foi observado experimentalmente, mesmo na
presencga de catalisadores como as carbodiimidas, esses
resultados ja foram apresentados em outro trabalho.
Assim, os resultados que serfio apresentados neste
trabalho referem-se apenas ao estudo termodinamico e
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cinético das reagdes do Modelo 2 (R = Cl), que tem como
produtos as espécies a serem incluidas na cavidade da
ciclodextrina.

Metodologia

Todos os calculos foram realizados utilizando o
programa Gaussian 09. Realizando otimizagdo de
geometria ¢ analise vibracional com o nivel de teoria
DFT (M062x), fungdes de base 6-31g(d,p) para todos os
atomos. Realizaram-se calculos com o efeito do solvente
utilizando o modelo continuo (SMD). A obtengdo dos
derivados de Ad como descrito na Figura 1 foi realizada
de acordo com metodologia adaptada da literatura, pela
reagdo do derivado acido do Ad com cloreto de tionila,
para formagdo cloreto de do Ad e posterior reagdo em
solvente anidro (CH,C,,) com o élcool da para obteng¢do
do éster, Figura 1.

Resultados e Discussao

Com o objetivo de estudar a estabilidade
termodinamica ¢ cinética das reagdes em questdo,
calculos foram realizados (reacdo Figura 1) para
reagentes e produtos intermedidrios e isolados, como
mostrado na Figura 3:

Figura 3. Estruturas otimizadas dos reagentes e produtos isolados e
intermediarios.

Também foi possivel encontrar o estado de transigao
com o efeito do solvente da primeira rea¢do. Sua estrutura
apresenta-se na Figura 4 ¢ a respectiva coordenada
intrinseca da reag@o (IRC) ¢ apresentada na Figura 5:
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Figura 4. Estado de transigdo da primeira reagdo (M062x/SMD/196,12i)
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Figura 5. Grafico da coordenada intrinseca da reagdo (IRC) para a
primeira reagao

Os calculos foram iniciados com o efeito do solvente
(agua), pois as tentativas em fase gas ndo possibilitaram
caracterizar o estado de transicdo. Porém apos obter a
estrutura em solugcdo aquosa, os célculos em fase gas
foram feitos, tomando como a base a estrutura do estado
de transi¢do com solvente, assim como com o solvente
utilizado na parte experimental (diclorometano).

NaTabela 1 apresentam-se os resultados termodinamicos
e cinéticos obtidos:



Tabela 1. Dados termodindmicos e cinéticos dos calculos descritos
anteriormente (kcal/mol):

AG AH TAS AGI
FG —isolados -1,16 -3,55 -2,38 29,70
FG - -2,32 -3,44 -1,12 27,27
intermedidrios
SMD (H20) - -1,38 -4,10 2,71 25,59
isolados
SMD (H20) — -4,10 -3,95 0,16 19,67
intermedidrios
SMD (CH2C12) - | -2,43 -3,66 -1,22 24,16
Isolados
SMD (CH2C12) - | -2,70 -2,68 0,02 21,56
Intermediarios

FG - fase gasosa / SMD — modelo de solvente

Com os resultados obtidos pode-se esperar uma
reacdo espontanea com energia de ativagao relativamente
baixa. Comparando a energia livre de Gibbs com as
reagOes realizadas para a hidroxila, tem-se os dados
termodindmicos apresentados na Tabela 2 e cinéticos na
Tabela 3:

Tabela 2. Dados termodinamicos para as duas reagdes (kcal/mol):

AG (R=0OH) AG (R=Cl)
FG —Isolados -0,04 -1,16
FG — Intermediarios 6,44 -2,32

Tabela 3. Dados cinéticos para as duas reagdes (kcal/mol)

esférico). Observa-se também uma energia de ativacdo
relativamente baixa para o Modelo 2 ¢ alta para o Modelo
1, pode-se afirmar, portanto, que a reacdo ¢é cineticamente
favoravel somente para o Modelo 2.

Os resultados experimentais por espectroscopia
de absorgdo na regido do infravermelho (FTIR-ATR)
indicaram que a formagdo do cloreto do acido e sua
posterior esterificagio com o butan-1,2,diol foram
vidveis através da metodologia utilizada. As principais
evidéncias sdo as variagdes nos estiramentos C=0 (V_,
Ad-COOH 1687, Ad-COC1 1785 e Ad-COOR 1724 cm
"). Para o cloreto do 4cido ¢ observado o estiramento V.
o €M 749 cm! e para o produto da esterificagdo com o
butan-1,2,diol sdo verificados os V_ em 1224 eo0 V_ .
em 1070 cm’'. Mais ainda, ndo sdo observados os Vou
em 3600 e 1049 cm™' referentes ao diol, o que sugere a
esterificagdo nas duas hidroxilas, primaria e secundéria,
Figura 6.

Ad-COOR

.,i | .;I.. .Il.\q._l “!" ""“\-1"

I I-I-
L

i = ¥ Ad-COC|
W | R il "' Ilf- L T ,‘___.nlu A A

I 1] I'f 'i'f"f |

% Transmitancia / u.a,

AGI (R=0OH) AGT (R=CI)
FG —Isolados 66,89 29,70
FG — Intermediarios 73,30 27,27

~ — Ad-COOH
\-\._.-'"' i

|
e

A reagdo referente ao Modelo 2 mostrou-
se possivelmente espontdnea, tanto para a reacgdo
considerando as moléculas isoladas e intermediarios,
0 que ndo ¢ visto para a reagdo referente ao Modelo
1. Isso pode ser explicado pelo fato de que o cloro ¢
um grupo abandonador melhor do que a hidroxila, ja
que o cloro comporta melhor a carga negativa (mais

— “ = P -- A hul:ana-t.z-dzul

v T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Namero de onda / cm’

Figura 6. FTIR-ATR dos reagentes utilizados e produto obtido.

221



Artigo Geral 53

Realizando os calculos para a segunda reagdo de
esterificagdo (Figura 2), sendo R = Cl, foi possivel
encontrar o estado de transi¢@o, apresentado na Figura 7,
e seu respectivo grafico de IRC na Figura 8.

Figura 7. Estado de transi¢do da segunda rea¢do (M062x/SMD/289,391)

. (kealimad)

Enepia__

' + T - 7 = 7 . -
-1 -5 o F i

Coordenads inirinsaca da reacho (IRC)

Figura 8. Grafico da coordenada intrinseca da reagdo (IRC) para a
segunda reagao.

Espera-se concluir todos os calculos para cada um dos
modelos descritos, para que se possa realizar o estudo
termodindmico de equilibrio entre a ciclodextrina e os
modelos de adamantano.

Conclusao

E possivel concluir que a reagio descrita pelo Modelo
2 tem dados termodindmicos favoraveis a uma reacao
espontanea e dados cinéticos relativamente baixos para
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que a reagdo ocorra. Comparando os resultados entre
os modelos, com o cloro (Modelo 2), tém-se melhores
resultados, sendo, portanto preferiveis para os estudos
que serdo realizados com as ciclodextrinas.
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N-Deethylation Process of
Rhodamine B in Aluminum
Polyphosphate Gel: Theoreticdl
and Experimental Study

Sheila C. S. Costa, Paula A. Jaramillo, Rodrigo J. Oliveira & Marcos S. Amaral

Introduction

Rhodamine B (RhB) is a xanthene dye, whose optical
properties depend of several factors, such as solvents,
concentration, pH, etc. The carboxyl group present on
structure participates in acid-base balance, giving rise to
acidic and basic structural forms [1]. This compound is
widely used in textile industries, ink and cosmetics, among
others [2]. However, it was proved experimentally the
carcinogenicity of Rhodamine B and its high toxicity[3],
such as most of non-biodegradable coloring agents [4], the
RhB remain in waste waters of industrial handling, and an
improper discharge of these wastes in urban storm water
systems can cause adverse effects, harmful to the aquatic
ecosystem and to human life. Several techniques have
been employed for the removal of dyes from wastewater
[5]. Currently, a great interest has been concentrated on the
incorporation of organic dyes in solid matrices using the
sol-gel technique as a photocatalyst of noxious compounds
to the environment [6]. The Rhodamine B may suffer
several degradation pathways, one such process is the de-N-
ethylation under irradiation of visible light [ 7]. With this end,
we propose the entrapment of Rhodamine B in Aluminum
Polyphosphate Gel (APP/Gel) as a photocatalytic precursor
and we associate theoretical simulation to investigate the
type of degradation process that occurs with the RhB within

the APP/Gel [8]. We used a combination of sequential
Monte Carlo/quantum mechanics (MC/QM) to describe
the absorption bands of two forms of Rhodamine B (RhB+)
and Rh+ (Figure 1). Time-dependent density-functional
theory (TD-DFT) [9] using three functional (B3LYP,
CAM-B3LYP, BP86) [9] was also used in the theoretical
description. All calculations were carried out using Gaussian
09 suite program [9] and DICE [10].

Methods

In experimental procedure, the synthesis of the
Aluminum Polyphosphate/RhB (APP/RhB) was prepared
using 2.0 molxL™! of sodium polyphosphate and 1.0
molxL™ of aluminum nitrate in aqueous solution[8]. An
aqueous solution of RhB using 1.0x10-3 molxL! was
prepared and added in the sodium polyphosphate solution
and mixed at room temperature (~25 oC) under mechanical
stirring. From of the experimental absorption data of the
(APP/RhB), we simulate the N-Deethylation process of
Rhodamine B. We optimized the structures of RhB+ in
cationic form (Figure 1-a), and Rh+ (Figure 1-c) using DFT
(B3LYP, CAM-B3LYP, PB86) methods and [6-311+(d,p)]
basis set. sequentially, was used the Monte Carlo method
to simulate both RhB+ and Rh+ molecules plus 1500 water
molecules in the NPT ensemble in a cube box of lengths of
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35.7 (A). The average calculated density was 1.024 g/cm3
and average specific molar heat was 0.02130 kcal/mol-K.
After calculating the statistical correlation interval [11], a
total of 75 uncorrelated configurations were selected with
less than 15% of statistical correlation, for both Rhodamine
B systems. TDDFT (B3LYP, BP86)//6-31+G(d, p) in PCM
[9] level, were performed on each solute-solvent structure
selected, which included the molecules of water explicit in
hydrogen bond (HB).

Results and Discussion

Samples of APP/RhB were monitored via UV-vis
absorption (Figure 2), the normalized absorption spectra
exhibited an hypsochromic shift of 57 nm between the
absorption bands from APP/RhB initially formed (559
nm) up to N-deethylated product (502 nm) measured
after 308 hours. The maximum absorption for initial time
(just after preparing sample), is ~559 nm; after 308 hours,
the maximum absorption is ~502 nm. The normalized
absorption spectra for RhB+ and Rh+ in water (Figure 3)
correspond to excited states calculated to 75 solute-solvent
configurations from MC simulation. Theoretically was
found a blue shift of ~ 54 nm approximately between the
absorption bands of the RhB systems added in H20 with.

Kl

||_¢H_‘ | T f\‘rr..._

i

J

e

Figure 1. Schematic description of the Rhodamine B conformations.
(a) Zwitterion form (RhB+), (b) Cationic form (RhB+) and (c)
N-Deethylated (Rh+) product (Rhodamine-110).
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Figure 2 — Normalized UV-vis absorption spectra for Aluminum
Polyphosphate and Rhodamine B (prepared from 2.0 molxL™ of
sodium polyphosphate, 1.0 molxL—1 of aluminum nitrate and 1.0x10-3
molxL"! of .Rhodamine B, in aqueous solution ) in room temperature
(~25 0C) at different degradation instants. The maximum absorption for
initial time (just after preparing sample), is centered at ~559 nm; after
308 hours, the maximum absorption band is centered at ~ 502 nm. The
intermediate absorption spectra carry the hypsochromic shift signature
of the main band.
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Figure 3. Normalized absorption spectra for RhB+ and Rh+ in water

with hydrogen bond (HB) calculated with TD-BP86/6-31+G(d,p)

method. These spectra correspond to excited states calculated on 75

solute-solvent configurations from MC simulation. In the simulation of

the N-deethylation process of RhB+ (a) the maximum absorption peak
~ 525 nm undergoes a blue shift of ~ 55 nm compared to Rh+ (b).

Conclusions

In this work, we propose to identify the type of
degradation of Rhodamine B in the sol-gel matrix
polyphosphate of aluminum. Through theoretical
simulation we describe the gel of the internal environment
where the Rhodamine B has been encapsulated, as well
to study the occurrence of the N-ethylation process
via absorption spectrum. Experimentally verified



by absorption spectra of the APP / RhB undergoes a
hypsochromic shift characteristic of the process of de-N-
ethylation of RhB. Considering that the theoretical and
experimental results are in good agreement we propose
that the matrix APP / Gel is a good fotocatalizador
precursor and can be used for removal of dyes from
wastewater.
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Deformed Transition State Theory: Inclusion
of the Tunneling Effect by Euler Exponential,
Limit of Validity and Description of
Bimolecular Reactions

V. H. Carvalho, V, Aquilanti, H. C. B. Oliveira & K.C. Mundim

Introduction

Aiming to understand reaction mechanisms
presenting non-Arrhenius behavior, studies over a
wide range of temperature reactions become a tool of
great importance'™. An interesting formulation for this
problem was proposed by Eyring, named Transition
State Theory (TST). A recent paper® generalized the
Transition State Theory by Tsallis Distribution®, adding
non-equilibrium effect in the description of the kinetic
rate constant. However, this formulation depends on
the deformation parameter that has no well-defined
physical meaning.

Focused in the possibility of providing a meaning
to the deformed parameter, we proposed a comparison
between d-Arrhenius and Bell models, and we found
that the deformation parameter is put into relationship
with the height of the energy barrier (EO) and the
negative frequency (v#)’ (see Figure 1a). This parameter
tends to zero for high values of the EO and v#, and the
usual Arrhenius law is recovered. However, significate
values of d implies in the tunneling contributions and
consequently Sub-Arrhenius behavior (concave curve
at Arrhenius plot, see Figure 1b). This result makes the
extension of TST by Tsallis Distribution (d-TST) possible
as following:

1b). This result makes the extension of TST by Tsallis
Distribution (d-TST) possible as following:
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where k is the kinetic rate constant, E is the barrier
energy, Q is the partition function and d is the deformed
parameter.
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Figure 1. (a) Definition of deformation parameter, d. (b) Dependence
of deformation parameter with EO and v#. (¢) Comparison of Tsallis
and Tunneling distributions. The deformation parameter controls the
flexibility of Tsallis distribution, represented by the green arrow. (d)
d-TST limit of validity considering Td.



The d-TST formulation presents validity limits in the
description of tunnelling, since the Tsallis distribution (the
hypothesis used to describe the Sub-Arrhenius behaviour)
does not describe particles whose energy is less or equal
to the height barrier. However, the flexibility of this
distribution implies in a better description compared with
Boltzmann distribution (Figure 1c). Again, comparing
d-Arrhenius and Bell models, we propose a validity
temperature (Td) that ensures the description of d-TST
formula:

dE
I
d C+2k3 (2)

where Tc is the crossover temperature*8, At temperatures
below the Td, there is no way to ensure the d-TST
description, i.e., this model neglects large tunneling
contributions (Figure 1d).

Methods

The alternative approach, Equation 1, was implemented
in the source code of the program developed by Gargano
and co-authors®. This program provides information
about the kinetic rate constant by TST with Wigner10,
Bell corrections4 and d-TST. To validate this formalism
we chose the gas-phase bimolecular reaction: CH,+ OH
— CH, +H, O,11 CH, Cl+ OH — CH, Cl + H, Ol,
and H,+ CN — H + HCN,,. The properties (geometry,
frequency and energy) of the reactants, products and TS
were calculated at the MP2/6-311++G** and DFT level
using the Gaussian 03 program suite. We have tested
several DFT functionals.

Results and Discussion

Figure 2 presents the results of the Arrhenius plot for
the three reactions. From this figure, it can be see that the
conventional models for calculating the kinetic rate constant
reasonably agree with experimental data. However, it can
be seen that the d-TST model agrees well with experimental
data, compared to conventional models, proving itself to
be a very robust option to study non-Arrhenius behavior in

chemical kinetics. However, the quality of the estimative of
the rate constants is dependent on the electronic structure
method. The rate constant of proton transfer reactions with
hydroxyl radical are well described by the MP2 method and
fail with the M062X functional. Already, the proton transfer
reaction with H2 molecules agrees with experimental data
when calculated with the FHB functional. There is no
protocol for the method chosen. It is an empirical process.

The kinetic of the H+ CN — H + HCN reaction was
previously described in Ref 5 using a non-equilibrium
formulation. However, this formulation is not predictive
because the deformation parameter is fitted to the rate
constant experimental. In addition, the deformation
parameter proposed in this work is positive, in disagreement
with our formulation that only allows negative values for
Sub-Arrhenius behavior, in the spirit of our previous report’.
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Figure 2. Arrhenius plot for CH+ OH — CH, + H, Ol11, CH, Cl+
OH — CH, Cl + H, O1, and H,+ CN — H + HCN reactions by TST
with Wigner, Bell corrections and d-TST. The vertical lilac line defines
validity temperature, Td.
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Molecular properties are strongly influenced by the
electronic structure method, specifically, the DFT functional.
In Figure 3, we present a comparison between rate constants
at different DFT functionals with experimental data for the
CH, CI+ OH — CH, CI + H, O reaction. The rate constant
dependence with the DFT functional is clear.
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Figure 3. Comparison among rate constants at different DFT functional
with experimental data for the CH, Cl+ OH — CH, CI + H, O reaction.

Conclusion

In summary, the d-TST is a good alternative for describing
systems with moderate tunneling contribution. The rate
constant of the proton transfer reaction is in agreement with
experimental data. This formulation is electronic structure
method dependent, specifically with DFT functional.

Since the estimative of proton transfer in several systems
chemistry are very important, this model becomes a robust
option for describing Sub-Arrhenius behavior.
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Inverse Virtual Screening of
Bradyoxetin and a Synthetic
Intermediate using OOMD as a
Source Database

Vanildo M. L. Braga & Alex Taranto

Introduction

Quorum sensing bacteria produce and release chemical
signal molecules (like N-acyl homoserine, AHL1) that
increase in concentration as a function of cell density.
The responses cover a large spectrum of process such
as the virulence in Staphylococcus aureus?, competence
for DNA-uptake in Bacillus subtilis® and Streptococcus
pneumoniae, sporulation in Bacillus subtilis?, conjugal
plasmid transfer in Enterococcus faecalis®, and bacteriocin
production in lactic acid bacteria. The collapse of (AHL)
signaling system in bacteria represents an attractive
therapeutic approach towards the development of new
antibiotics. Recently, a new extracellular modulator was
isolated from a symbiotic bacterium (Bradyrhizobium
japonicum)5 that nodulates soybean. This quorum
sensing molecule, containing a novel oxetane ring,
was partially characterized and named bradyoxetin
(2-{4-[[4-(3-aminooxetan-2-yl)phenyl](imino)methyl]
phenyl}oxetan-3-ylamine)(Figure 1). Since there’s a lack
of information (other than the nodulation of soy bean) it
seemed extremely appropriate to investigate this unique
organic scaffold using in silico techniques such as Inverse
Virtual Screening (IVS)® using our own molecular
database (OOMD). IVS should provide us initial
information on the biological profile of this molecule,
as well as other synthetic intermediate, 3-azido-2-phenyl
oxetane (Figure 1).

8 1 _j R‘[i'-f?':] . , i,a :] ..[l._a Zl -I| .
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Figure 1. Structural formula and synthetic intermediate of 3-azido-2-
phenyl oxetane

Experimental Procedures

The molecules were entered using Marvin Sketch
(ChemAxon, version 14.7.7). During this process the
molecules werealso protonated accordingly toits structure.
The bradyoxetin series were able to accommodate three
protons, one in the imine functionality, and other two
on the amino groups attached to the oxetanes rings. The
pH during protonation was set to be 7.4. The phenyl
azido oxetanes were not protonated. During this process
Geisteiger charges were also added. The ligand was
set to be torsion free and the remaining structures were
checked for incongruences in 3D. After this protocol the
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molecules had their energy minimized by MOPAC using
pm’. The molecules were then opened in Auto Dock Tolls
and were saved in pdbqt and in smiles for the purpose of
expansion of a database of ligands.

The docking studies were performed using
Vinal.0.27. The data for the conf.txt files were extracted

from the ligand present in the original pdb file (location
of the biding site). Exhaustiveness was set to 8 and the
grid box set to 20 A on each side.

With the docking finished, next step was to verify the
graphical results. For this, we’ve used Discovery Studio
v4.1.0.14169 (Accelerys Software Inc.).

Table 1. The expressed results

Mol Target 1LF3

Lig. Crist. -8.1 92 66 -f.7 -13.2 -10.0 -7 9.3 -11.0
5 -5.6 1.5 -6.9 -5.6 -5.6 -5.9 6.2 6.8 -5
6 -5.7 -1.6 -6.9 -5.9 -5.7 -5.5 -85 5.8 4.9
T -5.6 -7.8 1.2 -5.8 -5.6 -5.4 6.5 7.1 5.5
8 5.4 74 -6.9 54 5.6 55 6.3 £.5 4.8
1 -7.8 93 9.4 -7 -7.8 -7.6 -4.9 9.3 6.2
2 -81 91 9.6 72 8.1 77 A7 9.4 6.3
3 -8.2 9.4 9.5 -1 -8.2 1.7 -4.9 9.4 6.4
4 T 90 95 7.0 T7 7.6 4.2 9.7 6.1

Mol. Target 2ANL

Lig. Crist. 4.3 9.0 95 -1.6 -10.0 -12.6 -33.3 7.4 91
5 4.9 5.3 87 8.7 8.1 71 4.8 5.6 5.4
6 4.6 -5.2 -8.8 86 1.7 -7.2 4.7 -5.7 £5.5
4 4.8 5.3 93 86 T7 74 5.1 5.7 6.8
8 -5.0 -5.3 -8.8 8.7 -8.2 -7.0 4.7 -5.6 6.3
1 6.2 -7.8 -7.8 8.7 -8.1 8.7 6.9 1.7 8.8
2 6.2 -8.1 -8.1 8.6 1.7 -10.2 7.2 1.7 8.8
3 6.2 -8.2 -8.2 86 1.7 -10.4 -7.2 1.7 8.8
4 6.2 -7 0.0 8.7 -8.1 -10.0 6.7 -1.7 9.1

Mol. Target

Lig. Crist. -5.4 -78 91 B7 -111 -10.4 94 -10.7 98
5 5.7 K] -5.5 49 R3] B2 5.6 -5.2 6.1
6 -5.5 6.1 -5.4 -5.0 6.1 8.3 6.1 -5.5 6.3
7 -5.8 B3 B 5.1 6.1 B.6 6.2 -5.8 £5.5
8 5.5 5.0 -5.4 -5.1 6.4 £.3 6.0 -5.3 5.9
1 -81 8.2 71 6.9 8.2 93 91 7.3 82
2 -7.8 -8.6 6.8 6.9 -8.6 -8.5 9.6 -7.4 8.1
3 -8.0 8.6 7.3 6.8 8.7 9.8 9.6 7.4 8.0
4 -81 8.2 71 69 8.2 83 91 7.3 8.5

ol Tage AP L5 3G0E 3G 3IVA  3N&Z Gl 4AGN  4EYT

Lig. Crist. -19.4 1.5 104 91 8.4 83 9860u-7! <55 =TRET
5 6.8 1.7 6.3 71 6.1 5.4 -4.9 -4.8 7.4
6 6.4 72 6.2 | 6.2 5.1 5.6 49 7.3
7 6.6 -8.0 6.5 £.6 6.9 6.4 -5.8 -5.1 7.8
8 6.9 -1.5 6.2 -5.9 6.2 -5.8 -5.3 6.5 7.2
1 -9.1 6.9 -8.9 -10.2 8.2 -5.9 -7 -6.6 -10.1
2 9.4 6.8 -8.7 99 -8.2 -5.6 -7.3 6.4 -10.4
3 9.3 -1.0 -8.6 9.9 8.2 -5.9 1.3 6.1 -10.6
4 92 -1.5 -91 98 -8.2 -5.9 6.9 -6.5 -10.2

Mol. Target |[PEATP  PEHT

Lig. Crist. -85 54
5 -6 -5 Legenda:
6 6.0 5.7
7 6.1 57 [cancer | ativo
8 6.0 -5 dengue inativa
1 -8.5 1.4 malaria
2 8.3 -7.8
3 -8.3 1.7
4 -85 7.4
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Results and Discussion

The most significant results were found in 1GKCS,
1W6M9, 2YOEI10. In these cases the difference between
the natural complex (ligand plus receptor) and the
created complex generated through docking was more
expressive. In most cases, the targets are involved with
cancer. 1GKC is part of the Matrix metalloproteinases
(MMPs), the class of enzymes involved in the degradation
of extra cellular matrix and surrounding cells are known
to be expressed during cancer cell invasion, arthritis
and metastasis and MMP-9, in particular seems to be a
key protease associated with tumor progression. |W6M
is equally involved with cancer although through a
different mode of action. It’s presence is associated with
cell migration and with tumor malignancy. 2YOE is a
GABA receptor modulated by benzodiazepines.

Figure 2. ligand 2 complexed with GKC

As it can be seen, looking to the pharmacophore map
on figure 3, Pi interactions play a major role in binding
process of ligand 2. In one of the rings there is a Pi stack
created by a Zn atom and His 401. The zinc atom also
interacts with the second ring increasing the stability of
the complex. The amino groups also play a pivotal role
having also Pi interactions with Phe 110, His 405 and
Tyr 423. The imine bridge also interacts with His 401
contributing for the low energy of the complex.
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Figure 3. Pharmacophoric map of GKC complexed with ligand 2.

Figure 4. Pi interactions between Zn and aromatic rings of ligand 2
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As it can be seen in the figure above the number of
interactions is much smaller than the previous example.
Even so, it is enough to have a better value than the
crystallographic complex. The key interactions are a Pi
interaction between Phe 1133 and the imine moiety and
hydrogen bonds between one of the amine groups and
Glu 1015 and Asn 1010.

Figure 4. ligand 1 complexed with IW6M

in yellow.

@ W M @ @ Figure 6. ligand 4 complexed with 2YOE. The ligand is highlighted

R dus Innerschin @
ey (@)

wan der viagls
Covalant bond
Wiatsr

I\.#-Idl-

Figure7. A zoom taken off from Figure 6

Figure 5. Pharmacophoric map of ligand 2 and IW6M
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Phe 78 and Tyr 102 interact with 2YOE through Pi
bonds with the aromatic ring and with the imine. Other
interactions seen before are the hydrogen bonds between
the protonated amines and the surrounding residues such
as Val73, Glu59 and Leu 76.

Conclusions

The sources for therapeutic molecules seem to be
infinite. What were the odds of a symbiotic bacterium that
helps nodulation and therefore with nitrogen fixation on
soy display good results in an in silico screening against
cancer mainly. Although the results look promising, a
biological study is mandatory to validate the in silico
results.

The next step should be a refinement docking
followed by molecular dynamics.
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Conjugation and Hyperconjugation Effects:
Comparative Studies Through Localized Molecular
Orbitals Energy Decomposition Analysis (LMO-EDA)
and Natural Bond Orbitals (NBO)

V. A. V. Ferreira, V. G. do Nascimento & M. B. de Amorim

Introduction

Delocalized chemical bonds are those that are not
localized between two atoms only, but three or more
atoms.! An example of delocalized chemical bonds
is the conjugation effect, measured by energy of
delocalization.? In these systems n— w*, m— =* or
n—p (where n is a lone pair and p is vacant p orbital)
interactions occur.?

Another kind of electronic delocalization is
represented by hyperconjugation, which was proposed
by Mulliken, and consists on interactions of the ¢, T or n
orbitals and a 6* orbital.? The hyperconjugation effect is
most often overlooked or disregarded by authors, although
it is almost ubiquitous.* The most known hyperconjugative
effect in the literature is the anomeric effect (negative
hyperconjugation n—c*) which is commonly observed
in carbohydrates, and whose definition can be extended to
structures with a C-X-C-Y pattern (where X =N, O or S
and Y =Br, CL, F, N, O or S), and the generalized prefix is
added to the effect name.*¢

These concepts are important to explain properties,
stabilization and reactivities of chemical structures,”®’
and primarily has its application in organic chemistry and
natural products research.

In order to better understand these effects and to
apply them in the analysis of chemical and biological
properties of natural products, we started the study of
methods of analysis of delocalized electron densities.

234

One of these approaches, the LMO-EDA,' is an
variational energy decomposition analysis method based
on Morokuma and Kitaura,'!> and Hayes and Stone
procedures.'® This method uses the localized molecular
orbitals of Edmiston and Ruedenberg, which are based
on maximum intraorbital repulsion,'* for analysis of
both covalent bonds and intermolecular interactions. The
method decomposes the bond/interaction in contributing
terms,

AFToEl = oAFElect 4 AFEx 4 AFRep. 4 EPal 4 A FDisp (1}

whose sum results in the total bond/interaction energy.
The first term is related to electrostatic energy, or
Coulomb interactions; the second is related to Pauli
exchange energy; the third is the Pauli repulsion, caused
by orbital superposition; the fourth term is related to
polarization energy, and is the sum of charge transfer and
bond polarization; and the last term is related to dispersion
energy, relative to the difference of the Hartree-Fock
(HF) energy and the perturbational methods energy (MPn
or CC) obtained for the supermolecule.'®

Another widely and more reliably method for
the study of these effects is NBO, which uses the HF
delocalized wave function and the non-orthogonal atomic
orbitals (AOs) to obtain the natural atomic orbitals



(NAOs), the natural hybrid orbitals (NHOs), the natural
bond orbitals (NBOs) and the natural localized molecular
orbitals (NLMOs),!516

HF + AOs — NAOs — NBOs — NHOs — NLMOs.

The NBO analysis is based on the natural orbitals of
Lowdin (O1), which have a eigenvalue (ni) correspondent
to the maximum occupation of these natural orbitals (0 <
ni < 2, respecting the Pauli exclusive principle), which
guarantee the maximum orbital occupation.!’

An important difference between these methods
is the initial orbital set used to the description of the
electronic delocalization.* NBO method initially uses
orthogonal orbitals, while the LMO-EDA method uses
non-orthogonal orbitals that necessarily orthogonalized
by the combination of occupied and (higher energy)
virtual orbitals, resulting in a exacerbation of the
repulsion energy.'*!

In order to investigate the usefulness and suitability
of the LMO-EDA method in the analysis of the influence
of conjugation and hyperconjugation phenomena on
chemical structures and to better understand their
importance in chemical and biological properties of
natural products, herein we started a comparative analysis
of the LMO-EDA method with the more reliable NBO
method, whose first results are herein reported.

Methods

The evaluation of the effects previously described
made use of appropriate structural models, namely:
methoxybenzene (1), where only conjugation
effect is found; dimethoxymethane (2), where only
hyperconjugation effect exists (Fig. 1).

TP T I
el \u""’ e f e ."'|:2H3
2a 2b

Figure 1: Structures used as appropriate models in this study: 1 —
methoxybenzene, 2 — dimethoxymetane (a - C1 and b - C2).

The geometries were optimized and submitted to
conformational searches around the C-O bonds at the
MP2/CC-pVTZ level of theory, both in GAMESSI19
and Gaussian0920 packages. The dihedral angles were
varied from 0 to 180°, in steps of 10°. The dihedral
chosen for varation were (Fig.1): C1-C2-O3-C4, for 1
and 2a (the last one had its C2-03-04-C5 dihedral kept
fixed at 180° in order to guarantee the presence of only
one generalized hyperconjugative effect), and C1-O2-
C3-04 and 02-C3-04-CS5 for 2b in order to mantain
C2 symmetry and observe the effect of two concurrent
hyperconjugative effects. The treatments of wave
functions used, LMO-EDA and NBO, were made in the
same level theory of the optimization in all conformers
obtained in conformational searches.

Energy decomposition analyses were performed
using the GAMESS package, while for NBO analysis the
ORCAZ21 package was used.

Results and Discussion

To analyze how the conjugation and hyperconjugation
effects vary and when they occurs we used the
models previously shown, methoxybenzene (1) and
dimethoxymethane (2) (Fig. 1). As model 2 may have
two possibilities of hiperconjugation effect, we locked
the 02-C3-04-C5 dihedral angle in 180° of 2a structure
(C1 point group), in order to guarantee the presence of
only one generalized hyperconjugative effect.
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Figure 2: Energy profile of dimethoxymethane and methoxybenzene
conformations.

235



Artigo Geral 57

Figure 2 shows the energy profile of conformational
search around the chosen dihedral angle (C1-C2-03-C4)
for 1 and it’s equivalent dihedral angle for 2a. For 1,
the most pronounced conjugation interaction occurs
in 0° and 180° dihedral angles, when the aromatic ring
and methoxy group remain in the same plane, allowing
a greater orbital overlapping and conjugation effect.
For 2a, we notice a greater interaction between 60-70°
dihedral angles (66,98° with the relaxed geometry),
where the orientation of oxygen’s lone pair is eclipsed
with the 6*C-O, generating an expected greater orbital
overlapping and consequent hyperconjugative effect.
These hypothesis are evaluated in next steps of this study,
where the EDA and NBO analysis are performed.

The LMO-EDA data for 1 and 2a are shown in figure
3 and 4, respectively.

38,00
: ——Electrostatic -
=N N
34,00 7-—=__——Exchange 7 N—
_— \ s R pulsion /
’ \ Polarization _‘r
|} |
£ 2600 X ——Dispersion ———
g \ f
§ 2200 1 .
= \ f
wn \
& \ J
& 18,00 \ f
] \ f
= T i T
\ /
g 1000 ://_\\
- \ )
= ),
& 10,00 / ,
\ }
'\_____..-——-.._____ "“\\
6,00 - -
\\ ) i
2,00 5 4 N :
2,00

o o o 0 o 0 o o o o
= N mos 0~ B o g

Dihedral Angles

=

110

9 O O D O O
Nomos W - W@
I B B R

Figure 3: Energy profile of LMO-EDA terms for conformations of 1.

The LMO-EDA profile of 1 (figure 3) shows that
in the range of 20-30° the electrostatic, exchange and
polarization terms are stabilizing ones, while the repulsive
term is a maximum in energy. At 90° the repulsive term
reaches its global minimum. According to NBO data,
conformers shows an interaction between the oxygen’s
lone pairs (one of the pairs are hybridized sp and the
other is purely p) with both adjacent aromatic n* orbitals
which is greater in planar conformation and can probably
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explains the stabilizing exchange and polarization terms
forecasted by LMO-EDA in small dihedral angles.
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Figure 4. Energy comparative profile of polarization term obtained in
LMO-EDA and NBO methods for conformations of 1.

Figure 4 shows the correlation of the polarization
terms obtained by both methods for 1. Within the LMO-
EDA method the polarization term is obtained by the sum
of charge transfer and bond polarization, while for NBO
method it was considered by us as the sum of all orbital
interaction relative to the analyzed bond. Figure 4 shows
a good correlation between them, with exception of the
conformers in the range of 20-30°. Nevertheless, an
inflexion point is shown in the NBO’s profile, indicating
a polarization disturb in this range of angles, whose
origin we don’t know yet.
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Figure 5. Energy profile of LMO-EDA terms for conformations of 2a.
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For 2a, as shown in figure 5, the LMO-EDA’s
exchange and polarization terms are stabilizing at 60°,
and the electrostatic term has its minimum at 80°. The
Pauli repulsion term shows maxima two maxima in
energy at this range of dihedral angles.
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Figure 6. Energy comparative profile of polarization term in LMO-
EDA and NBO methods for conformations of 2a.

Figure 6 shows the correlation of the polarization
terms provided by both methods for 2a, where we can
see a good correlation between them, except for the
values next to planar configuration (0° and 180°). It
must be stressed, however, that the trends are the same
for both methods.

The C2 symmetry of dimethoxymetane (2b) may
be able to present a second generalized anomeric
effect, and therefore important energetic differences
(Fig. 7).

Figure 7 shows that the energy profile of 2b (C2
point group) and of 2a (Cl point group) are very
similar, except for the fact that the later has a much
more stable gauche (near 60°) conformation relative to
plane (C2v) ones (0° and 180°), an indication that both
hyperconjugative effects are acting in a cooperative
stabilizing way in this C2 conformer. However, the
energy profile obtained by the LMO-EDA method
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(Fig. 8) is completely different in comparison with
the energy profile of 2a (C1 point group) obtained
on the same level. The electrostatic, exchange and
polarization terms have an energy minimum near to
40°; while the Pauli repulsion term has a maximum in
this same dihedral angle, and a minimum in the opposite
situation. Nevertheless, the sum of the contributing
terms (including the dispersion one0O shows that the
bond on the conformer with 60° dihedral angle is
stronger than the conformer with 40°.

The comparative profile of polarization terms
for 2b conformers are shown in figure 9. A great
distortion between the conformers on the range of
20-50° dihedral angle is clearly shown. However, for
the others conformers, a good correlations is seen.
We believe that this discrepancy occurs due to the
presence of a second generalized anomeric effect of
same magnitude, but opposite sign, which influences
in the bond stabilization, affecting the contributing
terms (mainly in the polarization one).
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Figure 7. Energy profile of conformations of 2a (C1 point group) and
2b (C2 point group). Note that in the dihedral angle of 0° and 180° the
symmetry group of 2b becomes C2v.
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Figure 8. Energy profile of conformations of 2b (C2 point group) using
the LMO-EDA method.
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Figure 9. Energy comparative profile of LMO-EDA polarization term
and NBO for 2b conformers.

Conclusions

Despite the Pauli repulsive exacerbation of LMO-
EDA method, caused by the initial non-orthogonalized
orbitals set, the polarization term shows a very good
correlation with the NBO polarization, except for the
2b structure, which we believe is due to the presence
of a second generalized hyperconjugative anomeric
effect.
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We also believe that LMO-EDA method has a very
good description of energies terms involved in bonds,
and has proved to be reliable in analyzes of short-
range effects.

In order to do a better comparison of that
delocalized effects, we will make the same analysis
with the diphenoxymethane structure (same point
groups of dimethoxymethane), where the two effects
(conjugation and anomeric hyperconjugation) coexist.
And then extend that analysis to commonly seen natural
products nuclei, 1,2-dimethoxybenzene (competitive
conjugative effects) and 1,3-benzodioxole (competitive
anomeric hyperconjugative and conjugative effect
against each other).
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Unconventional Channel of
Atmospheric Reaction NO + O, — NO, + O,:
a Mechanistic Study Using

Born-Oppenheimer Molecular Dynamics

Yago S. de Sousa; Ademir J. Camargo; Heibbe C. Oliveira; Valter H. Carvalho

Introduction

Given the importance of the ozone in the stratosphere
against harmful radiation, the understanding of the ozone
depletion process become mandatory'=.

There are several compounds involved in the
degradation of ozone and specifically in the
stratosphere exist a significant amount of NOx
compounds4.  Knowledge of these mechanisms
has been responsible by a relative abundance of
experimental and theoretical work*®. However, the
mechanism involving the NO compound still remains
unclear since the experiments observe two differents
mechanisms (abstracts an end-O- atom and a central-
O-atom) by nitric oxide’ and just the first possibility
has been elucidaded theoretically.

Schemel. The two mechanism involved in the reaction of NO + O,.
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In this paper, inspired by cross section experimental
data, we reported the nonconventional mechanism for the
abstraction of central-O-atom using Born-Oppenheimer
Molecular Dynamics.

Methods

The structures of all reactive components have
been built in the GaussView® program and all
theoretical calculations were carried out using the
G09°  program suite. The proposed reaction
pathway has been guided by a centralized attack the
N atom to ozone to produce effective collisions
reagents for the formation of the desired product. We
used the Bohr-Oppenheimer Molecular Dynamics
(BOMD)'® approach to simulate the mechanism. A
specified temperature of 0.65¢V was adopted. The
electronic structure was treated with B3LYP/3-21G.
The lower level of these calculations is admittedly, but
it is compromise, initially, with the description of the
process. The system was built with one NO molecule
and one O, molecule in the vacuum. A reaction
coordinate (Ar) was defined as the difference between
lengths of the bond that is progressively broken, T,
and of one which is concertedly formed, r, (see,
Figure 1). At Ay <0,the condition given by the reagents,
such that it, Ay > 0, it evidences the formation of the
product.



Figure 1. Reaction coordinates used to describe the mechanism.

Results and Discussion

During the numerous simulations, there were certain
discrepancies with the abstraction of the central oxygen
ozone carried by nitric oxide. Working with STQN
method (Synchronous Transit-Guided Quasi-Newton)'!,
in an attempt of found a stationay transition state involved
in the process, this procedure has been ineffective.

The BOMD procedure showed trajectories able
to describe the interest mechanism. It was observed a
binding between the molecule of NO and O,. In the
Figure 2, it is showed specifics configuration of the
trajectories, point out reactants (A panel), transition state
(B panel) and products (C and D panels) with temporal
scale of the event.

i i ™
@ () ® o
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Figure 2. Temporal evolution of the NO + O, reaction using BOMD at
B3LYP/3-21G level.
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A potential energy profile of the reaction is
presented in the Figure 3. The stationary points in
the potential curve satisfactorily characterized (A—D
configurations. Transition state is well characterized
in the B point, however, there is a unconvention
profile in the potential curve: flat region. The shape
can explain the inefficiency of the STQN method,
a gradient method that demands well defined
stationary point.

160

140 |-

E (kcal.mol)
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8 & 8

Ar=r,-r, (A)

Figure 3. Potential energy profile for the NO + O, —NO, + O, reaction.

As discussed, the flat region represented by B
indicates the noticeable maximum value, which, this
point corresponds to the transition state, with 5 kcal.
mol!  barrier height, approximately. The minimum
stationary point (A and D) in the potential curve defined
the reactants and products, respectively.

Conclusion

In summary, the BOMD procedure was able to
describe the unconventional mechanism for the NO + O,
reaction. The main stationay points were observed in the
calculated trajectory. The transition state is localized in
the flat region on the potential curve, this result explain
the inefficacy of the STQN method. The understanding
of this mechanism can be guide the comprehension of
the dynamics and kinetics parameters involved in the
depletion of the ozone in the stratosphere. In addition,
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othres trajectories are being calculated with high level
ab initio methods.
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Theoretical Study of the
Mechanism and Rate Constant
Calculations of the Reaction of
Carbon Monoxide with Ethylene

Washington B. Silva & Alessandra F. Albernaz

Introduction

The CO + ethylene (C,H,) reaction participate as
product in important chemical processes of class of fuels in
combustion.'? Investigation on the reactions of hydrocarbons
with some atmospheric species can provide significant insights
into combustion, hydrocarbon synthesis, interstellar space
and atmospheric chemistry. Ethylene is one of the highest
volume chemicals produced globally.** In addition, ethylene
is an important element in petrochemical industry.’ The study
of reaction CO + C,H, give support to understanding the
whole combustion mechanism and is useful for establishing
appropriate models for combustion simulations under the
atmospheric condition.l In this work we investigated the
pathways reaction of the CO + ethylene reaction. Initial

equilibrium geometries of the reactions, intermediate
reactions, transitions states, and product were optimized
at density functional CBS-QB3° to all species involved in
the reaction. The rate constant has been calculated using
transition state theory’” and Wigner, Eckart tunneling
correction factor™®® and writing down in the Arrhenius
form for temperature range of 100 — 4000 K.

Methods

TRANSITION STATE THEORY
Based on the transition state theory, the thermal rate

constant (TRC) of a bimolecular reaction, A+BC —TS
— C+AB can be written as®:

- T oTs

where KB and h are Boltzmann and Planckconstants,
while T is the temperature and R i s the universal gas
constant. Q™ and QR (Q*QBC) are the partition functions
of transition state (TS) and reactant (R=A+BC),
respectively. In this work, we have considered two
corrections for the tunneling effect: Wigner (KW(T)) and
Eckart (K. (T)). The Wigner transmission coefficient is
given by”?

32
R ™
o (8)

KVJ{T} =1+ E

and the Eckart tunneling correction (K (T)) is obtained
solving the Schrédinger equation for the V-
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. exp (avTEfRT)
K (T) = 22T

I, exp(=E/RT)I(EYdE  (9)

here the transmission probability (I'(E)) is given by:

I'(E) =1 cosh|2rn(a—F)]+cosh|2ry] {l[]']

cosh|2a{a+ @)+ cosh|2ay]’

with

. 1/2
=1 1/2 = 1fE=8
a=i(g/, p=1(E5)",

C

e gy £
Y=3\% 164 THav TS —g)’

The TRC were then written in the Arrhenius form as:
S _Ea
k(T) = AT exp( RT) (11)

where 4 is the pre-exponential factor, n is the temperature
power factor and E_is the activation energy.

AB INITIO CALCULATIONS

The CBS-QB3 method® encompasses the so called
complete basis set model chemistries originally
developed by Peterson and coworkers. CBS models
involve low-level (SCF and ZPE) calculations on large
basis sets, mid-sized sets for second-order corrections,
and small sets for high-level corrections. They include
extrapolation to the complete basis sets to correct Maller—
Plesset second-order energies in addition to empirical
and spin-orbit interaction corrections.!®!¢ Specifically,
the CBSQB3 method involves the following steps:

i. B3LYP/6-311G(2d,d,p) geometry optimazation.

ii. B3LYP/6-311G(2d,d,p) frequencies with a 0.99
scale factor for the ZPE.

iii. UMP2/6-311+G(3d2f,2df,2p) energy and CBS
extrapolation.

iv. MP4(SDQ)/6-31+G(d(f),p) energy.

v. CCSD(T)/6-31+G* energy. Finally, the total and
free energy are calculated from the following:

244

-'f'-l'.'liri-l,ili.i- - #’-.‘.[i’l T -"I'J'-..'q.!ll"i + '*'J'-.{'l'. ST

_"\'IIF'-./"I"T + '*'IIF'-II.'EH T ""'--"I'-n.':np + ""IIF:-IulI! ‘,Ij

Grepsons = Eapr + Alwps + Al cesnm
J ﬂ-'r.ﬂ.l:|":-\.'r'1'l.'l:|.,'||l'l'l.'l- iont Afieps jf—-...'mp
F Al (2)

where AECBS is the term correcting the basis set
truncation error in the second-order energies, and the
energy terms AEMP4, AECCSD(T), AEemp, and AEint
are calculated from the following respective equations:

AByps = Eypaispg)e—21+604ip) -
Extpzja-31+6id0f 1.0 (3)
Alcesom = Ecospirye-anioe
= Enpasnove-1+Ge {4)
Rp . " 2 ¥
BEemy = =0.00579 L%, (Z 241 €, ) ISI; (5)
AE,, = —0.00954[{5%) — 5,(5, — 1)]. {6)

The CBS-QB3 method has been employed in
our work to optimize the geometries of the reactant,
complex reactants, transition states, complex products
and products of the reaction of carbon monoxide with
ethylene (CO+C,H,). Vibrational frequencies calculated
at CBS-QB3 levels were used for characterization of
stationary points as minima and transition states, for
zero-point energy (ZPE) corrections, because it is known
that the ZPE value is significant in hydrogen-bonded
systems.!” The number of imaginary frequencies (0 or
1) indicates whether a minimum or a transition state
has been located. To confirm that the transition state
really connects with designated intermediates along the
reaction path, the intrinsic reaction coordinate (IRC)'
calculations were performed. Also, the IRC calculations
were used to confirm the connection between the
designated transition states and the reactants or products.
All quantum chemistry calculations were performed with
Gaussian 09 program."



Results and Discussion

The relative energies (the total energy of the reactants
is set to zero for reference) of all species involved at the
CBS-QB3 level are summarized in Figure 1.
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Figure 1. Potential energy diagram for decomposition of CO+C,H,
reaction at the CBS-QB3 level.

During the simulations, we found four pathways
for the Potential Surface Energy - SEP. We found some
pathways that were proposed by Karami and Vahedpourl
and we found two news pathways. Our results for
the reactants, intermediates and products are in good
agreement compared with results obtained by Karami
and Vahedpour, and all real frequencies and any transition
state has only one imaginary frequency.

In Table 1 we display the rate constant for the CO +
C,H, — C,H,COH reaction to temperature of 250K.

Table 1: Conventional (kTST), Wigner (k™"), and Eckart (k,"T)
thermal rate constants calculated for the CO + CH, — C,H,COH
reaction at 250 K.

T(K) kTST [cm3.molecule-1.s-1]
1.57x107 (k™T)
250 3.99x107 (k,™T)
3.46x1028 (k")

Conclusions

In this work, the CO+C H, reaction potential energy
profiles were determined based on the geometrical
optimization, frequency and energy calculations at the
CBS-QB3 level. Our simulations for the SEP predicted
two new pathways for the CO+C, H, reaction and for the
others paths presented in good concordance with SEP
investigated by Karami and Vahedpour. The thermal rate
constants showed high possibility of occurrence at room
temperature for the pathway studied.
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Anacardic Acid Derivatives as
Potential Acetylcholinesterase
Inhibitors

A. S. Kiametis, M. Abreu, R. Gargano & L. A. S. Romeiro

Introduction

Alzheimer’s disease is the leading cause of dementia
among people over 65 years of age. Although its etiology
is not fully known, the decreased levels of acetylcholine
(ACh) has been linked to the pathophysiology of the
disease [1]. The cholinergic hypothesis is a line therapy
based on increasing the level of acetylcholine by
reversible inhibition of the enzyme acetylcholinesterase
(AChE) therefore promoting an improvement in the
patient’s cognitive profile. This paper aims to propose
possible candidates to AChE inhibitors, designed from
the lipid phenolic derivatives of cashew, more specifically
the anacardic acid, the most abundant phenolic lipid
derivative extracted from the cashew nutshell liquid,
which is a natural resin found in the honeycomb structure
of the cashew (Anacardium occidentale) nutshell.

Methodos

AChE structure looks like a deep narrow gorge
(figure 1), with about 20A length, lined by 14 conserved
aromatic residues [2]. Among these residues, several
functional amino acids have been identified such those
in the catalytic triad where AChE hydrolyses ACh.
After being recognized by the residues localized among

the peripheral anionic site and the aromatic site (a
hydrophobic subunit), ACh reaches deep into the protein
binding to the catalytic triad and the aromatic site. The
ACh’s amino group binds to the aromatic Trp84 by
cation-nt interactions while Tyr70, Tyr121 and Phe330
residues act on ACh through hydrophobic-aromatic
interactions with methylene spacers containing up to 8
carbons.

Paripheral Amionic Site

Ser2il Y : (Phe3s
i

Cialalytic Tried | “yiegan Aromatic Site

Glud2T e " Tepsd

Figure 1. Acetylcholinesterase - a schematic representation of the
inhibitor candidate interaction with the residues of elctrophorus
electricus AChE.
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Our compounds were designed to mimics ACh
behavior so they were divided in two pharmacophoric
subunits (figure 2), according to the respectively site in
which may occur a interaction (peripheral or catalytic).
A hydrophobic spacer sufficiently long was inserted
between the two subunits thus the drug occupies the
whole gorge and the expected interactions becomes
possible.

Trp2Ta
T Tyran

Figure 2. Design of our inhibitor candidates of AChE.

In total, twenty molecular structures with different
functional groups were designed taking into account the
possible interactions between these functional groups and
enzyme active sites. For each molecule, a conformational
analysis was done in a way to identify the more stable
conformers. The geometries were first optimized by
semiempirical method and then optimized again, for
greater accuracy, by using the hybrid functional B3LYP
and and basis set 6- 311+G(2d,p). A single point was taken
for the equilibrium geometry for each compound and
several electronic properties important for the molecular
recognition by the enzyme, like HOMO, HOMO-1, LUMO,
LUMO+1, GAP and atomic charges, were calculated for the
compounds studied. The polarizable continuum model has
been implemented in the ab initio calculations to simulate
solvating. Geometric and lipophilicity properties were also
determined for each candidate using quantitative structure
activity relationship

Results and Discussion

The descriptors for this group of molecules are strongly
correlated so we have used the Principal Component
Analysis (PCA) to treat the initial data set. This technique
has been successfully used before to predict the most
relevant descriptors to correlate inhibitors and active drugs
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[3]. Here, we tried to correlate our candidates with donpezil.
To ensure accurate results, the PCA was performed
taking into account all possible linear combinations of the
variables (descriptors). For a cluster analysis, only those
combinations in which the PC1 variance showed equal or
greater than 75% were selected. After systematic analysis,
for the case where the PCM solvating model was not used
in electronic structure calculations, in general, the molecules
number 5 and 7 remained near the drug for the first two
principal components. Others like number 1-10, 14 and
16 remained near the drug for PC1 but not for PC2. The
descriptors identified as the most suitable for the correlation
are Mulliken charge of the nitrogen belonging to amino
group (N), log P, polarizability and molecular mass, whereas
the latter two contribute more effectively to the PCI,
accounting 79% of the information about the correlation.
Including the PCM solvating model in electronic structure
calculations, the distribution of molecules in the first two
principal components is expressively affected. In this
situation, molecules 5 and 7 still remain close to donepezil
for PC1 but deviate considerably for PC2. Molecule 16,
which was far from the drug for PC2, now is the most
correlated with donepezil, according to figure 6. The score
plot of PC1 versus PC2 (figure 3) shows how remarkably
close molecule 16 is to donepezil for both components. The
acid character of the carboxyl group of the anacardic acid is
possibly influencing the ligand-receptor interactions in the
presence of solvent, leading to this result.

1.5+

1.0+ ]

0.5+ i

0.0 4 s

PC2

-1.0 2

1.5+

Figure 3. Score plot of PC1 versus PC2 in a solvating model. The
clusterinvolving donepezil and molecule 16 is shown.



In structural terms, molecule 16 is more similar to
donepezil than the others. The molecule has a benzene
heterocyclic ring bonded to an amine group where is
concentrated the HOMO orbital, showing the electron
donor character of the compound in this region. The HOMO
energy for molecule 16 was —8.797¢V . In this case, the
benzene group is possibly interacting with Trp84 residue
through cation-t. The LUMO orbital is concentrated at
the dimethoxy-phenyl ring, showing the electron acceptor
character of the compound in this region. So this group
is possibly interacting with the aromatic residues of the
peripheral site through n-stacking. The LUMO energy for
molecule 16 was —0.263¢V . The electrostatic potential
map (figure 4) for compound 16 indicates that a hydrogen
bond type occurs between the oxygen of the acetyl group
belonging to dimetoxi-phenil ring and the peripheral
anionic site (attractive region, reddish) and also between the
nitrogen of the enzene heterocyclic ring and the catalytic
site (attractive region, reddish).

Figure 4: Molecular electrostatic potential for molecule 16.

Conclusions

This work proposes possible new inhibitor candidates
of AChE designed from the anacardic acid. Based on
electronic properties and also on the expected binding
sites between the receptor and the ligands we concluded
that molecule 16 plays the role of inhibitor better than the
other structures, once PCA and HCA methods revealed
that molecule 16 is very correlated to the donepezil.
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Actually, one can find in the literature studies of
biological activity with purified AChE, derived from the
electrophorus electricus [3], indicating the therapeutic
action of cholinergic compounds designed from another
kind of phenolic lipid derivative. So we hope to find
satisfactory experimental results of inhibition activity for
our candidate.
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The NH** and Be ** Vibrational

Spectroscopic Constants From use
of the New Analytical Potentidl
Energy Function

Ana Paula de Oliveira, Valter Henrigue Carvalho Silva, Kleber C. Mundim,
Ricardo Gargano, Heibbe Cristhian B. de Oliveira & Luciano Ribeiro

Introduction

Experimental and computational studies of
charged molecules are the great interest in chemistry,
physical and biological systems, and the description
of their properties are essential for understanding of
fundamental mechanism '3. Diatomic dications are
interesting ions because they can be generated as a
long-lived molecule in the gas phase. The study of
potential energy curves (PECs) for small dications
has received growing attention in recently papers
because these can provide several spectroscopic
properties '3, however, the behavior of the PEC is
very different when compared with neutral and singly
charged diatomic molecules: these kinds of molecules
have some new features that the potential curves may
have both potential minimum and maximum or singly
repulsive branch (Figure 1).

Methods

In previous paper Wang and co-authors 6 proposed
a new analytical PEC including an ionic Coulomb
repulsion term and the Varandas potential term, as follow,
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V(R) = (Z a,tR“) ek 4 %, (1)

n=0

which can be used to describe the diatomic ions with
both potential minimum and maximum or without any
stationary point.

In this work we propose a new analytical PEC for
doubly charged diatomic ions. These functions are based
on the deformed exponential function (d-Exponential),
defined as:

1
eg” =[1— dx]Ja. )

In this way, we proposed a new analytical PEC, as follow:

3
P
V(R = (Zu,?ﬂ") e, 4+ 7 (3)

n=10



The new function, eq. 3 is most flexible to build up
the PEC due to the inclusion of an additional parameter
(parameter). The d-Exponential function has been
applied successfully to a variety of problems in electronic
structure "'°, where and are adjustable parameters. All
coefficients were optimized using a hybrid procedure
based on the global optimization method known as
Generalized Simulated Annealing (GSA) 12, the simplex

gradient and Levenberg-Marquardt 13methods.

We evaluated the spectroscopic constants using the
Dunham’s method 14, which is obtained by comparing
Eq.(4) and the PEC written with a Taylor expansion
around the equilibrium distances. The Dunham’s method
needs force constants at minimum. From the new function
(equation 3) it is easy to derive quadratic, cubic and
quadratic terms, as follows:

—BC/RY,
and

3

a 3
L= Z oﬁnnl[n - I}R“'E[e;""ﬂ] + E Di!n{—2u4nR"_1 + afdR" ][E;“"k] + 2C/R? (4)
= n=
b 3
fi= Z apnin = 1)(n = Z)R"':*lz';a‘n] +Z dp(=3agnin = 1JR"? + JaidnA™ ! = afd*R" )lg-;ﬂ‘k]'f (5)
m=0 =0

fo = z dpnln = 1)(n = 2)(n = 3)R" 4|r_,r;u..q
n=0

—daygnin — 1)(n — 2R 4 Gafdnin — 1R
—~dagedinR™ 4 add? BY

(6)

)|«d"*"|‘l + 24C/R"

Results and Discussions

In this section we present results of dynamics properties
of the and NH_+ system using the new analytical PECs
proposed in this work. The PECs for are shown in Figure
1, and for NH_+ are shown in Figure 2, where, in both
cases, the red solid line represent the fitted line and the
black circles re the ab initio calculated values.
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Figura 1 - The fitted potential energy curves for Be?'(X1 Z*)
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The results of the maximum (minimum) deviation and
the error found between values for the ab initio and fitted
energies were: 1.21x10-3(1.30x10-5) and 1.19x10-6 and
8.28x10-4(2.52x10-5) and 1.12x10-5, for the deformed PEC
and the usual one, respectively. From these results we can see
close agreement between the ab initio and fitted energies. It is
important to point out that the success of the fitting procedure
is, in part, due to the d-Exponential function’s flexibility.
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Figura 2 - The fitted potential energy curves for NH** (X1 Z*g)
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The results of calculated spectroscopic constants for
Be **molecular system are show in the Table 1. From this
Table we can see a good agreement with reference 6.

All values of o, ® x_ and B, are in excellent agreement

with experimental data °.

Table 1: The calculated potential minima and maxima for the ground
state of Be,*", BH*", CH**, NH*" molecules.

Molecules Rmin(nm) Rmax(nm) AE(Hartree)
Be22+ 0.215 0.350 0.0453
NH2+ 0.132 0.163 0.0012

Table 2: The parameters of the analytic potential function for Be,*".

Be22+ (X1 TV)
Molecules .
PEC qPEC
a0 (eV) 165.987 -166.063
al (eV) 351.774 351.681
a2 (eV) -588.099 -587.7244
a3 (eV) -7200.8517 -7205.404
a4 (eV) 260.0921 260.078
C 6.0118 6.015
q - -5.92450E-012
X2 4.524E-010 3.37282E-010

Table 3: The derived force constant for Be ** and NH*" molecules.

Be22+(X1Z}) -
2Be*(%s,)
fileV PEC 40808
nm=2 d-PEC 407997
f, eV FEC 509418
nin-3) d-PEC 569299
faleV PEC 1059383.0
1-4) Jd-PEC 1059161 .2
‘ NH2+(X?E*) —
_ H*('S,)+ N*('D,)
fo(eV | PEC 5227.7
nm-2) | d-PEC 5229.0
fa(eV | PEC -118812.6
nimn-3) d-PEC -118841.5
filev | PEC 36003844
nim=-4} [ d-PEC 3601258.1
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Table 4: The derived spectroscopic constants for Be,*" and NH**
molecules.

Be22+(X'xX}) NH2+(X?%*)

n PEC 0.809 10.29
e 4-PEC 0.809 10.29
" PEC 1569.2 3888.8
e d-PEC 1568.7 3889.1
PEC 0.3034 3.8594
@WeXe  1PEC 0.3034 3.8594
a, PEC -73732E-016 -3.9251E-012
d-PEC  -1.2356E-020 3.34854E-016

Conclusions

In this paper we have proposed a new alternative
analytical function aiming to better describe the potential
energies curves of the doubly charged diatomic molecules.
To this end, we used the new PEC obtained by included
the deformed exponential function (d-Exponential
function). To test the new function, we also calculated
the force constant, spectroscopic constants and the
rovibrational spectra for the Be22+.The calculated values
of equilibrium vibrational frequency (®,), anharmonic
constant (o,m,) and rotational constant (B ) are very close
to experimental data available in the literature. This fact
suggests that the results of other spectroscopic constants
and rovibrational energies presented in this work have the
same accuracy. The results presented in this work show
that the new PEC is sufficiently better when compared
with the usual analytical.
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Width Influence on the
Polaron Dynamics in
Graphene Nanoribbons

Ana V. P Abreu, Luiz A. R. Junior & Antonio L. A. Fonseca

Introduction

Carbon-based nanomaterials'* are recognized
as promising solutions to the development of novel
electronic devices that present smaller environmental
impact when compared to its inorganic counterparts.
Due to unique features such as easy of synthesis, strict
two-dimensionality, low coast, and high mechanical
strength graphene has attracted huge interest to the
design of photovoltaic’, energy storage®, and field-effect
transistor applications. Significant efforts have been
performed theoretically” and experimentally8 in order to
understand the charge transport mechanism in graphene
sheets and nanoribbons. Importantly, these works have
investigated the charge transport from the framework
of metallic-like behavior®'?2. Nonetheless, theoretical
studies considering the semiconducting-like physical
picture for charge transport mechanism, to describe the
system features which may affect the polaron dynamics,
are still insufficient.

In this work, the influence of the nanoribbon width
on the dynamics of polarons in armchair graphene
nanoribbons (GNRs) is numerically investigated in the
scope of a two-dimensional Su-Scherieffer-Heeger model
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with lattice relaxation. The results show that the poalron
dynamics changes substantially varying the nanoribbon
width. Moreover, the interplay between external electric
field and the electron-phonon coupling plays the role of
drastically modifying the charge localization through the
nanoribbon and, consequently, the polaron dynamics.
This investigation may enlighten the understanding
of the charge transport mechanism in graphene-based
nanomaterials.

Methods

In order to describe the charge transport in GNRs
we developed a two-dimensional version of the Su—
Schrieffer—Heeger (SSH) model'?, modified to include
an external electric as follows

Hetee = = Z (ti,jClCis + h.c.)

<i f>=

K p?
K 2 P
* Z 2Yiit 2, om

<ij> <if=



where (i,j) denotes summing over nearest neighbor sites i
and j. For the electronic part, the operator Cj,S(Cj’S) creates
(annihilates) a m-electron with spin s at the ith site. t,
= exp[—iyA(t)B](to—ayu) is the hopping integral, where
denotes the hopping of a m-electron between neighboring
sites with no field present in an evenly spaced lattice, o is the
e-ph coupling constant, and Yy is the relative displacement
coordinate between neighboring sites. The electric field E(t),
which was turned on adiabatically according to reference' in
order to avoid numerical errors, is included in our model by
means of the time-dependent vector potential A(t) through
a Peierls substitution of the phase factor to the hopping
integral. This is the simplest way of implementing electric
fields consistently with periodic boundary conditions. y =
ea/(hc), with a being the lattice parameter, e the absolute
value of the electronic charge, and c the speed of light.

The lattice backbone dynamics is treated with a classical
approach by means of a Newtonian equation Mii = F (t)
Here, F (1) represents the force experienced by a particular
carbon atom n. The force expression is analogous to that
originally developed by Silva and co-workers 13. Moreover,
this equation can be numerically integrated according
the methodology described in referencel3. The electron
dynamics is obtained by solving the - dinger equation
(TDSE). The wave functions are constructed by means of
a linear combination of instantaneous eigenstates. Thus, the
solutions of the TDSE can be expressed as

Vit +d6) = ) [ $n(©) Yim(©)]
® e‘x p{iiaidt Sy ()

in which {¢, ()} and {e} are the eigenfunctions and the
eigenvalues of the Hamiltonian ata given time t, respectively.
In this work, we have adopted the following values for the
constants, t, =2.7 eV and K = 57 eV/A2 The e—ph coupling
o is in the range from 3.5 to 10 eV/A, which according to
the literature corresponds to suitable values for GNRs. This
range for a is in very good agreement with values obtained
in experimental studies for graphene®!®!?, which are 6.0
eV/A, if the e—ph coupling mechanisms other than the bond
stretching can be neglected. Moreover, the energy band gaps
obtained in our study are also in agreement with the band
gap energies for GNRs obtained through electronic structure
calculations.

Results and Discussions

As a starting point of our investigations, we have studied
the behavior of the band gap value as a function of the e—ph
constantand the GNR width. The results presented in Figure
1 are in very good agreement with earlier studies, which
justifies the method used in this work. In the following,
we restrict our studies of the features of the polarons to the
parameter space that gives finite band gaps. In particular,
from the two possible families of GNR widths, that is, 2p
and 2p+1, we limit the discussion here to the 2p family (n =
4, 6, 8, and 10) because the band gap of the 2p+1 family is
essentially zero and no polaron solution is possible.

‘We now turn to results concerning the polaron dynamics
in GNRs. Figure 2 shows the actual path of a polaron
through an armchair GNR with width n = 4 and with
periodic boundary conditions. The e—ph coupling constant
is setto 5.0 eV/A, and the external electric field is 1.0 mV/A,
applied in the direction along the nanoribbon. It is important
to note that the hexagonal grid presented in the figure is a
mere representation of the GNR structure. Therefore, one
should take the charge disposition over bondless regions of
the ribbon as a qualitative pattern. Two interesting properties
stand out in the polarons
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Figure 1. Different band gap regimes as a function of the GNR widths
for several different electron—phonon coupling strengths considering
the (a) 3p, (b) 3p+1, and (c) 3p+2 families.
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dynamics of Figure 4. First is the delay in the polaron
response to the applied electric field, and second is the
difference between the initial and the steady-state extension
of the polaron. Naturally, these two features are connected
and have to do with the aforementioned two-fold role the
electric field plays in polaron dynamics for GNRs. The
electric field initially plays the role of assisting the charge
localization in order to create a stable polaron; it is only after
this task is accomplished that the collective behavior is fully
manifested as the movement through the lattice. Therefore,
we can conclude that the applied electric field favors the
polaronic charge density profile presented in Figure 2.
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Figure 2. Polaron dynamics in an n = 4 width armchair nanoribbon
subjected to an electric field of 1.0 mV/A.

Conclusions

In summary, we have performed a systematic
numerical study on the polaron dynamics in armchair
GNRs by means of a two-dimensional tight-binding
model with lattice relaxation. By comparing different
GNR widths, we could determine the critical conditions
for a polaron transport to take place. Moreover, our
methodology was able to accurately predict the band gap
dependence on the width of the GNRs as well as their
values. A careful investigation on the velocity regimes of
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polarons was also performed. We observed that electric
fields favor the occurrence of supersonic polarons.
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Parameterization Study of LRC
Functional Applied to Optical
Properties of Carotenoids

Andriele S. Prado, Luiz A. R. JUnior & Wiliam F. da Cunha

Introduction

Solar energy is considered the most promising
renewable energy source to attend the increasing global
demand in green energy applications'?. Nowadays, dye-
sensitized solar cells (DSSCs), pioneering developed by
Gritzel*3, are recognized as excellent candidates to replace
the current silicon-based photocell technology. Advantages
such as relatively high light-harvesting efficiency, low
cost, simple synthesis process, and large-scale production
make the DSSCs attractive for both academic and industrial
applications. The working principle of a DSSC involves
the optical absorption and charge separation processes
by the association of a sensitizer as a light-absorbing
material with a wide band-gap semiconductor®. In this
sense, the carotenoids (polyene-like molecules), which are
natural pigments in plants and animals, can be employed
as sensitizers by presenting interesting characteristics for
photonics applications as, for example, ultrafast optical
response’®. In order to improve the efficiency of DSSCs,
the optoelectronic properties of dye molecules, such as the
energy gap, should be carefully investigated. It is known that
the energy gap of molecular systems calculated by solving
the Kohn-Sham equation, with conventional Density

Functional Theory functional (DFT), is usually small
compared to the gap values obtained experimentally. These
errors indicate a clear failure of the approximated functional
often used in DFT, and can often lead to misinterpretations
regarding the optical properties of these systems. This work
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proposes anew methodology for functional parameterization
that includes longrange corrections, dedicated to the
molecules of the main carotenoids present in the Buriti oil
(see Figure 1). Such functional contains 100% of the exact
Hartree-Fock exchange, a non-local operator extremely
important for a realistic description of the Highest Occupied
Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbita (LUMO) energies and other properties
of the excited state. The group of carotenoids investigated
has high potential for application in organic photovoltaic
devices and has been extensively explored both theoretically
and experimentally.

13-gis-f-carotone

9-cis-f-carotene zeaxanthin

Figure 1. The carotenoid molecules investigated in this work. As a
common trait, we can see that all molecules possess isoprene groups
- that could act as an electron acceptor in an organic electronic device -
and a backbone bridge - a possible donor.



Methods

In this work, we investigate the optoelectronic
properties of a group of carotenoids derivatives
contained in the Buriti oil (Mauritia flexuosa L.), which
presents interesting optical properties for applications
in optoelectronic devices based on organic materials.
In order to do so, the DFT and Time Dependent
DFT (TDDFT) approaches are used considering the
functionals B3LYP, LCBLYP and ®B97. The B3LYP
functional is traditionally used in DFT calculations.
However, it is well known that this functional causes
the delocalization of the wave function. This is a huge
challenge in the modeling of organic semiconductor
materials, as localized quasiparticles are responsible for
the charge transport mechanism in these systems. On the
other hand, the LC-BLYP and ®B97 functionals already
include a parameter for long-range corrections.

The central idea in the conception of these functionals
is the separation of the Coulomb operator into two terms
that take into account the short-range (SR) and long
range (LR) interactions, considering the standard error
function (erf):

1
—=er
“=orf

\wr wr
t erfc

Thus the Hartree-Fock contribution of long-range,
which is essential to maintain the correct description of
the system, can be obtained completely. Moreover, the
optimization of the correction parameter (@) for long-
range interactions can provide better results for excited
state properties when compared to the usual approach.

Optical excitations in molecular dyes can be computed
within the TDDFT formalism. Nevertheless, the use
of conventional semi-local and standard hybrid DFT
functionals (such as the popular B3LYP functional) can lead
to poor descriptions of charge-transfer like excitations due
to limitations associated with multi-electron selfinteraction
errors. To overcome these limitations, we have used the
functional LRC where the tuning of the range-separation
parameter is based on gap fitting®'

Jplo/=|es N +ES(IN-1)-E2(N|

g4 N+1+E2(N|-ES(N+1)

gs'

Tl @)=

—_— | | |
S gap | @I=T pl@ |+ ] @]

where €,° (N) is the HOMO energy for the Nelectron
system and Egs‘”(N) is the corresponding ground state
energy. The ® optimization through these equations
can lead to an improvement of the description of the
properties calculated using LRC functionals. For each
system, with its optimized geometry, and for each
functional, the ® value that minimized J - is chosen as
the optimum value. All excited states are evaluated at
TDDFT level using functional LC-BLYP and ®B97 (with
both default and tuned ® values) as well as with B3LYP
and basis set 6-31G(d,p). Optical absorption spectra were
simulated through convolution of the vertical transitions
(characterized by a given wavelength and oscillator
strength) with Gaussian functions with a full width at
half-maximum (FWHM) of 30nm. All calculations were
performed with Gaussian 09 (Rev.D.01) software.

Results and Discussion

In this study, we performed a theoretical investigation
concerning the properties of the five main carotenoids
present in Buriti oil, namely 13- cis-B-carotene, 9-cis-f-
carotene, phytofluene, trans-f-carotene and zeaxathin. The
main goal of our work consists in evaluating whether this
specific tuning for each system provides better qualitative
results than the usual approach. The optimization procedure
of the five structures was initially done with the B3LYP
functional and the basis set 6-31G (d,p). The carbon atoms
are moved until they are in a situation of equilibrium in
which the total energy is minimized.

The optimization of the geometry was performed by
establishing some important considerations, such as the
molecules are in gas phase and in the ground state. The
new positions of the atoms are then the primary source
of information that we have used as parameters for
subsequent calculations. A complete investigation of the
optimized geometrical parameters, including the angles
was also performed.
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After perform a pre-optimization with the usual
B3LYP functional and the 6-31G (d,p) basis set, we begin
the search for the optimal longrange parameter ®. The @
minimization procedure was performed systematically
and iteratively. Our aim was to clarify the requirement for
a parameter that is totally dependent on the system. The
adjustment procedure is classified as ab-initio, since the
results are obtained through the own calculations, without
any reference to other computations or experimental results.
The @ parameter is chosen initially as imposed by the
Koopman’s theorem, i. e., the first ionization energy should
be equal to —€HOMO . Thus, we conducted a survey of
the curves of the ionization potential and electron affinity
making single point calculations of molecules in its neutral
state and the corresponding cation and anion. Figure 2
present the curves for the functional LC-BLYP considering
the molecule 13-cis-B-carotene. As a result, the optimized
values for o, considering each system with functional LC-
BLYP and ®B97, are presented in the following table. We
realized that the optimal values of the parameter @ for both
functional are very close, with the exception of phytofiuene.
The value found for this molecule deviates significantly
from the others. The evolution of the ® parameter suggests
that the characteristic length (1/@) depends directly on the
chemical nature, structure and system size.

The main goal of the present work, however, is to
investigate the absorption spectra of the carotenoids. Since
it is known that the number of conjugated bonds as well
as the end groups influence on the absorption spectra of
carotenoids. We expect a large deviation of the phytofluene
peak from that of the other molecules.

J(o)eV)
o

01 02 03 04 s 08

Figure 2. Curves J ,J and J gap obtained by the optimization

process.

P Y EA
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Table 1. Optimized ® values for both functionals for the five
carotenoids.

Molecule tuned LC-BLYP | tuned wB97
13-cis-3-carotene 0.152 0.150
9-cis-A-carotene 0.152 0.150

phytofluene 0.193 0.187
trans--carotene 0.151 (.149

zeaxanthin 0.149 0.147

Figure 3 presents a comparison of the absorption
spectra for the five molecules at the B3LYP/6- 31G(d,p)
level of theory (up) together with the results obtained
with the tuned LCBLYP/6-31G(d,p) (down). For sake of
succinctness, we omitted the tuned ®B97 spectra, as the
results were similar to those shown in figure 3 for the
LC-BLYP functional. One important feature of this work
is to improve the description of the absorption spectra,
with respect to the experimental result, when compared
to what was obtained using the B3LYP. We can observe
the red shift of the tuned spectra when compared to the
regular B3LYP. Indeed, the general trend is to obtain the
main peaks nearer to the experimentally expected, i.c.,
associated to smaller wave-length.

While for the functional optimized LC-BLYP, the
wavelength difference obtained for trans-fB- carotene
compared to the experimental was 68 nm, not optimized
for this functional difference reaches 99 nm, which is
very significant. The amount of wavelength closest to the
experimental value was calculated for phytofluene with
the functional optimized LC-BLYP where we obtained
a difference of only 8 nm, against 57 nm obtained via
LC-BLYP with the default value of  to this functional. In
all the cases the accordance between the values obtained
through our methodology was better than 87% against
72% of the standard technique. At this point we should
emphasize that the success of the results presented so far
is not due to the mere use of some @ parameter. Rather,
it is the very specific tuning of this parameter for each
molecule, which allows this methodology to achieve
such improvement as far as experimental accordance
is considered. This can be confirmed by the use of the
standard values of the ® parameter for the used orbitals.
Therefore, it is clear that the long-range @ correction
parameter tuning technique is a crucial procedure to



obtain the excited state properties more accurately. The
methodology, in fact, was superior in the description of
the properties of the studied systems.
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Figure 3. Absorption spectra for the five molecules computed at B3LYP
(up) and LCBLYP (down).

Conclusions

In summary, we have demonstrated the importance of
using a systematic way of refinement for determining the
optimal @ parameter. The procedure is necessary because
as there is no single o value that is ideally universal,
optimization gives us a natural way to find a parameter
that is dependent on the system, maintaining a correct
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balance between the exchange and the correlation.

The method to provide a more localized description
and, consequently, better donoracceptor character of low
band gap copolymers optical reference, shows that the
optical and electronic properties of systems covered here
are in good agreement with the which is experimentally
expected. It was observed that @ parameter to be sensitive
to the system under consideration. The ® a optimized
values generally decrease with increasing chain length,
whatever the nature of the functional. As the electronic
delocalization increases with system size, it is necessary
that the exact exchange has lower weight; thus we have
an @ optimally adjusted should exceed a fixed amount.
Here, it was found that the values of ® parameter have
total dependence on the degree of system combination.

Finally, we can state that here explored approach
offers a much more accurate alternative to evaluate
electronic and optical properties of such a system, since
the use of conventional hybrid functional underestimate
the orbital energies and the calculations with functional
including long range, using the default values for each
functional ® lead to an overestimation of the orbital
energies.
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Theoretical Characterization of
the Resonance-Energy Transfer
Between Organic Molecules

Demétrio A. S. Filho

Introduction

One of the most interesting processes that occur in
organic materials is the resonance-energy transfer. This
process can be useful to further enhance the efficiency
of devices based on organic molecules. Here we will
investigate theoretically the resonance-energy transfer
(RET) process between a para-hexaphenyl (p6P) unit and a
a-sexithiophene (6T) unit.

Methods

Theoretical calculations using Density Functional
Theory (DFT) and its Time-Dependent approach (TDDFT)
were also carried out in order to obtain equilibrium energies,
geometries and frequencies for both ground (S) and first
excited (S,) states of p6P and 6T. These properties allow us
to better understand the mechanisms behind the absorption
and emission processes involved in the isolated molecules
and to build a qualitative model to understand the energy
transfer in the p6P/6T complex.

Geometries, frontier orbitals and total energies of
ground state (S,) and first excited state (S,) of p6P and 6T
were obtained using DFT. We make use of two different
DFT functionals: 1) the M06-2X functional, [1,2] which has
proven to properly describe the spectroscopic properties
of these type of systems[2,3] and ii) the CAM-B3YP
functional, that has a good track record in the description of
the electronic processes in organic molecules.[4,5]

The 6-31G(d) basis set was used for all calculations
presented here. This basis set was chosen due to the relative
large size of the systems under investigation in addition to
the successful reproduction of the absorption and emission
data of short oligomers.[5,6] All simulations were carried
out using the Gaussian’09 program suite.[7]

Results and Discussion

Figure 1 shows the ground state (S0) HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbitals) wavefuction for both p6P and 6T.

In solid state, both p6P and 6T are observed to be
linear and planar molecules, in both ground and excited
states. Thus, in order to better compare the experimental
results with our calculations, we also optimized p6P and 6T
subjected to the constraint of being planar, and evaluated the
impact of this constraint in the SO — S1 transition energy,
which is also included in Figure 1b.

The impact of planarization is larger on p6P than on
6T, as expected from the larger deviation from planarity
presented by the former oligomer. A comparison between
the HOMO-LUMO gap of the two planar structures shows
that p6P has still a larger gap compared to 6T, but the
difference between the two has reduced from 1.39 eV, in the
twisted form, to 0.46 eV in the planar (solid-state like) form.

The results for M06-2X shows a similar trend, although
the mismatches between the gap of p6P and 6T were
computed to be 1.37 eV and 0.837 eV, respectively.
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This small difference (on the order of tenths of ¢V) in
the HOMO-LUMO gap and the fact that p6P has a larger
gap compared to 6T already suggests that p6P can absorb
a higher energy photon and transfer this energy to 6T, as it
was observed for other thiophene-based systems.

To further characterize this energy transfer, a simulation
of the vibronic resolved absorption spectrum of 6T together
with the counterpart emission spectrum of p6P must be
carried out.

a)
HOMO LUMO
= NUGRY ysfaisielsls
5 ) Ry
g L4PeUEDELLD Ceallelel}
b) = S
) ] — _ -
A _
TT 1
=& B B 3 3
T 2l 8 &  — Twisted & 8
= © ] — Planar 7] 0
@ -5-
2] Ll
-7 4 - i — e
8- —_ — -
p6P 6T

Figure 1. a) 6T (top) and p6P (bottom) ground state HOMO (left) and
LUMO (right) wavefunctions. (b) CAM-B3LYP ground state (SO)
frontier orbital energies and HOMO-LUMO gap for p6P (left) and
6T (right). Both fully optimized (twisted) and optimized under the
planarity constraint (planar) are presented.

Conclusions

Theoretical calculations in the framework of Density
Functional Theory were used to characterize the potential
energy surfaces of the ground (S0) and first excited (S1)
states of p6P and 6T. By a comparison between the energy
gap related to the emission of p6P and the absorption
of 6T from their lowest vibronic state, we determined
a mismatch of 0.2 eV of the order of the vibrational
relaxation energy of the molecules, resulting in a high
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probability for resonance-energy transfer between the
two molecules.
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Evaluation of the Best Theoretic Approach
DFT Based for Indirect Spin-Spin Coupling
Constants of 3-Ishwarone

Eduardo da Conceigdo & Mauro B. de Amorim

Introduction

The indirect spin-spin coupling constants (SSCC) along
with chemical shifts are the most important parameters given
by NMR spectroscopy.' In this work the study focus is the
calculation of indirect nuclear spin-spin coupling constants
with originates in the interactions with the surrounding
electrons and does not disappear in isotropic media.

The SSCCs are very sensitive to any variation in
molecular geometric structure and provides information
about the arrangement and the connectivity of atoms in
a molecule.’> The use of DFT based calculations are an
efficient approach in the description of indirect SSCCs for
various molecular models of in organic chemistry. Given at
same time accuracy and lower computational costs.*

Figure 1. 3-ishwarone.

Methods

In this work we calculated the SSCCs for the molecular
model of a sesquiterpene, the 3- ishwarone (Figure 1), using
the Gaussian 09 package for optimization at the theoretical
level B3LYP/6-31G(d,p). For the calculations of SSCCs
it were used three different functionals: B3LYP, B972
and mPWI1PW91 5 combined with the basis set: 6-31G,
6-31G(d,p), cc-pVTZ, cc-PCVTZ and basis sets specifically
designed for coupling constants calculation: aug-cc-pVTZ-J,
pc)-2 and ccJ-pVTZ.6,7,8 The calculated results were
compared with experimental data.

Results and Discussion

The results obtained in different theoretical levels
demonstrated reproduce satisfactorily the experimental
data, MAD and RMSD values (Figure 2) show acceptable
calculated values. In the study model, the increased level of
theory was not a great advantage leading to large increases in
computation time without leading to significant improvements
in the accuracy, like showed in other previous studies.’

MAD and RMSD

'\'<;5: &
BE ml 3
| _ghﬂ @5. R ;g ﬁ.ﬁ Fas _,E.ﬁ
| | | =
. El s 7 E 2 i 3 S

Figure 2. MAD and RMSD values.
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Calculated values of geminal couplings: *J, .. e

)iy (Figure 3) showed similar behavior with all the
different levels of theory used. The basis set cc-pCVTZ and
cc-pVTZ gave lower values than the experimental values.
And upper values with 6-31-G, 6-31G(d,p) and specifically

designed basis sets for coupling constants calculation.

Figure 3. Geminal coupling prétons: a)2J. and b) 2J

H12aH12b H10aH10b"

The calculated wvalues for vicinal couplings:
T € Vo (Figure 4) although underestimate the
experimental values were those who had lower standard
deviation.
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Figura 4 - Computational cost in hours.

Another important point is to know the contribution of
each Ramsey’s terms, which varies depending on the model
under study. In the case of 3-ishwarone the fermi contact
(FC) is the main contributor, suggesting that a precise
determination of the FC is essential for reliable results.
Tables 1 and 2 are shown the values of each term for vicinal
(), and geminal (°J ) couplings.

HIH. H10aH10
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Table 1 — Absolute values of total and separate contribuitions to indirect

spin-spin coupling (in Hz) for the vicinal coupling (*J,,,,,)-

Coupling Theory lavel  Total  FC sD  PSO  DSO

*binz BaLYR/6-316 7,73 7,35 0,15 0,18 0,41
BILYP/eel-p\T2 8,30 8,10 0,14 0,33 0,39
BILYPfaug-copVTZd g4y 8,22 D14 0.3s 0,39

BILWP/pcl-2 8,30 8,12 0,15 0,2s 0,39

B3LYP/cc-pVTZ 6,70 6,40 0,15 0,28 0,41

BILYP/E-316dp 731 6,96 0,14 0,19 0,40
B3LYPfcc-pCVTZ 8,81 8,41 0,18 0,60 0,82
B972/cc-pCVTZ 8,06 167 0,17 0,61 0,83

mPW1PWILfccpCVTZ B 80 8,39 0,18 061 0,83

Table 2 — Absolute values of total and separate contribuitions to indirect

spin-spin coupling (in Hz) for the geminal coupling (*J; ;. .10.)-
Coupling  Theory level Total FC SD PSO DsO
[T - BILYP/6-31G 16,20 16,30 0,52 0,39 0,81

B3LYPfoal-pvTZ 12,96 13,73 0,44 1,33 1,01
BALYPfaug-copvTZd 13,31 13,96 0,41 1,23 093
BILYP/pl-2 13,46 14,22 0,41 138 1,01
BALYP fec-pVTZ 10,59 11,20 041 121 101

B3LYP/6-31Gdp 13,17 13,51 0,32 0,57 0,96
BILYP/cc-plVTZ 10,65 11,29 0,35 1,00 0,75
8972 /cc-pCVTL 10,64 11,27 0,39 0,98 0,73
mPWIFWILfccpCUTZ 11,56 1221 041 0,96 0,71
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H.,O,+Ng Excited
Electronic State Description

Luciano Almeida Leal, Jonathan Teixeira, Luiz Fernando Roncaratti,
Geraldo Magela e Silva, Ricardo Gargano

Introduction

Hydrogen peroxide (H,O,) plays an important role
in several chemical and physical processes, evidenced
in astronomy, medicine, and chemical reactions. Due its =
importance and diversity of applications, this molecule He 0° 30° 217°
has been subject of several studies?. Recently, our
research group has developed an analytical interpretation Ne 0° 32° 215°
of noble-gases influence on hydrogen peroxide by means Ar 0° 38° 209°
of a potential energy surface that involves angular and
radial coordinates of noble gases. The Improved Lennard
Jones (ILJ) analytical form?, widely applied in this kind of
systems, was used in order to represent the Van der Waals
interaction of noble gas and O-H bound. In this work,
we present the H,0,-Ng (with Ng=He,Ne, Ar, and Kr) (@) ®)
potential energy curves (PEC) in the excited electronic
states. Furthermore, these new PEC are exploited to Ng
describe the dynamical properties (rovibrational energies
and spectroscopic constants) of the H O -Ng systems.

7

0° 47° 200°

Methods and Discussion
It is large known that the study of excited states is not
an easy task. It request a long computational simulation 1 2
time and depending on electrons quantity it may be
not viable. Considering this facts, it becomes crucial
cost-benefits considerations. By these assumptions, we

considered H,0, + He, H,O, + Ne, H O, + Ar, H O, + ) ) ) )
Figure 1: H,O,-Ng geometrical representation. (a) R s the distance from

Kr on equilibrium geometries given by Table below noble-gas and center of O-O bond. (b) 01 and 62 are the angles between
(geometrical definition are shown in Figure 1). O-H bond and y axis.
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Figure 2: Potential Energy Curves of (a) H,0, + Ne, b) H,0, + Kr, (¢) H,0, + He, (d) H,0, + Ar systems for different excited states (n = 9,15).

For all complexes, we calculated the electronic
energies as a function of R (from 3A to 10A, with
0,2A of step) considering 15 excited states. All these
calculations were performed using the TDDFT method
(implemented in the NWCHEM code3), with the cam-
qtp-00 functional and the aug-cc-pVTZ basis set. These
excited electronic energies were adjusted by generalized
rydberg functions, as shown in Figure 2. Then, these
analytical PEC were used to determine the rovibrational
energies and spectroscopic constants. for all studied
systems. These properties were calculated by two
different methods: Solving the nuclear Schrodinger’s
equation (by Discrete Variable Representation 4) and
Dunham?® method. The results obtained through Dunham
and DVR methodologies are in an excellent agreement.
This fact demonstrates the reliability of our study.

Conclusions

In this work, we have presented a study of the
interaction among the H,O, molecule with noblegases
(He, Ne, Ar, and Kr) on the excited electronic states.
Analytical PEC, ro-vibrational energies and spectroscopic
constants were determined considering fifteen electronic
states for each system. These kind of results represent the
main novelty of this work, since they are presented for
first time in the literature.
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Cdlculo do Fator de Debye-Waller
na Niquel-Fluorohectorita

por EXAFS

Matheus N. Jacome & Luciano Ribeiro

Introducdo

Nenhum outro material foi e continua a ser tdo
importante para a historia da humanidade como a argila,
devido as suas propriedades: de plasticidade, ou seja, grande
maleabilidade, afinidade pela dgua e aderéncia a certas
superficies. Estas e outras caracteristicas das argilas podem
ser explicadas e compreendidas pelo conhecimento de sua
composi¢do quimica, estrutura e propriedades moleculares.

A hectorita ¢ uma argila mineral muito usado na
atualidade, ¢ possivel encontra-la em esmaltes ceramicos,
colas e adesivos, produtos de limpeza doméstica e entre
outros. A fluorohectorita ¢ um tipo de hectorita, uma argila
mineral sintetizada quimicamente, possui formula quimica,
pela semi-cela unitaria, como M_ - (Mg, Li)SiO,[F,
onde, M se refere ao cation entremeado por camadas ¢ x é a
proporcdo dos atomos de litio.

A Figura 1 mostra sua distribuigdo espacial e sua
estrutura molecular formada pelos tetraedros e octaedros,
com o cation o niquel entremeado entre duas camadas.

Figura 1. A distribuigdo espacial de uma niquel-fluorohectorita (Ni-FHT).

O fator de Debye-Waller (DW), também chamado de
fator de temperatura, ¢ um termo utilizado para descrever
a atenuagdo do espalhamento de raios X causado pela
vibracdo térmica. Quando se trata da estrutura fina de
absor¢do de raios X (EXAFS), o fator de Debye-Waller
esta relacionado com as flutuacdes quadraticas médias das
distancias interatdmicas entre os atomos. Para obter o fator
DW esse trabalho analisou dados de EXAFS realizados no
LNLS, Campinas —SP, na amostra Ni-FHT em fun¢io da
temperatura e umidade relativa.

Métodos

O fator de temperatura ¢ possivel ser obtido através
do método da razdo !, que é uma técnica muito usada na
literatura. Ela traz informagdes sobre o termo que representa
a agitagdo térmica do sistema na equagdo de EXAFS2
A técnica usa por meio de uma relacdo entre os sinais de
EXAFS de duas temperaturas diferentes para fornecer o
fator Debye-Waller relativo a uma dessas temperaturas.

Recentemente foi publicado um artigo onde os autores
obtiveram o fator Debye-Waller da argila sintética Ni-
FHT. Os valores apresentados possuiam uma dependéncia
crescente com a temperatura da argila®. Por outro lado, essa
informacdo, se faz necessaria no momento, para corroborar
com a possibilidade de que as reducdes das intensidades
dos picos nas transformadas de Fourier das oscilagdes de
EXAFS (ver Fig.2) seja realizada pela mudanca do fator
de Debye-Waller devido as mudangas de temperatura e
umidades na amostra.

269



Artigo Geral 67

Resultados e Discussoes

A partir da transformada inversa de Fourier no intervalo
deAR=12-22A, da Fig. 2, foi selecionada a primeira
esfera de coordenagao niquel — oxigénio.

Por meio do método da razdo o comportamento da curva
Ln[x(20° C)/X(T)] versus K? foi obtido. A Fig. 3 descreve as
curvas obtidas e estas se mostraram ser aproximadamente
linear na regido estudada para todas as temperaturas.

Para a obtencdo da Fig. 3, a temperatura 20 °C foi usada
como referéncia.

Para a transformada de Fourier inversa foi usado o
intervalo de AR = 1,0 - 2,4 A, nas oscilagdes de EXAFS
da Fig. 2.

2 T r T r
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Figura 2. Transformada de Fourier das oscilagdes de EXAFS, para a
Ni-FHT em fung@o da temperatura.
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Figura 3. A figura apresenta o comportamento esperado In[x(20° C)/

X(T)] no intervalo de Ak> = 5,5 - 55 A2,
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A Fig. 4 ilustra comportamento do fator de Debye-
Waller em fungdo da temperatura, encontrado através
do coeficiente linear da reta, obtidas em cada uma das
temperaturas da Fig. 3.

Cada ponto, presente na Fig. 4 representa o valor do
coeficiente linear das retas ajustadas na Fig. 3.

Conclusodes

OS resultados do método da razdo, Fig. 3 mostrou
que o comportamento obtido para a curva versus estd
aproximadamente linear na regido estudada, como era
esperado para este método'*>. Figura 4 — O grafico
apresenta o fator de Debye-Waller relativo a temperatura
de 20 °C versus o intervalos de temperatura da Fig. 3.
Em termo da Fig. 4 ilustrou o comportamento do fator
de Debye-Waller relativo a temperatura de 20 °C,
encontrado através do coeficiente linear da reta de cada
temperatura na Fig. 3. O grafico confirmou o aumento da
desordem diante da elevagdo da temperatura.
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Theoretical Study of Thermodynamic
Properties of Liquid Methyl Tert-Butyl Ether

(MTBE) Using Ab Initio Calculations and
Monte Carlo Simulation

Luciene B. Silva & Luiz C. G. Freitas

Introduction

Fuel oxygenates are special types of organic
compounds blended with gasoline to improve its quality.
These compounds raise the oxygen content of gasoline
which enhances the combustion process. As a result,
the harmful vehicular emissions are reduced.la MTBE
is an ether wherein the oxygen atom is bonded to two
alkyl groups (Figure 1). The particular geometry around
the oxygen atom and the nature of the C—O bond make
MTBE a polar molecule.'? The polarity leads to a high
water solubility that combined to MTBE's high vapor
pressure and its widespread use in the fuels, causes
additional pollution of the urban storm water, the
groundwater and the surface water.’

Thus in spite of the air quality benefits, there are
concerns with the use of MTBE. A growing number of
studies have detected MTBE in ground water. In some
instances, these contaminated waters are sources of
drinking water. Low levels of MTBE can make drinking
water supplies undrinkable due to its offensive taste and
odor.1b There are opportunities for MTBE to leak into the
environment and potentially get in drinking water sources
wherever gasoline is stored. There are also opportunities
for it to be spilled whenever fuel is transported or
transferred. Contamination of drinking water sources
can occur from leaking underground and above ground
fuel storage tanks, pipelines, refueling spills, automobile
accidents damaging the fuel tank, consumer disposal of
old gasoline, emissions from older marine engines and

to a lesser degree, storm water runoff, and precipitation
mixed with MTBE in the air.1c

Several studies have been performed in order to
provide developments in technologies for MTBE
removal from water.* The gas phase structures and
properties of MTBE have been calculated using a variety
of ab initio methods.’ The structure and energetics of
neutral, ionized and protonated MTBE clusters were
investigated by vacuum ultraviolet photoionization
and ab initio investigations.® Nevertheless, in spite of
the great interest in MTBE, the nature and extension of
its molecular properties in the condensed phase remain
unclear.

Computer simulations methods such as Monte Carlo
(MC) are suitable tools for investigations of liquid
properties from an atomic level.”® This methodology
provides a direct link between the microscopic details
of the system and its macroscopic properties. A key
component in simulations is the quality of the force field
used to describe the molecular interactions.’ Starting
from geometries and electrostatic potentials obtained
using quantum chemistry methods, force fields for
liquid simulations are usually optimized to reproduce
experimental pure liquid properties, such as density and
heat of vaporization at a given temperature. Typically,
intermolecular interactions in force fields are represented
by effective pair potentials consisting of Lennard-Jones
and Coulomb terms.” Standard Lennard-Jones parameters
are available for all common functional groups found in
organic liquid. The starting parameters can be further
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optimized to reproduce experimental properties of the
liquid phase. The assignment of the partial charges used
to describe the coulombic potential is critical in force
field development. An approach that has been pursued is
to fit the charges to reproduce electronic properties, such
as dipole moment and electrostatic potentials.'® The most
common alternative in liquid simulation has focused on
partial charges from fitting to the electrostatic potential
surface (EPS) using ab initio calculations.!!

The present work presents an investigation of the
thermodynamic properties of liquid MTBE using Monte
Carlo simulation technique. For this purpose a force field
has been developed in order to reproduce accurate results
for available experimental pure liquid properties.

H3Cmet3 0

e
Ctert \\Cmet1H3

Cmet3H3

Figure 1: MTBE molecule

Computacional Details

Consistently with the usual procedure in liquid
simulations,” the MTBE monomer was described as a
set of interaction sites distributed along of the molecular
structure (Figure 1). Standard Lennard-Jones plus
Coulomb potentials, as shown in Equation (1), were
used to calculate the intermolecular interaction energy
between two MTBE monomers.
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E=EL; + Ecoutomt (1)
Where:
o) Iz oy 6
E= ) %y (—) - (—)
P i i

_ a4,
Eaulomd i"_
g ¥

The parametrization of the force field for liquid
MTBE was performed as follows: (i) The geometry
of the MTBE molecule was obtained using the BP86
functional and Def-Bas6 basis set implemented in the
ORCA quantum chemistry program;'? (ii) Point charges
for each site of the MTBE molecule were calculated using
the same functional and basis set above and the CHELPG
procedure!' in ORCA program; (iii) The Lennard-Jones
parameters were empirically optimized from a series
of liquid phase simulations in the NPT ensemble at the
temperature of 298K and pressure of 1 atm; (iv) The
geometric parameters of the MTBE monomers were
considered rigid through the optimization process.

Monte Carlo simulations using the Metropolis
algorithm’ were performed with the DIADORIM
program.’* An initial box containing 500 MTBE
monomers was generated and periodic boundary
conditions were applied through the simulations.

Results and Discussion

Table 1 presents the optimized Lennard-Jones
parameters and charges for the MTBE liquid simulations.
The sites are named according to Figure 1.

Table 1: Lennard-Jones parameters and charges for MTBE simulations

Site c/A & /keal mol” q
(8] 29290 0.1260 -0. 48818
Ctert 3.535 0.0594 1.05161
Cmetl 3.535 0.0594 -0.14319
Cmet3 3.535 0.0594 -0.55700
H 2.525 0.027 0.10423




Using the parameters set listed in Table 1, the
simulations yielded the thermodynamic properties
shown in Table 2. The results were obtained with the MC
method in the isotherm-isobaric ensemble with T=298
K and p=1.0 atm, with 0.202 x 108 configurations for
averaging.

Table 2: Heats of vaporization, A Hvap, density, expansibilities (c) and
compressibilities (k) for MTBE liquid simulation

Thas work
kealmol®  6.739 +/- (0.005)"
. 0.703 +/- (.002)°
T.741 +/-(8)
20.30 +/- (2)

\H\op
Density / g cmn
a/ 107 deg’

)/ 10 anm!

Conclusion

Monte Carlo simulations have been used to investigate
thermodynamic properties of liquid MTBE. For this
purpose, a force field has been developed. An approach
of combining charges from fitting to the EPS using the
CHELPG procedure and Lennard-Jones parameters
empirically optimized provided a proper reproduction
of the experimental heat of vaporization and density of
the MTBE pure liquid. The force field achieved in this
work suggests further studies including the structural
characterization of the condensed phase liquid.
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Zn-doped BaTiO, Materials: A DFT

Investigation for Optoelectronic and
Ferroelectric Properties Improvement

Luis H. S. Lacerda, Renan A. P Ribeiro, Ageo M. de Andrade & Sérgio R. de Lazaro

Introduction

Theoretical methods based on quantum
mechanical simulations are an important tool to
study material properties. Such methodologies are
used for analyzing the electronic, optical, structural,
pyro-, piezo- and ferroelectric properties of any
materials. In case of crystalline semiconductors
materials, these properties are highly dependent
on chemical composition due to chemical bond
character. Among the crystalline materials, the
semiconductors materials stand out once are largely
employed to develop electronic, optical devices,
piezoelectric and memory devices because of its
spontaneous polarization''2. Then, the perovskite
materials are an important group of materials
since are the most abundant minerals in Earth.!
This material has ABX, stoichiometry since A is a
mono or bivalent cation; B is tetra or pentavalent
cation and X is a non-metallic element, in most
cases oxygen. As well as the other semiconductor
materials, the properties of perovskite materials
are dependent of chemical bonds and symmetry of
crystalline structure.

Among the perovskite materials, a most important
is BaTiO, material (BTO). This material is a solid
that can be found in five crystalline structures which
differ according to central atom (Ti) in unit cell.
The stability of each crystalline structure of BTO
is dependent of temperature variation as showed in
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Figure 1. At room temperature (298 K), the BTO has
tetragonal structure. Such structure is characterized
by Ti position out of symmetric center of unit cell
resulting in properties, such as: optical, electronic,
pyro-, piezo- and ferroelectric properties. 416

In this work, the tetrahedral phase was
investigated. This material has a band gap of 3.30
eV and is employed to development of integrated
circuits, energy storage device, temperature
coefficient resistance thermistor, piezoelectric
sensors, sensing and monitoring devices, thin films,
optoelectronic devices, actuators and others.!¢-?!

Figure 1. Crystalline Structures of barium titanate. a) Rhombohedra, b)
Orthorhombic, ¢) Tetrahedral, d) Cubic and e) Hexagonal.



Although BTO is a not a recent discovery, such
material still is largely studied in order to improve
innumerous devices, once its properties can be improved
through of doping process. This process consists in adding
a controlled amount of impurities in semiconductor
structure that changes drastically the properties of a
semiconductor material without changing its crystalline
structure and controlling their properties. > In case of
BTO, the doping process is possible by substitution of
Ba, Ti or O atoms?*?* Among these substitutions, the
replacement of Ba atoms for Zn atoms (BZTO) was not
largely analyzed due to few works focused in this system.
Such manuscripts evaluated only the structural, optical,
electronic properties, the grain growth and photocatalysis
application of Zn-doped BTQ.?*26 % 3% Therefore, we
propose a BZTO theoretical investigation based on DFT/
B3LYP to evaluate the effects of Zn-doping in different
amounts on BTO structural, electronic, optical and
ferroelectric properties.

Methods

BTO material simulation was performed based on
a tetragonal structure. This structure is composed by
one Ba atom, one Ti atom and two O atoms arranged
on P4mm (99) space group with lattice parameters a =
b =3.98601 A, c = 4.0259 A and angles 0. = p =y =
90°.16 The BZTO models was developed from unit cell
expansion in the direction of axes a and b resulting at 25-
100% doping (Table 1). For all models, the TZVP?! basis
set was employed to describe the Ti, O and Zn atoms;
whereas, the Ba atoms were described by Zagorac?? basis
set employing the HAY WSC* pseudopotential.

Table 1. Description of the unit cells used for simulating the Zn-doping
on BaTiO3 material.

Doped amount Unit cell Ba atoms
(%) expansion replaced

0 2x2x1 0

25 2x2x1 1

50 2x2x1 2

78 2x2x1 3

100 2x2x1 4

The calculation level applied was based on the
Density Functional Theory (DFT) at set B3LYP hybrid
functional®* 3%; SCF convergence was truncated in 10-8
Hartree and Mohnkhost-Pach*® method defined as 8x8
using CRYSTALO093":3 software. Vibrational calculations
were also performed using optimized results for all
models to evaluation of thermodynamic stability at room
temperature (298.5 K) and 1 atm. The theoretical results
discussed in this manuscript are Density of States (DOS)
Projections and Band Structure analysis. XCrysden®*
40 Software was used for structural analysis. Personal
computer using Ubuntu Linux operational system made
up by quad-core AMD processor with 32 GB of RAM
and data storage capability of 3.5 TB was used in all
simulations.

Results and Discussion

STRUCTURAL PROPERTIES

The evaluation of Zn influence on structural properties
of BTO material (Table 2) was performed through lattice
parameters, unit cell angles, tetragonality factor (c/a)
and p structural coefficient (Equation 1). Such results
indicate that unit cell symmetry was not affected by Zn-
doping. While Zn-doping amount increases, a, b and c
lattice parameters decrease linearly (Figures 2). The
linear variation of lattice parameters was evaluated based
on Vegard’s Law* #* that provides a linear relationship
between lattice parameters and impurity amount.
According to this empirical rule the linear variation
of lattice parameters with dopant amount variation
indicates an ideal behavior for solid solution. Then, the
Zn insertion in the BTO structure is characterized by
an ideal behaviour indicating the possible formation
of solid solution. The stability of BZTO materials are
better discussed in Thermodynamic Stability Evaluation
Section. For 50 % model, the lattice parameter c are
bigger than for BTO model due to the equal amount
of Ba and Zn in crystalline structure which causes the
perturbation through of replaced atoms distribution.
However, the tetragonality index and p values indicate
that the tetragonal symmetry of unit cell is kept.

The lattice parameters are changed due to bond length
decrease in crystalline structure, once for BTO model the
average bond length for Ba — O and Ti — O are 2.865 A
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and 2.033 A, respectively. As the Zn quantity increases,
these values are reduced. Thus, for Zn-doped BTO at
100 % such bonds have average bond length of 2.685 A
and 1.928 A, respectively. Although Ti — O bonds were
changed, the p coefficient structural evaluation indicates
that the Ti position is slightly modified; therefore, it is
expected the arising of ferroelectric and piezoelectric
properties for BZTO materials are not smaller regarding
to BTO.

6.0

—a— ]
5.5 o—bh
5.0 —h—c

—v— Tetragonality Factor
—&— p Structural Coefficient

Structural properties (A)
w
=

<
L 2
L ]

10 20 30 40 50 60 70 80 90 100
Doping (%)

Figure 2. Variation of Lattice parameters (in A), unit cell angles (in
degrees), Tetragonal factor (a/c) and structural coefficient p for BTO
and BZTO models according to dopant amount.

ELECTRONIC PROPERTIES

The electronic properties of BTO and BZTO materials
were evaluated through the projected Density of States
(DOS) for analysing models, evaluated from last five
energy bands of the Valence Band (VB) and the first five
energy bands of the Conduction Band (CB) featuring
the band gap region (Eg). For BTO model, the O atoms
largely contribute to the composition on all VB and for
lower energy levels of CB through 2s and 2p orbitals;
whereas, Ti atoms have low contribution for VB through
of 3d and 3p orbitals and compose majority in CB
through 3d orbitals. In turn, Ba atoms lightly contribute
for VB through 5sp and 6sp orbitals; while, its 3d orbitals
contributed for CB. The doping process has showed
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low influence on O and Ba contributions in VB and CB.
Nevertheless, the Ti contribution in CB was observed in
a higher energy level than in BTO model. Zn contribution
was made by 4s orbitals that has low contribution in VB
and average contribution in CB. This insertion of Zn
atoms shows a strong effect on the energy at the top of the
VB in relation to the BTO material, causing degeneration
of such energy levels, as well as reducing the contribution
of the Ti atoms in CB.

OPTICAL PROPERTIES

The optical property of a solid is defined as the
interaction between a solid and electromagnetic radiation.
In case of semiconductor materials, the interaction only
occurs with electromagnetic energy equal to or higher
than Eg? 4. The optical property of BTO and BZTO
material were evaluated through of Eg values (Table
3) showing that a decrease linearly with the Zn doping.
Therefore, the presence of Zn atoms in the crystalline
structure cause changes in the electronic structure from
Zn orbitals insertion energy lower than Ti orbitals in the
CB. The band gap change after doping process is large,
once for BTO the characteristic wavelength is located
on Ultraviolet-Visible (UV-Vis); whereas, for BZTO at
100 % the radiation characteristic is observed on Infrared
region. As shown on Table 3, all the Eg are refered to an
indirect excitation, except for 75 % model that present a
direct excitation along the G symmetry points.

Table 3. Theoretical results calculated for indirect and direct band gaps
(Eg in eV), wavelength (in nm), electromagnetic radiation range in
relation to doping amount (in %).

D“gj“g E;(€V) A (um) Radiation
" (1\; ESG) 37191 yibte
25 (Rz_siﬁ 42033 Visible
50 (‘fflG) 56140  Visible
75 ( é fi}) 764.53 Infrared
100 ( _a[j _- Z,r) 1656.50  Infrared




The Figure 3 shows the band-gap variation g) for BZTO
models in relation to BTO indicating a linear decrease.
Then, all BZTO models have band-gap below to of BTO
material. Such variation is caused by displacement of
bottom of CB to a lower energy level than in BTO material
due to Zn orbitals contribution. Figure 4 shows the results
for top of VB and bottom of CB energy levels for all models
investigated. These results indicate that the VB level for
Zn-doped models is slightly different of the energy level
observed in BTO material. In order hand, the influence of
Zn-doping process on CB energy level is strong, since the
energy level is reduced largely.

4.0

3.5

3.0 u

AE_(eV)

0.5
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Figure 3. Theoretical results for BTO band gap according to Zn-dopant
amount.
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Figure 4. Energy levels calculated from DFT/B3LYP at the top of
Valence Band (VB) and the bottom of Conduction Band (CB) according
to Zn-doping amount.

FERROELECTRIC PROPERTIES

Nowadays, the perovskite-type materials have been largely
applied in the development of ferroelectric memories and
charge storage devices because of high values for polarizability
and dielectric constants presented by these materials.** In a
ferroelectric material the direction of charge polarization can
be reverted applying an external electrical field, which is very
important to the charge storage property.

In general, the dielectric constant (&) determines the charge
storage capacity; whereas, the polarizability (at) describes how
much a material is polarizable under an electrical field.43
These measures were developed by solid state theory, in order
to better understand the ferroelectric property of the materials
and they are dependent on the tensor matrix; which is directed
similarly to the Cartesian coordinates system. For BTO and
BZTO materials, the € and o amount were investigated based
on components presented in Figure 5.

The € and a results for BTO and BZTO models are shown
in the Table 4 and indicate that doping process improves largely
the ferroelectric property because theoretically there is an
increase in all tensor matrix components in relation to BTO;
except for BZTO at 100 % model, which shows a decrease
for both € and o regarding to pure material. Thus, the higher
values for € and o were observed to BZTO at 75 % doping. The
increase observed in relation to Zn-doping, can be understood
because the octahedron distortion in the crystalline structure
that are responsible for the increase of the dielectric constants
and polarizability. Another point is associated to the atoms
random distribution in crystalline structure causing a lower
symmetry in relation to BTO; consequently, the electronic
density is randomky distributed providing ferroelectric and
dielectric properties higher than those in the BTO.

Figure 5. Octahedral sites for tetragonal-BTO and xx, yy and zz
components used for calculating dielectric constants and polarizability.
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Table 4. Polarizability (o) and dielectric constants (€) for BTO and BZTO models.

V] £
Dopagem (%0) ~ Componente _ C.‘omponeqte
XX ¥y XX ¥V Zz

0 154,1379 - 216.2654 5.3564 176.6886
25 320.0193 - 8975.2729 5,7011 66,9239
50 2051744  298.6174  301.6386.10° 5,3724 5.4234 223.41.10°
75 3333171 331.4823  474.9845.10 6.2531 6.2241 374.29.. 10°
100 162,264 - 150.181 6.359 5.960

Table 5. Theoretical values for mixing Gibbs Free Energy variation
(AGmix) and Gibbs Free Energy variation in relation to pure BTO
(AAG) for BZTO materials

Modelo (%) AG (kJ.mol™) AAG (kJ.mol )

0 0 0

25 -68.8969 -51.4552
50 -41.6027 -24.1609
100 0 -45.7471

THERMODYNAMIC STABILITY EVALUATION

According to Vegard’s law, the structural results for
BZTO models indicate that this solid solution shows an
ideal character; then, it is expected that these materials
can be obtained by experimental techniques, once the
crystalline structure is linearly changed from dopant
amount. In literature, BZTO materials were synthetized
from 0 to 10 %. In manuscript of Caballero and
coauthors30 is not founded information of Zn solubility
limit on BTO crystalline structure. Assuming that the
Vegard’s law prevision is not enough to determines the
stability of BZTO materials, vibrational calculations were
performed. Such vibrational calculations were based on
DFT/B3LYP and we calculate the mixing Gibbs Free
Energy (AGmix — Equation 2) and Gibbs Free Energy in
relation to BTO material (AAG — Equation 3).

1-xBaTiO; + Zn0

— Ba,_,.Zn,Ti0O;

Equation 2

Equation 3
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The positive value for AAG indicates that these models
are not favorable thermodynamically to be obtained the
crystalline structure; while, the negative values suggest
a thermodynamically factor favorable obtained the
crystalline structure. The thermodynamically stability
results for BTO and BZTO are present on Table 5. For
all BZTO models, the DDGmix results are negatives in
relation to BTO suggesting that such models are stable
at room conditions. Then, these results corroborate with
structural results provided by Vegard’s law discussed
before and they strongly suggest that BZTO materials a
viable alternative to development of electronic, optical
and ferroelectric devices and they are expected to show
excellent fluorescence properties.™-

Conclusions

We used DFT with periodic model to evaluate the
structure, electronic, optical and ferroelectric properties
for Zn-doping in barium tintanate. Electronic and optical
properties showed that Zn—doping are potential alternatives
to be employed in electronic and optical devices, once the
band-gap decrease changes the profile wavelength to the
visible and infrared range of electromagnetic spectrum.
The band-gap variation is caused by Zn atoms influencing
as Valence Band as Conduction Band of BaTiO, material.
The ferroelectric property was evaluated for all models and
presented that Zn atoms insertion is a good alternative to
improve the ferroelectric properties of BaTiO, materials.
The vibrational frequencies and structure results for BZTO
materials indicates that all models investigated are stable
at room condition.



Then, it is concluded tha the Zn—doping on BaTiO,
crystalline structure improve electronic, optical and
ferroelectric properties and it is a potential alternatives
to application in ferroelectric devices employed in
several electronic and optical devices, solar cells, and
photocatalysis processes.
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Polaron Dynamics in
Organic Molecular Stacks

Luiz A. R. Junior

Introduction

Organic semiconductors have emerged as ideal
candidates for the design of optoelectronic devices such
as photovoltaics' and light-emitting? diodes due to present
important traits which are required for the development
of new green energy solutions. The potential advantages
in terms of low cost, flexibility, and low environmental
impact make these materials attractive for the electronics
industry. In order to increase the device performance,
a better understanding at a molecular and even at
the atomic scale of the charge transport properties is
absolutely required®*. Particularly, the polaron stability
and dynamics are of critical importance for the device
performance.

The charge transport in organic materials can be
classified in three different processes, considering the
temperature dependence: the small polaron model,
which is dominated by the nonadiabatic hopping
process; the adiabatic (large) polaron model, and the
band-like transport®. Organic molecular crystals and
stacks, i. e., 2D and 1D systems, respectively, are
particularly interesting in this context since they can,
depending on preparation techniques and the choice of
molecular constituents, exhibit different combinations
of these processes.

Semiconducting molecular crystals are recognized
to exhibit two types of electron—phonon couplings: the
local intra-molecular (Holstein-type) and the non-local
inter-molecular (Peierls-type)®. A considerable amount

of theoretical work, focused on understanding the charge
transport processes in organic semiconductors, has been
performed in the framework of the Holstein—Peierls model
in the last few years®®. Nevertheless, studies that take
into account different electronic and lattice parameters
to characterize the polaron stability and dynamics for
different kind of molecular stacks, are not available in the
literature. Furthermore, the role played by the anisotropy
in the polaron stability and dynamics (when more than
one stack is considered) is not completely understood
and requires a more detailed understanding.

In this work, a systematic numerical investigation
of the influence of different electronic and lattice
parameters on the polaron stability in organic molecular
stacks is performed using a semi-empirical Holstein—
Peierls model. The approach takes into account both
intra- and inter-molecular electron—lattice interactions
to describe also the polaron dynamics in the system.
These investigations are performed in one-dimensional
systems (molecular stacks) by varying relations between
the transfer integral (electronic parameter), force
constant and the electron-phonon coupling (lattice
parameters). The systems investigated here are designed
to resemble single stacks in molecular semiconductors
such as pentacene, anthracene, or rubrene. An Ehrenfest
Molecular Dynamics approach is performed by using a
one-dimensional tight-binding model including lattice
relaxation. Temperature effects are included by means
of a canonical Langevin equation. The aim of this work
is to give a physical picture of the polaron stability and
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transport in organic molecular stacks contributing to the
understanding of these important processes that may
provide guidance to improve the charge transport in
organic optoelectronic devices.

Methods

In our model, each molecule is represented by a site
with index i having two degrees of freedom where V'
is the site displacements involved in the antisymmetric
non-local vibrational modes and is the single internal
phonon mode coupled to the electronic system through
of the local e-ph coupling, according as represented in
Figure 1. In this way, the combined Holstein-Peierls

Hamiltonian is described as H,, =H  + H,_, and can

r

Helee = ZWJ tfn'[':.'-r'ff + Z-r.n"r'ﬂ.f(-:.f(-:r}L +hed
1

assumes the following form for the first part (electronic
Hamiltonian): where J_ . is the inter-molecular transfer
integral between two neighboring sites and is defined as

Jirri = Jo = [a vy — vi)]e A0,
The operator & i@ creates (annihilates) a carrier
at the i-th lattice site; J is the transfer integral for a
pristine lattice; * “ = with e being the absolute value of

the electronic charge, c is the speed of light, and a is the
lattice constant; a, and a,*are the e—ph coupling constants
for intra—molecular and inter—-molecular, and vibrations,
respectively. The electric field is assumed to be static and
included in the model by means of the time dependent
potential vector (1) = —cEy.

Vx

Figure 1. Schematic representation of the one—dimensional Holstein—
Peierls System
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The last part in is H, the Hamiltonian of the lattice
backbone (Hlatt=H, , H_ ) which is described by the
two separate harmonic oscillators, considering the intra-
and inter-molecular modes:

Ky M, :
Higrey = = E (u)* +—= E (1)
2 L 2 L
L A

and

K> Mo,
Hiea =5 ) (ha = v +5 ) )
i i

where the force constants and and the masses and refer to
the intra— and inter— molecular oscillators, respectively.
Here, we have used the following values for the above—
mentioned parameters: J,0, o,* K'and K varying in the
range [35-100] meV, [0.5-2.0] eV/A, [0.5-2.0] eV/A,
[5-10] eV/, [1.0-5] eV/ , respectively, M =1.3 x 10°°
V(as/ A)? M>=2.6x10" eV(as/ A)?, and a = 3.5 A>. The
dynamical simulations are carried out using a particular
set of parameters depending on the kind of molecular
stack.

The electronic dynamics is performed by means of the
time-dependent Schrdodinger equation. By introducing
instantaneous eigenstates, the solution at each instant of
time can be expressed in the form
where ¢ (m) and ¢, are the eigenfunctions and eigenvalues

Wit +40) = ) [Z #i (myp(m, t)}
l m

ig At

xe h ¢;(n)

of H,  at time t, respectively. The equations of motion
for the lattice backbone are given by the newtonian
equations for the intra—molecular displacement and for
the antisymmetric inter—molecular vibrations similarly to
reported in references*.



Results and Discussion

We have mentioned above that our model considers
two degrees of freedom. The distortions related
to the polaron show a negative value for the intra-
site displacements, which denotes a compression of
the molecules due to the excess of charge. On the
other hand, the inter-molecular distortions show a
contraction (negative values) for the two neighboring
inter-molecular displacements of the central molecule,
where the polaron is initially localized, as represented
in Figure 1. These contractions are followed by
elongations (positive values) in the displacements
of the other molecules. These elongations decrease
with increasing numbers of molecules, in order to
keep the constraint of fixed total displacements. The
lattice geometry of the system is optimized using the
resilient backpropagation, RPROP, algorithm. For
the charge distribution presented by the optimized
geometry, the polaron is localized initially at three
molecules with its main contribution residing on a
central molecule.

With this geometry configuration and charge
localization in mind, we now turn to simulations for
the polaron dynamics in a system which resembles
a pentacene stack (just to present an overview about
the results in this abstract). Figure 2 depicts the
results for the polaron dynamics in a one-dimensional
system (a molecular stack) consisting of 20 sites. The
calculations are carried out considering an adiabatic
approximation in which the wavefunction of the
charge is assumed to be a single eigenstate (the lowest
LUMO) of the total Hamiltonian. In other words, the
charge associated with the polaron remains in the
same state during transport process and only this state
changes its position with time.

After the electric field is applied, it takes a while
(about 250fs) for the charge to start moving but then
it moves with a constant velocity of about 25 A/ps.
This velocity can be calculated from the molecular
charge density (panel (a)) by counting the number of
the sites that has been travelled during the simulation
time. Beside the charge density, the intra-molecular
displacements (u, ) (panel (b)) and intermolecular bond
lengths, (v*,, - v.¥) (panel (c)) are also demonstrated.
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Time (fs)

Time (fs)

Figure 2. Polaron dynamics in a one-dimensional system (molecular
stack): (a) molecular charge distribution, (b) intra-molecular
displacement, and (c) inter-molecular bond length for = 1.5 eV/A, =
10.0eV/,=0.5eV/A,=1.5eV/,=50 meV and = 2.0 mV/A.

Inspite of intra-molecular vibrations, inter-
molecular distances, Figure 2(c), form traveling waves
in the system which move with approximately the
same velocity in the opposite direction of the polaron
motion. In summary, when the polaron is situated on
site 1, the bond length between sites i-1 and i (in this
case where the polaron moves in the -x direction) will
get contracted (blue color in panel (b) and (c)) which
in turn will result in an expansion in the bond length
between sites i and i + 1 (red color in panel (b) and
(c)). It should be noted that the oscillatory behavior
follows the classical mass-spring oscillator with a
frequency . fT

N My
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It is important to get a view over the polaron transport
phenomena according the transport mechanism described
in the previous section. In Figure 2(a), it can be seen that
the charge is localized on two sites in the beginning. It
starts to move due to the applied force of electric field.
One can describe the motion as an adiabatic process
in which at each instant of time the charge goes from
being centered on a single molecule (T1) to being shared
equally between two neighboring molecules (T2) and
then drifts and gets centered on the next molecule (T3).
Obtain more details on this issue and how the transport is
affected by changing different parameters is precisely the
aim of this work.

Conclusions

In summary, a semi-empirical Holstein—Peierls model
was used to study the polaron stability and mobility
in crystalline organic semiconductors at a molecular
level. The approach takes into account both intra- and
intermolecular electron—lattice interactions as well as
the effects of an external electric field. Furthermore, we
have investigated the effects of the change of parameters
on the polaron stability and mobility in order to simulate
different kind of molecular stacks.

The results presented above are one of the evidences
that the parameters may describe different types of
interactions within a molecular crystal and that result in
a stable mobile polaron. Nevertheless, the parameters
that result in such a mobile polaron agree well with the
interaction strengths that we can expect in molecular
crystals. It is therefore plausible that the charge transport
in terms of large polaron motion occurs in molecular
crystals.
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Desenvolvimento de Ferramenta para a
Insercdo com Baixa Perturbacao de Proteinas
de Membrana em Bicamadas Lipidicas para

Simulacoes de Dindmica Molecular

Luiz F. C. Zonetti & Alexandre S. Araujo

Introducéo

Para a melhor compreenséo dos fenémenos fisicos e
quimicos observados em sistemas bioldgicos os métodos
de simulacdo e modelagem computacional sdo, sem
duvida, uma ferramenta poderosa. Estes métodos de
simulacdo complementam e estreitam a ligagdo entre a
teoria € o experimento, contribuindo significativamente
para o melhor entendimento dos sistemas investigados.
O método de Dinamica Molecular tornou-se popular e
poderoso para o estudo de bicamadas lipidicas e proteinas
de membrana na ultima década devido aos avangos
nas areas de software e hardware. Entretanto, algumas
simula¢des de Dinamica Molecular deste tipo de sistema
podem envolver um numero elevado de atomos, o que
resulta em tempos de simulagdo muito altos, o que ¢é
altamente indesejavel na fase de equilibracdo do sistema.

Neste trabalho apresentamos o desenvolvimento de
um script cuja finalidade ¢ inserir proteinas de membrana
em bicamadas lipidicas causando a minima perturbagao
possivel, de modo a minimizar o tempo de simulagéo
necessario para o reestabelecimento do estado de
equilibrio do sistema. O método foi aplicado na inser¢ao
do peptideo de fusdo da proteina E do virus da dengue em
bicamadas puras e mistas. Os resultados obtidos apontam
minima perturbacdo na bicamada devido ao processo de
inser¢do do peptideo.

O método desenvolvido foi desenvolvido baseado
nas ideias contidas no trabalho de Christian Kandtl,

com a diferenca de que em nosso caso ndo sdo retiradas
moléculas de fosfolipidos da bicamada no processo. Isso
¢ particularmente conveniente em simulagdes onde ¢
calculado o perfil de energia livre por um caminho de
reacdo usando a técnica de multiplas janelas, ja que as
diversas janelas criadas pelo nosso método apresentam
o mesmo numero de fosfolipidios. Sdo apresentados
alguns sistemas gerados e resultados da comparacdo de
propriedades fisico-quimicas das bicamadas equilibradas
usadas como entrada do script e as bicamadas geradas
com a proteina ja inserida no sistema.

Métodos

Como a finalidade do script ¢ gerar diferentes
janelas para simulagdes de perfil de energia livre
por um caminho de reagdo, a dindmica de seu
funcionamento consiste na geragdo, a partir de
uma configuracdo inicial, de configuragdes onde
a distdncia entre dois grupos de atomos assumem
diferentes valores consecutivos. No caso do sistema
estudado nesse trabalho o caminho de reacdo ¢é
a distancia em z entre o centro de massa (CM) do
peptideo e o centro de massa da bicamada. A seguir
descrevemos com detalhes cada etapa do método:

1. Movimenta o peptideo até a posi¢do definida
para a janela em questdo

2. Verifica se a distancia z entre o CM do
peptideo e da bicamada é maior que um
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determinado valor definido pelo usuario.

Se for, salva a configuragdo e passa para a
proxima janela, se ndo, segue para as proximas
etapas na mesma janela.

3. Calcula a coordenada x do centro geométrico
do peptideo e define duas bandas na bicamada
selecionando moléculas de fosfolipideos cujos
atomos de fosforo possuem coordenada x
maior ou menor que esse valor.

4. Calcula as dimensdes do peptideo na diregdo
x e desloca as bandas definidas no passo 3
nessa direcdo de modo a criar uma a abertura
com o tamanho do peptideo.

5. Inicia a sequéncia de “fechamento” da
bicamada onde em cada passo a abertura criada
¢ diminuida de uma distancia determinada
pelo usuario seguida por uma simulacdo de
minimizagdo de energia para dissipar possiveis
superposi¢des de atomos.

6. O fechamento para quando o RMSD entre a
posi¢do original e atual dos atomos de fosforo
€ minima, o que significa que a bicamada
retornou a conformagdo mais proxima da
original possivel.

7. Salva a configuragdo obtida ¢ passa para a
proxima janela.

Detalhes Computacionais

A linguagem utilizada no script foi o tcl e sua
execugdo ¢ feita pelo software Visual Molecular
Dynamics (VMD)2. Como as simula¢gdes dos
sistemas gerados serdo realizadas utilizando o
programa NAMD (Nanoscale Molecular Dynamics
program)?, o scritp trabalha com arquivos dos tipos
pdb e psf.

Nos  resultados  apresentados  utilizamos
bicamadas lipidicas em solu¢do aquosa compostas
por lipideos de POPC (Palmitoil-Oleil-Fosfatidil-
Colina) (bicamada pura) e por lipideos de POPC
e POPG (Palmitoil-Oleil-Fosfatidil-Glicerol) na
proporcdo 4:1 (bicamada mista). Inserimos nessas
bicamadas uma sequéncia de aminoacidos da
proteina E do virus da dengue do residuo 98 até o
residuo 110, conhecido como peptideo de fusdo, que
contem a seguinte sequéncia de aminoacidos D R G
WGNGCGLFGK.
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O Perfil de Densidade de Massa fornece informagdes
sobre a espessura da bicamada e¢ a posi¢do média de
moléculas especificas como a agua, proteina, grupos
que compdem os lipidios, etc, para isso usamos o plugin
Density Profile do VMD*.

Resultados e Discussdo

Os arquivos de entrada para o script (bicamadas
lipidicas solvatadas) foram gerados no site do CHARMM-
GUI’® com a ferramenta Membrane Builder’®. Geramos
dois sistemas para nossas simula¢des: a bicamada pura
contém 288 moléculas de POPC e a mista contendo
240 moléculas de POPC e 60 moléculas de POPG. As
bicamadas foram posicionadas de modo que o eixo
normal ao seu plano coincidisse com o €ixo z.

As bicamadas foram solvatadas com moléculas de
4gua suficientes para gerar camadas de aproximadamente
80 A de cada lado. A seguir, foi adicionado ao sistema o
peptideo de modo que a menor distancia entre qualquer
um de seus atomos ¢ a posi¢do média dos atomos de
fosforo dos fosfolipidios mais préximos fosse 20 A.
Esses sistemas contendo a bicamada (pura ou mista), as
camadas de 4dgua e o peptideo posicionado na solucdo
foram utilizados como arquivos de entrada para o script.
Aplicamos o script para a geragdo de 60 janelas que
diferiram na distancia do peptideo ao centro da bicamada.
Selecionamos trés dessas configuragdes, para cada
composicao da bicamada, para realizarmos as analises
apresentadas neste trabalho, sendo que em cada uma delas
o peptideo ocupa ambientes fisico-quimicos distintos: no
sistema 1 o peptideo esta na solugdo, com seu centro de
massa a uma distancia em z de aproximadamente 50 A do
centro da bicamada, no sistema 2 o peptideo se localiza
na interface dgua/bicamada estando seu centro de massa
a aproximadamente 20 A do centro da bicamada e no
sistema 3 o peptideo estd completamente inserido na
bicamada com o centro de massa coincidindo com o
centro da bicamada.

Na figura 1 apresentamos os sistemas gerados com a
bicamada pura e na figura 2 os sistemas gerados com a
bicamada mista. As moléculas de agua estdo representadas
como uma superficie roxa, o peptideo representado
em licorice e com os residuos coloridos conforme sua
natureza fisica, em azul e vermelho residuos com carga
positiva ou negativa, respectivamente, em verde os



polares e em branco os hidrofobicos. Na bicamada, os
grupos acilicos das moléculas de POPC estdo coloridos
em ciano e das de POPG em vermelho, nas regido
polar os atomos de fosforo sdo as esferas marrons,
os nitrogénios esferas azuis e os oxigénios esferas
vermelhas. Observamos que em todos os casos o peptideo
esta inserido adequadamente na bicamada sem alteragoes
conformacionais significativas tanto no peptideo como
na bicamada. Nao observamos superposi¢des severas
que podem levar, quando da simulag@o desses sistemas, a
valores de energia que possam desestabiliza-los.

A figura 3 mostra o RMSD entre as posi¢des dos
atomos de fosforo da conformagido original e cada
etapa do processo de fechamento da bicamada descrito
nos itens 5 e 6 da sec@o de métodos. Nas configuragdes
analisadas nesse trabalho esse processo aconteceu
apenas para os sistemas 2 e 3. Observa-se na figura
que os sistemas 2 (linha preta) e 3 (linha verde) da
bicamada pura apresentam resultados semelhantes
com o valor minimo para o RMSD por volta de 0,5
A. O mesmo acontece para os sistemas contendo a
bicamada mista, como podemos verificar na figura, os

Figura 1. Sistemas gerados com a bicamada de POPC utilizando o
método desenvolvido: (a) com o peptideo localizado na solugdo. (b)
com o peptideo localizado na interface agua/bicamada. (c) com o
peptideo localizado no interior da bicamada.
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Figura 2. Sistemas gerados com a bicamada de POPC e POPG
utilizando o método desenvolvido: (a) com o peptideo localizado na
solugdo. (b) com o peptideo localizado na interface agua/bicamada. (c)
com o peptideo localizado no interior da bicamada.
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sistemas 2 (linha vermelha) e 3 (linha azul) apresentam
valor minimo de RMSD em torno de 0,1 A alcangado
com menos passos. Esses valores de RMSD menores
que 1 A apontam que em ambos os casos (bicamada
pura e simples) a configuracdo estrutural da bicamada
obtida apds o processo de insercdo do peptideo ¢é
muito préoxima da observada na bicamada original que
estava equilibrada. Assim, os sistemas gerados pelo
nosso método irdo requerer muito menos tempo de
equilibragdo que sistemas gerados por métodos onde
se exclui grande quantidade de fosfolipideos para a
inser¢do da proteina.

Por meio de uma varredura ao longo do eixo
z (perpendicular a membrana) pode-se calcular a
densidade de massa referente as moléculas de interesse
em cada ponto do sistema, este mapeamento fornece o
Perfil de Densidade de Massa. Com isso, ¢ possivel
determinar a regido média ocupada pelo solvente, pela
bicamada e pela proteina, além de permitir estimar a
espessura média da bicamada.

— sistema 2 POPC

6 Sy — sistema 3 POPC 1
. — sistema 2 POPC_POPG
— sistema 3 POPC_POPG

RMSD (A)
T

)
T

Figura 3. RMSD entre as posi¢des dos atomos de fosforo da bicamada
original e a bicamada no processo de fechamento apos a inser¢do do
peptideo. Sdo apresentados os resultados apenas para sistemas onde
foi necessario abrir a bicamada para a inser¢do do peptideo, no caso
os sistemas 2 e 3 das bicamadas pura e mista. As linhas preta e verde
representam os sistemas 2 e 3 da bicamada pura, respectivamente. As
linhas vermelha e azul representam os sitemas 2 e 3 da bicamada mista.
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Os graficos do Perfil de Densidade de Massa (PDM)
dos sistemas contendo bicamada de POPC (bicamada
pura) e de POPC com POPG (bicamada mista)
sdo mostrados nas figuras 4 e 5, respectivamente.
Analisando as linhas vermelhas (PDM dos
fosfolipideos) e azuis (PDM do grupo fosfato) de
todos os graficos observamos que ambas as bicamadas
apresentam uma espessura média em torno de 40 A
mesmo apds o processo de abertura e fechamento
para a insercdo do peptideo. Isso mostra que o método
aqui descrito perturba muito pouco as bicamadas com
relagdo a sua espessura. Observando as linhas verdes
vemos onde o peptideo se localiza, em média, em cada
sistema. O PDM da agua indica coexisténcia com
a regido polar da bicamada na interface e ¢ nulo na
regido no centro da membrana, como esperado.

Conclus@o

A partir dos resultados e discussdes realizadas acima,
podemos concluir que o método proposto e o script
implementado sdo eficientes para a inser¢do de proteinas
em bicamadas lipidicas causando a minima perturbagao
possivel. O RMSD calculado mostra que a diferenga
entre as posi¢cdes dos atomos de referéncia (fosforos)
da bicamada original e da bicamada gerada ficou abaixo
de 1 A, com convergéncia mais rdpida para a bicamada
mista (POPC/POPG).

Através do grafico do Perfil de Densidade de Massa
observamos que a espessura da bicamada fica em torno
de 40 A em todos os sistemas, o que mostra que o método
de inser¢do da proteina pouco altera a estrutura da
bicamada. O PDM também nos mostra que nosso método
também causa baixo ou nenhum impacto na solvatagdo
da bicamada, ja que a distribuicdo das moléculas de dgua
permanece inalterada depois do processo de fechamento
da bicamada.

Perpectivas Futuras

Os proximos passos serdo a execugdo de simulagdes
de Dinamica Molecular dos sistemas gerados para o
monitoramento de propriedades fisico-quimicas da
bicamada como area por lipideo, PDM e parametro de
ordem. Observaremos quanto tempo de simulagdo sera
necessario para alcangarmos valores de referéncia e



8000 l: =

— POPC

g

dersidade de massa (a.mu, / A)
w o
= =
s &

2
=

g

L=

densidade de mass (a.m.u. £ A)

g E8E88¢88¢E

E

P I SN Y V|
-loo -80 60 40 -20 1] 20 40 60  ED 100

=]

g 8 g

densidade de massa (amu / A)
g 8

densidade de massa (amu / &)
£ £ 8 &
= § s =

2000

Figura 4. Perfil de Densidade de Massa (PDM) da bicamada pura de
POPC em relagdo ao eixo z, onde em (a), (b), (¢) e (d) a linha preta
representa a agua, a linha azul os grupos fosfato dos fosfolipideos, a
linha vermelha o POPC e a verde o peptideo.

0l ——
8 — phosphate | ]
—_— POPC, HJM’i_

TOMO

. t A

densidade de massa (amou. /
§ 88 ¢
=
g &

%

2
2

g

- protcin

(amuf A)

5000

1000

<

| I I RN A | 1 I‘
00 80 60 40 20 0 20 40 60 & 100

LU o

= walcr -
B — phosphate ]
— POPC_POPG
_ 7000 — peotsin .
-
3 6000
g
‘g’ 5000
E
2 4000
&
2 3000
a8
2
2000
1000
[J-lt)(l -80  -60 -0 20 (1) 20 40 6l L 100
2 (k)
WN—T——T T T T T T T T T
HOO0

T000

2
=

dersidade de massa (ama £ A)
s &
g

3000
2000
1000
0 1 1 | e LN "
-0 B0 60 4D 220 0 W0 40 60 R0 100
2y

Figura S. Perfil de Densidade de Massa (PDM) da bicamada mista
de POPC ¢ POPG em relagdo ao eixo z, onde em (a), (b), (c) e (d)
a linha preta representa a agua, a linha azul os grupos fosfato dos
fosfolipideos, a linha vermelha o POPC ou POPG e a verde o peptideo.

Jul / Dez de 2015 Edi¢ao Especial XVIII SBQT Revista Processos Quimicos 289



Artigo Geral 71

compararemos esses tempos com tempos obtidos a partir
de simulag¢des com sistemas gerados por outros métodos.
Com isso teremos base para comparacao de nosso método
com outros ja estabelecidos.
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Analysis of Aluminium-
Magnesium Alloy Clusters
Through Genetic Algorithm

Mateus A. M. Paiva & Breno R. L. Galvdo

Introduction

Metal clusters have attracted a large scientific effort
in the past few years due to their potential technological
applications at the nanoscale. Mixed metal systems are
known to have modified and often desirable properties
relative to the pure phases of the individual metal,
including improved corrosion resistance, low density
and malleability.! Metal alloys composed of aluminum
and magnesium have been widely recognized to be of
importance in industry and aerospace manufacturing.?

In this work the structures and properties of Al-Mg
alloys are investigated theoretically.

Methods

A modified genetic algorithm (GA) was employed in
the search for the potential energy minimum associated
with AlxMgy (x+y<=35) clusters using an empirical Gupta
many-body potential.? The GA initially generates a number
of random clusters. The energy of these random clusters
are minimized locally and ranked by their energies. The
best clusters are then selected as parents and crossed to
generate a new population. Mutation is also performed in
15% probability by rotating parts of the cluster by random
amounts. Convergence is achieved when no further
improvement is reached after a given number of generations.

In order to avoid stagnation in a local minimum,
the genetic algorithm here employed uses two different
evolutionary operators: the operator history (OH) and
the annihilator (A), which initiate new GA cycles in the
search for different minima.>*

E=E™+E® (1)
. f .. 142
i 2 5al 1 '
;_..?.-.u":_ ;{ px|jl—_3r}|ré—]l| i (2)
N [ Ir '.
E?\":Z .}'—'LE'."L]:I — J-_H“—I:;-" 1 | ';3]

The term Ei band is an expression for many bodies
and composes the attractive part of the energy, taking
into account the character of the metal band connection.
Equation 3 is interpreted as a repulsive contribution to
ensure the stability of the structure. The parameters q,
p, & and A were adjusted in the literature to pure clusters
of Al and Mg, which we have employed in the present
study. The parameters used are show in table 1. For the
Al-Mg bonds, we used an average of such values. 3¢

Table 1 - Parameters for the Gupta potential for the Al-Mg system.

AlLAL Mg-Mg Al-Mg

rm(A)  2.8637 3,21 303685
AleV) 0.1221 0. 198722 LI I RN
Fevy 1316 0349712 0.832056
P B612 15977780 12.29489

q 2516 1684590 2100295
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Results and Discussion

We have optimized the geometries of AlXng
clusters for several compositions within fixed
nuclearities of x+y= 5, §, 10, 13, 15, 20, 25, 30 and
35 atoms.

Specifically, the 13 atom clusters are considered a
magic number? (increased stability) since it may form
a symmetric icosahedron. Indeed, the literature shows
the Al , cluster to be a perfect icosahedron’, but Mg13
is not as symmetric?.

The most stable structures obtained by our GA
calculations for all possible compositions with
13 atom clusters are shown in Fig. 1. As seen, the
icosahedral shape is lost for some of them Al Mg,
Al Mg, Al Mg, Al Mg, AlLMg  and AlL.Mg . It is
possible to notice the pattern of central aluminum
atoms to take pyramidal and bipyramidal geometries,
while magnesium does not demonstrate a clear pattern

The structures predicted in this work also show a
tendency of aluminum atoms to occupy the center of
the alloy clusters, while magnesium is segregated at
the surface, as seen in Fig. 1.

The calculation of excess energies (Eq. 4), can
provide insights on the preference of alloy formation
over the corresponding pure cluster, showed that
with about 40% aluminum, the alloy clusters are best
stabilized, as seen in the graphic of Fig. 2.

Mg [ Al [
E (% =Edu$: X _ E Pure| X _ E pﬂfl."x (4)

*expess | N N N

The calculation of second energy difference shows
how much a cluster is stable compared to the neighbor.
By calculating the second energy difference (Eq. 5), it
is observed that ALMg & and Al,Mg, are particularly
stable among the non icosahedral structures, while in
the icosahedral ones (more than 8 Al atoms), there is no
large peak, showing that they have similar stabilities
in Fig. 3.
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Figure 1. Alloy clusters of 13 atoms with different proportions of Al
(green) and Mg (gray) .
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For clusters with 25 atoms, as with others
nuclearities, the observations made for 13 atoms are
applicable. As a seen in Fig. 4.
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Figure 4. Alloy clusters of 25 atoms with different proportions of Al
(green) and Mg (gray).

The central aluminum core tends to show the
icosahedral shape whenever possible. Further calculations
are being carried out, and confirmation of the structures
employing ab initio methods is envisaged.

Conclusions

The modified genetic algorithm coupled with the
empirical Gupta potential could predict the general trend
of aluminum atoms occupying inner sites, with a ratio of
40%. Additional ab initio calculations will be carried out
to confirm the results and to obtain new ones.
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Parametrizacao de Campo de Forca
e Estudo Tedrico do Comportamento
Estrutural e Eletronico de FAD e
TPP — Cofatores da Enzima AHAS.

Renan F Guerra & Eduardo E Franca

Introducéo

A enzima Acetohidroxiacido Sintase (AHAS) ¢
encontrada em plantas e microrganismos ja que estd
envolvida nos processos cataliticos e de biossintese dos
aminoacidos de cadeia ramificada (ACR). A AHAS ¢ a
primeira darota biossintética dos mesmos e, portanto, alvo
de herbicidas inibitorios que sdo usualmente empregados
na agricultura, as sulfonilureias e imidazolinonas'. Dessa
forma, pode ser utilizada como alvo biologico, em
métodos analiticos baseados em Microscopia de Forga
AtOmica, na deteccdo desses agrotoxicos para controle
ambiental mais rigoroso de culturas agricolas para
exportagao.

A AHAS para exercer sua atividade catalitica
necessita fundamentalmente de cofatores como os
ions Mg?* e K*, e as biomoléculas FAD (Dinucleotideo
de Flavina e Adenina) e TPP (Tiamina Difosfato),
como mostrado na Figura la e 1b, respectivamente. O
papel dessas biomoléculas na enzima ainda permanece
um enigma, mas sabe-se que sdo fundamentais para
a integridade estrutural e atividade enzimatica da
mesmaZ,

Figura 1. Estrutura molecular dos cofatores a) FAD e b) TPP.

O presente trabalho objetivou estudar o efeito da agua
na conformagao estrutural e nas propriedades eletronicas
das moléculas de FAD e TPP em solucdo aquosa, haja
vista que as propriedades moleculares desses co-fatores
¢ afetada significativamente em fase condensada. Para
tanto, foi utilizado um método hibrido de mecanica
quantica e mecanica molecular (cldssica), conhecido
como QM/MM Sequencial, considerado adequado
para estudos com esse foco ja que a regido de interesse
(biomolécula) ¢é tratada quanticamente ¢ 0 meio no qual
se encontra inserida (solvente) ¢ tratada por calculos
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classicos demandando menor custo computacional que
os métodos puramente quanticos.

Métodos

Previamente, o campo de forca das moléculas de FAD e
TPP foram obtidos online utilizando o programa SwissParam?’.
Depois disso, as moléculas de FAD (carga -1) e TPP (carga -2)
foram colocadas separadamente em uma caixa de simulagéo
retangular a 1,5 nm do sistema e solvatada com moléculas de
agua do tipo Simple Point Charge (SPC) mantido em esemble
NPT (298 K and 1 bar). fons sodio foram adicionados para
neutralizar a carga do sistema. As dindmicas moleculares
foram realizadas utilizando o programa GROMACS 4.6 ¢ o
campo de forca CHARMM 2.7 durante 4 ¢ 10 ns para FAD e
TPP, respectivamente.

Para cada ps de simulagdo a estrutura eletronica das
moléculas foi obtida utilizando calculos semi-empiricos
single point, com o halmitoniano PM7 e o programa
MOPAC 2012.

Os resultados foram analisados utilizando os programas
JMol, VMD e GRACE.

Resultados e Discussdo

Para a estrutura do FAD o programa SwissParam gerou
todos os parametros de campo de forca (ligados e ndo-
ligados) adequados para a descrigdo do composto utilizando
simulagdo por dindmica molecular. Para a molécula do TPP
nem todos os diedros proprios foram identificados pela
ferramenta online e, portanto, ndo tiveram seus parametros
gerados. Na Tab. 1 estdo listados os diedros nao identificados
para a estrutura do TPP (a cada linha da tabela os parametros
para os diedros sao os mesmos).

Tabela 1. Diedros proprios ndo identificados pelo programa SwissParam
para a molécula TPP e parametrizados separadamente.

Hl Hl

l ciczcCl H2 NlCzCl H2
H3 H3

C12 12

c2C3 Hl3 20351 HIS
C11 Hl14 Hl14

-2

<6 Co
3 N1 C502 H5 N1 O504 H5
HG HG
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Dessa forma, a alternativa encontrada foi obter tais
pardmetros a partir de uma molécula com estrutura
analoga a do TPP. Gutowski (1979) propos estruturas
andlogas ao Thiamine Pyrophosphate (TPP) de modo que
a estrutura mais semelhante ¢ o Thiamine Thiothiazolone
Pyrophosphate (TTTPP) - a tnica diferenga entre as
estruturas € o atomo representado em rosa (H para o TPP e
S para o TTTPP) conforme apresentado na Fig. 2 onde esta
apresentada a estrutura genérica para o TPP ¢ seu analogos.

Figura 2. Estrutura geral do TPP e seus analogos.

Para a estrutura do TTTPP os diedros foram
adequadamente descritos e os parametros utilizados
na descricdio do TPP no campo de for¢a. Apds a
parametrizacdo foi aplicada a metodologia QM/MM para
ambos cofatores da enzima AHAS.

O caélculo da raiz quadrada do desvio quadratico
médio (RMSD) com relagdo a estrutura inicial aponta
para um desvio maximo de 0,46 e¢ 0,34 nm para as
moléculas de FAD e TPP, respectivamente, relacionado
a flutuagdes conformacionais das estruturas em solugao
aquosa ao longo da trajetéria. Isso esta relacionado ao
fato de a molécula de FAD apresentar uma estrutura
consideravelmente maior e, portanto, maior nimero de
graus de liberdade.

Em rela¢do aos orbitais de fronteira, HOMO e
LUMO, verificou-se que a variagdo estrutural para a
molécula do FAD resultou na diminuicdo de energia
em aproximadamente 0,295 eV. Os orbitais HOMO
encontram-se localizados no agrupamento SO, tanto para
estrutura inicial quanto para a estrutura inicial (Fig. 3a).
Para a estrutura mais estavel (Fig. 3b), no entanto, ocorre
um deslocamento do HOMO diminuindo a extensdo do
mesmo de 5 para apenas 2 atomos, conforme apresentado
nas representagoes das Fig. 3a e 3b.



Figura 3. Orbitais moleculares HOMO nas estruturas inicial (a e ¢) e
mais estavel em solugdo aquosa (b e d) para as moléculas de FAD e
TPP, respectivamente.

Para a molécula de TPP a estrutura mais estavel ocorre
apos aproximadamente 7 ns de simulagdo, de modo que a
diminuigdo energética ocasionada pela variagdo estrutural
¢ de 0,574 eV. Esta estabilizagdo energética se deve ao
fato da relevante variagdo na conformacao estrutural
sofrida pela molécula, conforme se observa ao comparar
as estruturas apresentadas nas Fig. 3c e 3d. Os orbitais
HOMO na estrutura inicial se encontram distribuidos ao
longo da molécula, no entanto, na estrutura mais estavel
0s mesmos se encontram predominantemente localizados
sob os atomos de oxigé€nio do agrupamento PO, da
extremidade da estrutura.

A estrutura mais estavel da molécula do FAD se
apresenta numa conformagdo mais fechada ocasionada
pela ocorréncia de duas ligagdes de hidrogénio
intramoleculares (Fig. 4) que apresentam tempo de vida
médio de 3,49 ps e momento dipolar em solu¢do aquosa
maior em 1,97 Debyes. No entanto, para a molécula do
TPP a consideravel variagdo na estrutura ¢ gerada apenas
pelo calor de formagdo que ¢ de cerca de - 166,97 kJ.mol .

Figura 4. Ligacdes de Hidrogénio (vermelho) responsaveis pelo
conformagdo mais estavel da estrutura.

Dessa forma, torna-se possivel afirmar que as
moléculas de agua tratadas como cargas pontuais foram
responsaveis pela amostragem de estruturas mais estaveis
para as duas moléculas em estudo.

Conclusoes

O programa SwissParam foi eficiente e 1itil no processo
de parametrizagdo das moléculas do FAD e TPP, promovendo
uma economia de tempo e memoria computacional
nessa etapa essencial das metodologias computacionais
classicas. A metodologia de QM/MM sequencial permitiu
a descricdo adequada do efeito do solvente explicito,
temperatura e pressao na estrutura eletronica do FAD e do
TPP reafirmando a validade dos métodos hibridos no estudo
de propriedades termodinamicas de moléculas com elevado
grau de liberdade como as estudadas.

Estruturas mais estaveis foram obtidas pela influéncia
do solvente na estrutura eletronica das moléculas de modo
que as informagdes do presente trabalho serve de base para
o estudo mais detalhado da funcdo desempenhada pelos
cofatores na enzima AHAS.

Agradecimentos

Os autores agradecem o apoio concedido pela CAPES,
CNPQ, FAPEMIG e RQ-MG.

References
1. J.A.MCourt. R. G. Duggleby. Amino Acids. 31 (2), 173- 10,(2006)
2. J.A. MCourt. et. al. Proc. Natl. Acad. Sci. 103 (3), 569-573,(2006).

3. V. Zoete, M. A. Cuendet, A. Grosdidier, O. Micheelin. J. Comput.
Chem. 32(11), 2359-2368, (2011).

4. B.R.BROOKS. et al. J. Comput. Chem., 30 (10), 1545-
1614,(2009).

5. J. A. Gutowski, G. E. Lienhard. The Journal of Biological
Chemistry. 251 (9), 2863-2866,(1976).

Renan F. Guerra®* & Eduardo
de Faria Franca

a Laboratorio de Cristalografia e Quimica Computacional — Instituto de
Quimica da Universidade Federal de Uberlandia (UFU)

*E-mail: renan_s13@hotmail.com

297



Artigo Geral 74

Stretching-Dependent
Thermoelectric Properties of a
BDT Single-Molecule Junction

Renato B. Pontes, Alberto Torres, Anténio J. R. da Silva & Adalberto Fazzio

Introduction

Understanding the physical and chemical
properties of molecular junctions is fundamental for
developing organic-based devices. In particular, a lot
of effort has been made to investigate both the low
bias conductance and the thermoelectric properties of
molecules coupled to gold leads.

Recently, Venkataraman et al.! performed the
first concomitant determination of conductance (G)
and Seebeck coefficient (S) of a single molecule
junction, via the direct measurement of electrical
and thermoelectric currents, by using a scanning
tunnelling microscope-based breakjunction technique
(STM-MCBJ). Thus, since the charge transport
properties of molecular junctions depend on how the
frontier orbitals are positioned in the vicinity of the
Fermi level, a concurrent measurement of electrical
and thermoelectric properties is now possible. Thus, it
is interesting to consider what would happen with the
thermoelectric properties of a single molecule junction
as a function of the mechanical stretching. Here we
show that the thermoelectric properties, thermopower
(S), electronic heat conductance (kel) and efficiency,
characterized by the figure of merit (ZT), can be
tuned as a function of the electrode separation, in a
single BDT molecule junction (Au/BDT/Au). We
also propose a scheme to obtain the maximum ZT of
molecular junctions in general®.
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Methods

Our results for the structural evolution of the
junction Au/BDT/Au are based on first-principles spin-
polarized total energy density functional theory (DFT)
calculations®*. We use a PBE-GGA functional and
norm-conserving pseudo-potentials as implemented in
the SIESTA code®S. Numerical atomic orbitals are used
as basis sets. We employed a split-valence double-zeta
basis with a polarization function (DZP) for the whole
system. The confining energy shift is 0.05 eV and an
energy cut-off of 240 Ry is used to the grid integration.
For the surface Brillouin zone (BZ) sampling we use
a (4 x 4 x 1) Monkhorst—Pack set. Moreover, in our
calculations the selfconsistency is achieved when the
change in the total energy between cycles of the SCF
procedure is below 10-4 eV and the density matrix
change criterion of 10-4 is also satisfied. These criteria
are enough to ensure convergence in the calculated
total energy of 0.05 eV.

To obtain the geometries, the supercell is such that
the molecule would be connected to the two sides of the
Au slab. The Au slab is modelled by a (3 x 3) surface
unit cell and five layers of gold. In all calculations the
positions of the BDT atoms and the Au atoms on the
first two layers at either side are allowed to relax until
the forces are smaller than 0.02 eV/A. All other atoms
are held fixed at their bulk positions. The separation
between the electrodes is increased in steps of 0.5 A



and for each new supercell length the system is fully
relaxed. The transport calculations are performed
on TRANSAMPA code”!!, which employs a non-
equilibrium Green’s function combined with density
functional theory (NEGFDFT).

Result and Discussion

Fig. 1(a—i) shows nine panels depicting the
representative geometries of the different stages of the
evolution of the Au/BDT/Au junction during a STM-
MCBJ experiment. For small electrode separations
(panels a and b), the molecule is nearly parallel to
the surface and as the electrodes are moved apart, the
BDT molecule is pulled to an upright conformation
(panel h). By further stretching the single-molecule
junction rupture of the Au—S bond occurs (panel 1).
A detailed discussion about the structural evolution
of the Au/BDT/Au junction is presented by Pontes
et al.!!

We show that the thermoelectric properties of a
single molecule junction can be tuned by mechanic
stretching. In Fig. 2. we show that the Seebeck
coefficient is positive, indicating that it is dominated
by the HOMO. Furthermore, it increases as the HOMO
level, which is associated to the sulphur atom, tends
towards energies close to the Fermi energy. To the
end, by modelling the transmission coefficient of the
system as a single Lorentzian peak(Fig. 3), we propose
a scheme to obtain the maximum ZT of any molecular
junction.

The scheme for maximizing the ZT involves two
main points: (i) to obtain narrow resonances in the
transmission coefficient spectrum and, (ii) the molecular
orbital’s energy shift, to tune the resonance. The narrow
resonances can be obtained by mechanical stretching, as
we previously showed. The molecular orbital’s energy
shift is possible by stretching, doping or even under an
applied external electric field.

Conclusions

In conclusion, we investigate as a function of the
stretching the behaviour of the thermoelectric properties
— Seebeck coefficient(S), the electronic heat conductance
(kel) and the figure of merit (ZT) — of a molecule-based
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Figure 1. Ball-and-stick view of the optimized atomic structures, at
different stages of the structural evolution of a single BDT molecule
junction as a function of the stretching.
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Figure 2. Seebeck coefficients, in the Fermi level [S(EF)], as a
function of the lead-lead separation, for the temperature of 300 K. The
associated Au/BDT/Au geometry is also shown.
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Figure 3. (a) Figure of merit, ZT, at the Fermi level, EF, for Lorentzian
transmittances as a function peak position, E0, for several widths, y. (b)
Lorentzian transmittances for the EQ values which yield the maximum
ZT in the upper panel, marked as dots in (a). (c) EO that L(E) have to do
in order to maximize ZT at the Fermi energy as function of the width, y.

junction composed by a benzene-1,4-dithiol molecule
(BDT) attached to Au(111) surfaces at room temperature.
Based on our ab initio calculations, we show that the
thermoelectric properties of a single molecule junction
can be tuned by mechanic stretching. For the Au/BDT/Au
junction, the Seebeck coefficient is positive, indicating
that it is dominated by the HOMO. Furthermore, it
increases as the HOMO level, which is associated to the
sulphur atom, tends towards energies close to the Fermi
energy. We also propose a simple and general scheme that
can be used to obtain the maximum ZT of any molecular
junction.
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Molecular Modeling and Computer Simulation
involving the Encapsulation of
-carot ene in Boron Nitride Nanotubes

Charles de A. O. Rocha, David L. Azevedo, Fébio F. Monteiro & Antonio L. de A. Fonseca

Introduction

The possibility of applying functionalized nanotubes
with B-carotene in the form of nanocrystalline dyes
in photovoltaic-type cells (DSSC) is the motivating
element of this work. It is now known that the addition
of nanocrystalline organic dyes possibly increases the
efficiency of these electronic devices in converting solar
energy into electrical energy. Vale, in due course, quotes
the recent work of Gritzel at al”®° on this subject.

On the one instance, we have the B-carotene (BC),
an orange pigment that has molecular formula C40H56.
It is a natural dye that shows the photoluminescence
phenomenon, a property proven by spectroscopy. On
the other instance we pointed out the boron nitride
nanotubes (BNNTs). These nanostructures have been
theoreticallypredicted shortly after the discovery of
carbon nanotubes (CNTs) by Rubio et al in 1994, and
were experimentally manufacturedby Chopra et al,
1995°. All BNNTs are broadband semiconductors with
gaps of approximately 5.5 ev*>**. Their high ionicity and
high energy gap givetheirelectronic propertiesgreater
uniformity and explain the use of thesematerials in the
electronics field. In addition, BNNTs stand out for their
chemical inertness and high thermal stability, potentially
interesting properties for applications in thebiomedicine
field and theengineering of biomaterials ®. Unfortunately,
it is noted that the applications of this and ofother boron
nitride materials in biological domainsremain largely
unexplored®.

The objective of the present work is to investigate
the encapsulation dynamics of BC molecule in single
wallboron nitride nanotubes (SWBNNT) by means of
computer simulations.Results produced by classical
methods of molecular mechanics (MM) and Molecular
Dynamics (MD) confirmed the encapsulation of said
molecule in the two cases studied. In addition, density
functional approximations associated with the Tight-
Binding method to investigate possible changes in
the electronic structure of the materials involved were
carried out.

Thus, an interesting line of research is that which
proposes the replacement of mesoporous titanium
oxide by a sensitizer higher efficiency. Nanotubes
functionalized with BC are potentially promising in this
regard.

Methods

In this undertaking, we performed molecular
dynamics computer simulations associated with the
Universal Force Field (UFF) to investigate the possibility
of encapsulation of BC molecule in a SWBNNT, within
the conditions imposed. Classical results were combined
with results based on Functional Tight-Binding Density
(DFTB+)to investigate also changes resulting from this
process.To perform these simulations, the Materials
Studio was used, a Cerius computer simulation package
as desktop.

The Molecular Mechanics (MM) is a classical and
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simple method that uses newtonian mechanics equations
to describe the potential energy surface (PES) and
the physical properties of molecular systems through
energy conformation calculation. In other words, with
the application of MMyou want to get the optimized
settings of the systems under study. The option of
working with the so-called Universal Force Field (UFF)
is conveniently categorical since the process one wishes
to perform involves the interaction of an organic system
with an inorganic system. The simulations describe the
encapsulation of B-carotene into two specific nanotubes:
a chiral SWBNNT (13,5) and an Armchair SWBNNT
(9,9), with lengths and diameters compatible with
conditions already described in the literature for CNTs.

The encapsulation process occurs with the
application of molecular dynamics (MD). This is the
method used to describe the time evolution of systems,
through numerical integration of Newton’s laws. The
results obtained by these means provided information
for their elastic energies calculations characterizing
possible deformations besides allowing estimations on
the spontaneity of the process.

Finally, one obtains quantum properties of systems
through application of DFTB + module contained the
Cerius package. The DFTB + uses the Tight-binding
method (TB) associated with the Density Functional
Theory (DFT) to gain accuracy and efficiency. The TB
is in turn an approximation method suitable to the first
neighboring situation. From this, analysis of energy and
DOS of original systems andencapsulatedsystems allow
us to make inferences about the gaps and other changes
in the electronic structure of same.

Results and Discussion

In this study, we initiallytried to obtain the optimized
and isolated structures of B-carotene molecule and the
nanotubes (13, 5) and (9, 9). This optimization procedure
involves the application of Force Field (UFF). Nanotubes
were chosen with both open ends and lengths larger than
the ones of the molecule so as to avoid edge effects.
The BNNTs also have diameters compatible with the
diameters of CNTs described in the experimental work
of Yanagi et al. 1.

Once the structures in their most stable conformations
were obtained, it urges to placeit in appropriate
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conditions for the initial development of the dynamics.
Other procedures such as the choice of NVT ensebly and
the randomness of the initial velocities seek to reproduce
the experimental conditions in which the process usually
occurs.

The stabilizing energy of the complexes SWBNNT +
BC is obtained by comparing the energies of the complex
before and after encapsulation. Stabilizing Energy
Calculations confirmed the occurrence of encapsulation
in its spontaneous form in both cases studied. Figure 1 and
Figure 2 show, in sequence, the frames that highlight the
encapsulation of BCat SWBNNT (13,5) and SWBNNT
(9,9). Similarly, the elastic energy of the encapsulated
BC was obtained by comparing the energy from the free
molecule withthe one from theencapsulatedmolecule.
Results from this energy values explain the emergence of
geometric deformations of the molecule as a consequence
of its weak interactions with the nanotubes walls.

Figure 2.Framein whichtheencapsulated BCin SWBNNT (9, 9) is seen.

Data on energy and the DOS of encapsulated SWBNNT
complex (13, 5) + BC and SWBNNT (9.9) + BC have also
been generated by application of DFTB + method. Figure
3 and Figure 4 relate the normalized DOS per unit of states
with the energy of the corresponding nanotube.

So we can compare the gaps of the nanotube with the
gap of the encapsulated complex. Each figure highlights
the region near the Fermi zone. The difference between
the gap of the nanotube before and after encapsulation is
indicative of the BC electronic coupling involved in both
cases.
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SWBNNT (13,5) energies. The blue line represents the pure nanotube
and the red line represents the functionalized nanotube.
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Figure 4. Curve depicting the DOS by unit of states as a function of the
SWBNNT (9,9) energies. The blue line represents the pure nanotube
and the red line represents the functionalized nanotube.

Conclusions

Our simulations showed that BC is encapsulated
in SWBNNT nanotubes (13,5) and (9,9). Calculations
relating to stabilization energies suggest that this process
is spontaneous. Estimates of the elastic energy of BC
point out deformations of the systems.

Analysis of the DOS of the investigated systems obtained by
applying the DFTB + code, suggest the occurrence of electronic
coupling due to the superposition of molecular orbitals.

Therefore,there have been changes in the electronic
structure of the two nanotubes. Despite this evidence, the
difference is remarkably small, so that both nanotubes
keep their semiconductor properties.
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Development of a
Transition State Database
from Chemical Reactions

Introduction

Studies of computational chemistry in recent decades
have been growing exponentially, a simple Google search
with the phrase ‘Computational chemestry’ in generates
approximately 11,500,000 results and tends to increase
more and more.

Currently, there are several theoretical methods based
on computational chemistry, such as density functional
theory and the semi-empirical method!?, which became
a great choice for the prediction of some properties such
as vibrational frequencies, potential energy surface,
electronic parameters and energies, molecular properties
and perhaps the most difficult of them, transition states
structures.

Currently there are some recognized data banks and
that are cataloged critical information in the molecular
field, one can cite the crystallography data bank of
Cambridge (CCDC), one facing in the area solid state,
Virtual Atomic and Molecular Data Center (VAMDC).
There are two national examples, the first database
pharmacokinetics (PK / DB) and a second that is being
developed with the approach of cataloging a database of
natural products from Brazil>*.

Considering examples of molecular properties
data bank and the great difficulty of calculating state
transitions, this paper propose the built of a online system
that supplemente this lack.
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Methods

DFT and semiempirical methods combined with
STQN method (Synchronous Transit-Guided Quasi-
Newton)® were used to find the transition states. All
theoretical calculations were carried out using the G09¢
program suite.

The reactions used to implementation in the data
base were: hydrogens transfers, adding halide hydrogens
in alkenes following Markovnikov mechanism, reaction
aromatic nitration reaction of Morita-Baylis-Hilman,
atmospheric reactions and obtaining inorganic cycles
involving sulfur-phosphorus-nitrogen bond.

The database will be built in tables with descriptions
of the reactions, their mechanism and downloads will be
available at website.

Results and Discussion

The intention of the Transition Stats Data Bank (TSDB)
is the user has the facility to find the transition state of the
reaction of interest and describe analogues transition states
with different functional groups. In the data bank, first, it is
showed a generic description of the reaction and a second
page shows the detailed mechanism, which it is available
a Gaussian input file with transition state optimized in the
PMB6 or B3LYP/6-31G, see Figure 1. In addition, it will be
possible to the user, also, deposit own transition states. The
website will be hosted in the www.qtea.ueg.br/tsdb.
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Figure 1: Website framework to find the optimized transition state.

To composition of the data bank, preliminary, we
propose several transition states which are shown in a Table
1. The geometric parameters such as length bond formed
and broken, angles and torsion angles are presented.

Conclusion

In summary, we propose the online framework of the
data bank and we describe some transition states for specific
chemical reactions. These transition states obtained assisted
in the build on framework of the data bank.

The theory of the transition state is a great alternative
to having theoretical results, such as electronic and
thermodynamic properties with such perfect accuracy as
those using experimental results. It can be observed that
for the transition state calculation requires a long time
because its difficulty requires the researcher a robust
chemical sense. . In this sense, the data bank can assist
researchers to elucidate others reactions mechanism.
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