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RESUMO

Este trabalho objetiva avaliar o efeito dos grupos substituintes —CH; e —Br nas
estruturas molecular e eletrénica, e no arranjo supramolecular da chalcona. Dessa forma,
asduas moléculas foram analisadas e comparadas para verificar os mapas de potencial
eletrostatico, o potencial quimico e a superficie de Hirshfeld, para se definir de fato qual a
diferencga cientifica (parametros topoldgicos energéticos), que a mudanca dos substituintes
ocasionou, para verificar se houve diferenca nos orbitais desta molécula, devido a troca de
substituintes, por fim os resultados obtidos demonstraram quenos pardmetros nos quais a
caracterizacdo estrutural do estado sélido do sistema cristalino ortorrémbico no grupo espacial
Pbca e é estabilizado por C — H e+ 11, C - O **¢ 7 ¢ 7 *** 7 intera¢des intermoleculares, com
nédo -conformacdo molecular planar, indicando uma possivel solubilidade aquosa melhorada.

Palavras-chave: Chalconas, arranjo supramolecular, superficie de Hirshfeld, mapa de
potencial eletrénico, orbitais moleculares.



ABSTRACT

This work aims to evaluate the effect of substituent groups —CH3 and —Br on the molecular
and electronic structures, and on the supramolecular arrangement of chalcone. In this way, the
two molecules were analyzed and compared to verify the electrostatic potential maps, the
chemical potential and the Hirshfeld surface, in order to define in fact the scientific difference
(energy topological parameters), that the change of substituents caused, for to verify if there was
a difference in the orbitals of this molecule, due to the exchange of substituents, finally the
results obtained demonstrated that in the parameters in which the structural characterization of
the solid state of the orthorhombic crystalline system in the space group Pbca and is stabilized by
C — H eeem, C - O *e 1 and 7 *** 7 intermolecular interactions, with planar molecular non-
conformation, indicating a possible improved aqueous solubility.

Keywords: Chalcones, supramolecular array, Hirshfeld surface, electronic potential map,
molecular orbitals
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1. INTRODUCAO

O estado solido cristalino é definido como um sistema com estrutura
interna ordenada, inicialmente, usado para descrever o mineral quartzo
(SiO,), etmologicamente, seu home € originado da palavra grega khrytallos
(gelo) (BALZUWEIT, K., 2013). Vale ressaltar que os diferentes tipos de
cristais possuem uma caracteristica em comum, a dificuldade de visualiza-
los. Logo, para se “enxergar” os cristais, ha diferentes técnicas para
construcdo de modelos visuais das estruturas cristalinas, como visualizagéo
de modelos de moléculas, difracdo de raios X, tabelas de energias orbitais
dos atomos e moléculas (MARTINS, R.A., 1998).

Neste ambito, a cristalografia possui um papel fundamental no avango
do conhecimento da estrutura dos materiais e suas propriedades em escala
atbmica (PECHARSKY, V., 2005). Ademais, a cristalografia apresenta-se
como uma area de conhecimento dindmico, ou seja, estd em constante
transformacédo, possuindo um papel importante na Biologia, Quimica,
Ciéncia e Tecnologia dos Materiais, Mineralogia, Fisica e Engenharia
(TILLEY, R.J.D., 2006).

N&o é possivelvisualizar a molécula tal como uma material qualquer
(do cotidianao humano), pois ela € muito menor que o comprimento de onda
do espectro de luz visivel a olho nu. Deste modo, a visualizagdo dos cristais
se d& por difracdo de raio X, nele é possivel projetar a “sombra” da molécula
num detector especifico, associado a uma série de programas de computador
e da transformada de Fourier, é possivel se obter dados sobre o contorno da
densidade eletronica e os orbitais de fronteira, que sdo definidas nas siglas
em lingua inglesa, 0 HOMO (Highest Occupied Molecular Orbital) e LUMO
(Lowest Unoccupied Molecular Orbital) (GOPAKUMAR, T. G, 2009).

Assim, utilizando um mapa, € possivelse obter dados
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graficosqualitativos da nuvem de elétrons das moléculas dos cristais, este
mapa se chama MEP (mapa de potencial eletrostatico) mostra distribuigdes
de cargas elétricas em espaco tridimensional e mede a intera¢do dos nucleos
e elétrons de uma molécula.

Neste sentido, a densidade de negatividade da molécula é demostrada
com tabela de cores, ao longo de uma superficie eletrdnica. (BRENEMAN,
C. M., 1990). Os mapas de potencial eletrostatico molecular (MEP) séo
usados para identificar caracteristicas chaves responsaveis pela atividade nas
moléculas. Logo, a forma geométrica do potencial é constituida de
figurastridimensionais analiticas, com as provaveis posi¢oes dos elétrons na
molécula, proporcionando uma visibilidade ao atomo (MICHA, D. A,
2020). O estudo de seus mapas de potencial eletrostatico molecular é eficaz
para descrever o0 comportamento dos elétrons, fazendo uma anélise
qualitativa da reatividade da molécula.

No MEP, é possivel observar a densidade eletronica dos orbitais de
fronteira, que sdo os niveis de energia que se encontram nas extremidades
dos MEP (FURTINI, 1.V. 2011). Essas etremidades sdo o HOMO, que € o
orbital molecular ocupado mais alto, e o LUMO, que é o orbital molecular
ndo ocupado mais baixo, respectivamente (CLEGG, W., 2009). A diferenca
de energias do HOMO e LUMO ¢ denominada salto de banda, que mede a
excitabilidade da molecula e a menor energia, ou seja, a banda mais
potencialmente excitada. (distdncia do maior nivel de energia para a menor
energia). Esses orbitais de fronteira decrevem as reacfes quimicas na teoria
FMO (frontier molecular orbitals) orbitais moleculares de fronteira
(AGUIAR, A. S. N., 2020)

O material de estudo dessas bandas de niveis de energias (HOMO e
LUMO) apresentado, neste trabalho de pesquisa, sdo as chalconas, elas

possuem a capacidade de reduzir as espécies reativas de oxigénio gerada,
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sendo de grande importancia terapéutica no tratamento e de doencas
relacionadas a radicais livres (WIJEKOON, M. M. J. O., 2011).

Posto isso, dentro dessa diversidade de moléculas organicas que podem
constituir os cristais, destacam-se as chalconas, que sdo moléculas
provenientes de Fontes naturais ou processos sintéticos e apresentam uma
ampla aplicagdo como agentes antimicrobianos, larvicidas, antitumorais,
antioxidantes, fotoprotetores e entre outras.

Desta forma, o estudo da relacdo estrutura atividade é fundamental
para a sintese e design de moléculas com estruturas definidas de acordo com
uma determinada aplicacdo. Neste sentido, o estudo comparativo das
estruturas moleculares € fundamental para entender a influéncia dos grupos
funcionais nas diversas aplica¢des, sendo elas medicinais e/ou tecnologicas.

No presente estudo, o composto (E) -1-(4-bromofenil)-3-(4-
butilfenil)prop-2-en-1-ona (BRB) a estrutura molecular do BRB
foicomparada com a estrutura (E)-1-(4-metilfenil)-3- (4-butilfenil)prop-2-en-
1-ona (BMB) (Figura 1). As informacoes geometricas teoricas dos resultados
foram comparados entre as duas moléculas. Os resultados foram analisados
adequadamente para descrever as chalconas BRB e BMB, os valores e dados
dos mapas de potencial eletrostatico foram interpretatos em relacdo ao
comprimentos de ligacdo das duas moléculas, comparando valores teoricos
com os graficos que mostram seus devidos desvios.

Por conseguinte, o calculo do potencial quimico das duas moléculas
forneceram dados como o potencial de ionizacdo de HOMO, a A(E) e a
afinidade eletrénica de LUMO. Todos os dados, ponderacOes e objetos de
estudos, foram interpretadospara verificar as diferencas caracteristicas entre
as duas moléculas, os parametros topoldgicos calculados para as interagdes
moleculares no ponto critico de ligacdo (BEZERRA, A. F., 2009)

Com o uso do MEP, das posi¢cbes do HOMO e LUMO foipossivel
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analisar os ataques eletrofilicos, que causam a minimizacdo da densidade de
carga desses atomos e tornando-os eletrofilicos. A Superficie de Hirshfield
foi usada para analisar a densidade eletronica do cristal, bem como para
montar as impressdes digitais (graficos 2D). Esses dados foram usados na

comparacao dos arranjos supramoleculares das chalconas BRB e BMB .

Figura 1. Férmula estrutural dos compostos (E) -1-(4-bromophenyl)-3-(4- butilfenil)prop-2-en-1-one (BRB) e(E)-1-
(4-metilfenil)-3- (4-butilfenil) prop-2-en-1-ona (BMB).Fonte: Proprio autor.
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2. ESTADO SOLIDO CRISTALINO
2.1 SIMETRIA CRISTALINA

Na cristalografia sdo usadas as chalconas, que podem ser definidas,
quimicamente, como cetonas a-b-insaturadas a quem a carbonila olefinica
esta ligadade forma aromatica. As caracteristicas das chalconas dependem do
tipo de ligacdo molecular, que mantém suas estruturas cristalinas
estaveis.Elas sdo compostos que se destacam devido a sua diversidade
estrutural e praticidade sintética, definidas como cetonas a e B, insaturadas,
em que a carbonila e ofragmento olefinico estdo ligados a agrupamentos
aromaticos. Estudos sobre caracteristicas das chalconas continuam sendo
desenvolvidos na busca demoléculas potencialmente ativas (LI1U, X., 2011).

Para que as estruturas cristalinas e as ligacoes moleculares se
mantenham estaveis, € necessario conhecer os tipos de ligacdes entre as
moléculas.Pelo tipo de ligacdo quimica, a estrutura cristalina pode estabilizar
ou ndo estabilizar o nivel de energia dos atomos. As unides moleculares, por
sua vez, podem ser ligacbes priméarias (idnicas, covalente e metalica) ou
secundarias (dipolos permanentes, induzidos, flutuantes e pontes de
hidrogénio) (VELARDEZ, G. F., 2019).

A cristalografia tem amplaaplicacdo, ndo sO noentendimento de
cristaisnaturais  (mineralogia  egemologia), como também  nos
cristaissintéticos (KLEIN & HURLBUT, 1993). O estado solido ou estado
condensado da matéria é constituido por atomos, moléculas e ions ligados
fortemente entre si, de forma que 0S seus movimentos No espagosejam
restritos e, como resultado, eles apresentam uma estrutura rigida. A natureza
e aspropriedades dos sélidos dependem do tipo de forgas que unem o0s
atomos, moléculas. Os solidos séo classificados em cristalinos ou amorfos
(TORRIANI, 1., 2014).

Os cristais, que se apresentam organizados em estruturas regulares e
13



definidas, apresentam agrupamentos que se repetem nas trés direcdes do
espaco (Figura 2). As estruturas amorfas distribuem-se de maneira aleatoria e
irregular. Do ponto de vista estrutural, as substancias amorfas assemelham-se
aos liguidos.Amorfo é definido como o oposto da estrutura cristalina. Esta
substancia pode ser rigida, no entanto, ndo possui a estrutura de uma
substancia sélida (TORRIANI, 1., 2014).

O termo cristal é aplicado a sélidos que possuem seu arranjo atbmico
bem definido, se repetem no espaco (X, Yy, z). A aparéncia externa do cristal
pode ser: arranjo bidimensional e tridimensional. Uma das representacoes
mais comuns € pela cela unitaria, que é a menor unidade do arranjo
tridimensional que permite a descricdo da estrutura completa do solido a
partir de sua repeti¢cdo no espaco.

Nela, pode-se identificar o nd, ponto ou posi¢do de uma particula, e
trés arestas e angulos, ndo necessariamente iguais, sendo eles a, b, ce a, 3, v,
respectivamente. (TILLEY, R. J. D., 2006). A classificacdo dos cristais €
realizada por meio dos sete sistemas cristalinos, usando a relacéo entre trés
retas imaginarias, os eixos cristalograficos a, b, ¢ e os angulos entre eles a,
B, v, conforme figura 2.

Os cristais de uma mesma substancia tém formas e ndmero de faces
variadas. Ha diferentes formas cristalinas com relagdes estabelecidas por leis
fundamentais, que séo:

e Lei da constancia dos angulos;

e Lei daracionalidade ou lei dos parametros;
e Leidas zonas;

e Leidasimetria.

Os cristais da mesma espécie apresentam sempre a mesma simetria,
independentemente das formas que os constituem (GAMBARDELLA, M. T.
do P., 2009).
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a a
Sistema cubico, Sistema hexagonal, Sistema trigonal ou romboédrico,

a=b=c e a=p=y=90° a=b#c e a=p=90°e y=120° a=b=c e a=B=y+90°

¢ c

a

a
Sistema tetragonal, Sistema ortorrombico, Sistema monoclinico, Sistema triclinico,

a=bzce a=B=y=90° azbzce a=p=y=90° arbzce a=y=90°%p; arbrecoarfry£90°

Figura 2. Os tipos de sistemas de eixos cristalografos, presentes na simetria cristalina, grupos espaciais sao
gerados pela adi¢do de dois novos tipos de operacdes de simetria, aguelas encontradas nos grupos pontuais. Os
elementos de simetria complementares sdo 0s eixos helicoidais e os planos de deslizamento. Fonte: Isabela
Cristina de Aradujo, conclusédo de curso, 2015, CEFET-MG.

Os eixos cristalograficos (figura 2) sdo as linhas imaginarias que
passam pelo centro do cristal, essas “linhas” sdo 0s eixos de referéncia, sao
paralelas as arestas das faces do cristal, chamadas de simetria dos cristais.A
rede de Bravais especifica a ordem da rede periddica dos cristais. Duas
definicdes sdo equivalentes:

e Uma rede de Bravais é um conjunto infinito de pontos discretos
com um arranjo e orientacdo que aparece exatamente a mesma,
independente dos pontos pelo qual a rede é observada.

e Uma rede (tridimensional) de Bravais consiste em todos oS
pontos com vetores de posicédo R.

A cela unitaria primitiva preenche todo o espaco do cristal sem se
superpor, contém apenas um ponto da rede. Cela unitaria convencional: é
uma cela unitaria que preenche todo o espaco sem se superpor quando
transladada por um subconjunto de vetores da rede de Bravais. Em geral, €
maior que a cela unitaria primitiva e escolhida de forma a ter a simetria da
rede.Ja a Cela primitiva de Wigner-Seitz € a cela primitiva que mantém a
simetria completa da rede de Bravais (HAMMOND, C., 2009).
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A ordem do arranjo atdmico resulta em uma simetria externa dos
cristais. Seu estudo é realizado a partir de uma operacdo de simetria
(repetigdes ordenadas) com eixo, plano e centro. Classificadas como rotagéo,
translacéo, inversao, reflexdo, demonstrado na figura 4.

O eixo de simetria € uma reta imaginaria a qual passa pelo centro do
mineral, através da rotacdo, num giro de 360°, que divide o mineral em duas
metades simétricas, ou seja, um cristal apresenta centro de simetria quando
uma linha imaginaria une um ponto qualquer sobre a superficie do mineral e
seu centro a uma mesma distancia do lado oposto (LIANG, J., 2019).Planos
de simetria de repeti¢cdes ordenadas, o plano divide uma molécula em duas
metades simétricas ele ¢ chamado de plano de simetria (o). A simetria 6 € o
plano especular que passa através da molécula de maneira que a reflexdo dos
atomos no plano forme um arranjo tridimensional indistinguivel do original.

As faces dos cristais € atribuida pelo parametro de Weiss e do indice
de Miller. A face de um cristal pode ser definida pelo seu ponto de
cruzamento com os eixos cristalograficos - parametro de Weiss. Os nimeros
inteiros que representam esses parametros sdo os chamados de indices de
Miller(GUIDO, R. V., 2010).

2.2 DIFRACAO DOS RAIOS X

A pesquisa de W.H. Bragg e W.L. Bragg €é bastante Gtil na
cristalografia e na Fisica do estado sélido, pois a interpretacdoda
difracdo,como reflexdes ordinarias de planos numa rede, permite quantificar
as direcbes geomeétricas de interferéncias construtivas(NAPOLITANO, H.
B., 2007). A Figura 3 mostra um feixe de raios X incidindo sobre plano d,
com um angulod. Os dados descritivos para os efeitos da difracdo observada,
em especial, os &tomos do material. Quando os raios X atingem um atomo, 0

campo elétrico E na nuvem eletronica acelera os elétrons livres. A radiacdo
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incidente é considerada idéntica, esse padrdo de difracdo, no espaco, que
pode ser medido em um filme ou detector. Os trabalhos destes cientistas
desenvolveram a técnica difratométrica para os raios X e da Cristalografia
Estrutural(GLUSKER J. P., 2010).

A lei de Bragg, formulada pelo fisico Sir William Henry Bragg, seu
filho Sir William Lawrence Bragg, foi apresentada na Sociedade Filoséfica
de Cambridge em 1912, nessa lei,verificou-se a existéncia de particulas reais
na escala atomica, sendo essa uma eficaz maneira de se analisar e estudar
cristais, através de raios X (MICHA, D. A., 2020).

1

Figura 3— Modelo de Bragg em duas dimensdesdeterminados angulos de incidéncia0, para os quais 0s
campos de onda espalhados por todos os planos estejam em fase, ou seja,na condigdo de interferéncia
construtiva.Fonte: Proprio autor.

A difracdo nos solidos cristalinos produz padrdes de reflexdo de raios
X, que ndo eram observados em um meio liquido. Nesses cristais de
comprimentos de onda e angulos determinados, a radiacao refletida causou
picos de energia (picos de Bragg). Essas investigagcdes com raios X estudam
redes cristalinas de comprimentos aproximados de1s-10**m, logo, constituem
uma excelente ferramenta para se explorar dimensbes muito pequenas
(WASEDA, Y., 2011).A rede cristalina possui periodicidade na distancia que
separa os planos de atomos, sendo esta uma distancia fixa no plano do
espaco. Logo, a difracdo de Bragg ocorre quando as ondas obedecem ao
postulado de De Broglie (a relacdo entre as grandezas corpusculares e

grandezas ondulatdrias), assim temos:
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Pl (1)
p
Onde: 1€ o comprimento de onda da radiacdo incidente, pé

momento linear, h é a constante de Planck (6,62607015 x 10* m*kg/s).Sendo

a diferenca de fase entre dois raios igual a 2~ radianos, temos:

2d senf =nA (2)

Onde: n € um numero natural qualquer, d € a distancia entre planos dos
atomos, @ € o angulo de incidéncia no plano (WOOLFSON, M., M., 1970).

2.3 DENSIDADE ELETRONICA

A visualizacdo de complexos arranjos de atomos dentro das moléculas
tem exatamente o problema de ndo ser visivel a “olho nu” (nenhum
microscopio é capaz de visualizar as moléculas). Para contornar o problema,
hé técnicas de modelacdo computacional, para se calcular a aparéncia de
uma molécula isolada. Os dois métodos mais comumente usados na
investigacdo de estruturas moleculares cristalinas (também chamada difracdo
de raios X) sdo a espectroscopia e a ressonancia magnética nuclear(STOUT,
G. H., 1989).

Grande parte das proteinas foram determinadas usando a cristalografia
de raios X. O processo consiste em incidir um potente feixe de raios X sobre
um cristal que contém grande quantidade de moléculas idénticas. Os raios X
sdo espalhados sob um detector sensivel (figura 4), que se obtém varios
dados importantes (com a ajuda de programas computacionais especificos),
como a trés dimensdes cartesianas, 0 modo como o cristal, o nivel de
disperséo e de difracdo (LADD, M., 2003).
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Detector

Cristal

Imagem computadorizada
do cristal

Dispersao do raio X
Feixe de raio X

Figura 4— Como néo é possivel enxergar um cristal, mesmo com microscépio, pois a molécula ¢ muito menor
que a luz visivel, logo, é incidido um raio X no cristal, a “sombra” do cristal é incidido no detector sensivel a rio
X, 0s programas de computador processam a informagao que resultam na imagem computadorizada da molécula
(com a ajuda da transformada de Fourier).Fonte: Préprio autor.

A intensidade dos raios difratados é catalogada num computador, este
por sua vez, usa a transformada de Fourier, para verificar cada posicdo da
molécula estudada.A transformada de Fourier € uma ferramenta matematica
usada para representar, graficamente, uma molécula em questdo. As funcgdes
definem uma operacdo de reversdo, a sintese de Fourier combina as
frequéncias da funcdo temporal original (SCHWARTZBACH, C., 2017).A

transformada de Fourier de uma funcgéo f(x) é definida como:
FLF(0]=F(@)=]" f(e?™d (3)

A transformada inversa, que recupera a funcdo original é definida
como:

FAF@)]= f(0 == [ F(w)e" do, 4
O conjunto de equacdes, acima, resulta numa imagem digital da
molécula a trés dimensdes, que representa as propriedades fisicas e quimicas
da substancia sob forma de computacdo grafica (TAKAHASHI, R. H.,
2002)(WOOLFSON, M., M., 1970).

2.4 SUPERFICIE DE HIRSHFELD

Para que as estruturas cristalinas se mantenham estaveis, € necessario
se conhecer o tipo de ligacdo que mantém as moléculas coesas. As ligacoes
ibnicas priméaria sresultam da forca de atracdo eletrostatica entre os ions

positivos (cations) com os ions negativos (anions). Quanto maior for essa
19



diferenca de eletronegatividade, maior serd a caracteristica da ligacdo
i6nica.(GONCALVES, A. M., 2021). A ligagdo metéalica resulta da interacdo
de atomos metélicos, que possuem de um a trés elétrons na camada de
valéncia, que se comportam como elétrons livres ndo direcional, formando
uma nuvem eletrénica nos atomos vizinhos.

A variacdo de energia total de energia expressa as forcas de atracOes e
repulsoes:

AE =[(E,+E,)—(E,+E, +E;) ] (5)
A curva de energia de repulsdo e de atracdo € a relacdo da

aproximacéao dos dois atomos, assim sendo:

\ Energia de repulsao

+

Energia

0

-~/ Energia de atragédo

Figura 5- Curvas de energia versus distancia. A energia potencial de uma molécula diatbmica (um sistema de
dois &omos) sendo um esbogo para a curva de energia potencial para o estado fundamental e os estados
excitados.A energia da molécula é minima na distancia de equilibrio, que ndo necessariamente é a mesma para
os estados excitados.Nem todos os estados sdo estaveis, podem existir apenas por um curto periodo, pois 0
sistema nunca chega ao equilibrio.Fonte: Phillipe Wilhem Courteille, Tiago Gualberto Bezerra de Souza,
Um Curso de Mecanica Quantica.

A curva da energia potencial mostra dois atomos com aproximacao
(um do outro), e a disténcia intermolecular ¢ influenciada por ligacédo
quimica e tende a distéancia de equilibrio. Esse € o ponto de equilibrio da
energia livre entre as duas superficies (plano x y dos atomos).As forcas
intermoleculares de Van Der Waals sdo subdivididas em trés tipos: (1)
Interacdo de Keesom; (2) Interacdo de Debye; e (3) Interacdo de

London.A interacdo Keesom € a energia de interacdo dipolo-dipolo entre
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duas moléculas polares:

- { (1444 } ©)

[3 (47e,) KTr2]

Onde: V é a Energia potencial (J); « é o Momento dipolo; &, é
constante de permissibilidade (no vacuo); K é a Constante de Boltzmann; Té
a temperatura (K) e r € a distancia entre os dois atomos (ou moléculas). A
interacdo de Debye ocorre entre uma molécula polar e uma molécula neutra,

realizando um dipolo-dipolo induzido do tipo inducao:

) () (7)
V- {[(47&90 )2 rﬂ}

A interacdo de London ocorre em moléculas neutras, realizando um

dipolo-dipolo induzido do tipo dispersao:

{ (3ahv) } (8)
V = z
[4-(47&90) re}

Onde: h é a Constante de Planck ; v € a frequéncia de flutuacdo.Deste

modo, a ligacdo quimica pode ser realizada por covaléncia
(compartilhamento de pares de elétrons entre &tomos que se interagiram). A
ligacdo idnica ocorre com intermédio da atracdo eletrostatica entre ions
(&tomos que perderam elétrons (cations) ou receberam elétrons (anions)),
com base da teoria dos orbitais moleculares desenvolvida pelo quimico
estadunidense Linus Carl (TREMAYNE, M., 2004).

Todas essas ligacOes entre as moléculas (uma ou mais moléculas), os
orbitais, as regibes de interacdo entre os elétrons, niveis de energias,
precisam ser analisadas (SMAALEN, S. V., 2007), a fim de se obter todas as
diferencas caracteristicas entre as duas moléculas estudadas neste trabalho.

Assim, para esta andlise, € usada uma ferramenta bastante atil na

exploracdo das interacdes moleculares, a superficie de Hirshfeld. O estudo
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da densidade eletrénica de uma molécula com relacdo as demais moléculas
dentro da estrutura cristalina. A superficie de Hirshfeld permite analisar as
interacdes intermoleculares entre elas. A distribuicdo das moléculas no
cristal preenche grande parte do espaco do volume do cristal (SETH, S. K.,
2013).

Os mapas dessas regides (da densidade eletronica) sdo obtidos pela
triangulacdo de pontos na superficie considerando as distancias em relacao
ao nucleo dentro e fora da superficie. O mapa descreve todas as interagdes ao
redor da molécula, permitindo identificar interacdes de Van Der Waals.Cada
ponto no grafico, representado por uma cor especifica, indica a distancia
entre os contatos. O sistema de cores, que variam da cor azul, indicando
contatos menos intensos,a verde, uma frequéncia intermediaria, € 0
vermelho, indicando contatos intermoleculares mais intensos, indicando 0s
locais onde a molécula atua como doadora ou receptora de contatos
intermoleculares mais fortes. A escala de cores varia da seguinte forma:
vermelho>laranja>amarelo>verde>azul.

Para realizar analise de superficie de interagbes cristalinas
moleculares, usa-se o programa CrystalExplorer (Spackman, P.R, 2021), que
é um programa de computador o qual utiliza-se superficies de Hirshfeld
calculadas de moléculas dentro de uma estrutura cristalina para determinar as
interacOes intermoleculares entre moléculas particulares ou para a estrutura
cristalina em sua totalidade (MICHA, D. A., 2020).

O programa, CrystalExplorer, é atil para observar importantes
caracteristicas entre as superficies de Hirshfeld. As superficies de Hirshfeld
sdo criadas por uma extensdo da funcéo de peso que descreve um atomo em
uma molécula para incluir a funcdo de uma molécula em um cristal. A
superficie gerada a partir desses calculos, com uma funcdo de peso

especificada, envolve a molécula e, ao dividir a densidade eletrdnica dos
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fragmentos moleculares, delineia o0 espaco ocupado por uma molécula em
um cristal. As superficies de Hirshfeld podem fornecer informacdes sobre
interacBes intermoleculares no cristal, pois a superficie € determinada tanto
pela molécula fechada quanto por seus vizinhos mais proximos (BARBOUR,
L.J., 2017).

A variacdo dos angulos de torcdo das moléculas estdo correlacionadas
com a natureza e a forca das interacdes intermoleculares. A relacdo entre as
forcas destas interacdes € demonstrada pelos graficos fingerprint derivados
das superficies Hirshfeldde cada estrutura (SPACKMAN, P. R., 2021).
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3. PROCEDIMENTOS CRISTALOGRAFICOS

3.1 METODOLOGIA CRISTALOGRAFICA

A metodologia utilizada nesta pesquisa, foi a Cristalografia dos raios X
por monocristais, de acordo com as seguintes etapas:(1) coleta de dados, (2)
resolucdo, (3) refinamento, (4) anélise e validacdo do modelo cristalografico.
O arquivo da molécula CIF (Crystallographic Information Framework) foi
coletado no CCDC (Cambridge Crystallographic Data Centre), a fim de
realizar comparac0es das estruturas moleculares, de BRB e BMB.

Os substituintes metil e bromo foram as alteracGes analisadas nas
moléculas em questdo, também foram analisados o célculo de estrutura
eletrdnica (orbitais moleculares de fronteira), o MEP, as informacdes do
programa Gaussian View, o estudo do arranjo molecular (superficie de
Hirshfeld) e fingerprints, que auxiliam na andlise dos contatos

intermoleculares.

3.2 ESTRUTURA ELETRONICA

Os dados cristalograficos foram organizados em uma tabela e
comparados. Os calculos tedricos foram realizados pelo DFT (Density
Functional Theory), implementado no pacote de programa Gaussian,
utilizando o funcional hibrido de troca e correlacdo com correcdo de longo
alcance, M06-2X4, combinado com o conjunto de fungcbes de bases 6-
311++G(d,p ), em fase gasosa. Os parametros geométricos obtidos foram,
respectivamente, comparados aos experimentais. Nos respectivos compostos,
0S grupos substituintes —CH3; e —Br do anel B aromatico sdo ambos
retiradores de elétrons. As estruturas das moléculas foram entdo comparadas
para verificar os efeitos desses grupos em sua geometria molecular
(AMBROSIO, A. L. B., 2017).

Em relacdo aos Orbitais moleculares de fronteira (FMO), o HOMO e o
24



LUMO foram obtidos a partir de suas energias, determinaram-se as
estabilidades cineticas e reatividade quimica dos respectivos compostos. Os
mapas de potencial eletrostatico molecular contribuiram para a analise da
eletrofilicidade global por meio de suas superficies eletrénicas de

isodensidade. O potencial eletrostatico V/(r)® no ponto r é definido como:

Y-SR ?

onde Z é a carga dos nucleos na posicédo r e p(r') é a densidade de carga no
ponto r'. Além de fornecer uma previsdo dos sitios de interacdo entre suas

moléculas na formacéo do arranjo supramolecular dos cristais.

3.3 ARRANJO SUPRAMOLECULAR

A partir da Quimica Supramolecular, é possivel compreender 0s
parametros geométricos formados em estruturas cristalinas, analisando as
interacdes intermoleculares entre moléculas (ou ions), independentemente da
natureza estrutural do sistema. Com isso, podemos inferir um conhecimento
das propriedades fisico-quimicas.

Nesse sentido, os arranjos supramoleculares das chalconas foram
determinados pelas superficies de Hirshfeld e por graficos de impressao
digital 2D, fornecendo informagdes sobre os padrdes de interacéo
intermolecular por mapeamento de cores, além de descrever as propriedades
especificas das superficies. Além disso, calculos da teoria quantica de
atomos em moleculas (QTEA) mostraram 0s caracteres dessas interacoes,
por meio da anéalise dos parametros topolégicos.

Para esses calculos tedricos, os dados foram analisados a partir dos
dados cristalograficos no nivel de teoria M06-2X/6-311++G(d,p), da qual as
coordenadas atdomicas foram mantidas fixas. Em seguida, foram realizados
calculos de NBO (orbitais naturais de ligacdo) para determinar a estabilidade

das interacGes pela energia de hiper conjugacdo, estimada pela formula de
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perturbacdo de segunda ordem:

E@ __n oilFlo}* _ " R (10)

el T e.-¢ Te.—¢
J
Onde (s| F| o) ou F! é o elemento da matriz Fock entre os orbitais de

ligagcdo natural 1 € j; € (6™ ) € a energia do orbital antiligante 6* e € c ¢ a
energia do orbital ligante o; n o representa a ocupagdo populacional do

orbital doador 6 (BARTOLONI, F. H., 2010).
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4. RESULTADOS
4.1 CARACTERIZACAO ESTRUTURAL

O cristal adequado de BRB selecionado, mantido a 273 K, e a difracédo
de raios X foi coletada em um difratbmetro Bruker APEX-II CCD com
radiacdo de comprimento de onda MoKa A = 0,71073 A. O tamanho do
cristal utilizado foi de 0,21 x 0,23 x 0,04 mm®. A estrutura foi resolvida por
métodos diretos com método de fase intrinseca usando Olex 1.3
(DOLOMANOV, 0.V, 2009), e refinada por minimizacdo de minimos
quadrados com ShelxI (programa de estudo e analise de pequenas moléculas
e estruturas cristalinas). Todos os atomos de hidrogénio foram fixados na
posicéo calculada, e os potenciais interacdes de ligacdes de hidrogénio foram
verificados pelos programasPlaton e Crystal Explorer.

As informacdes estruturais e as interagdes da molécula, o ORTEP(Oak
Ridge Thermal Ellipsoid Plot) foram geradaspeloprogramaOlex, que mostra
os elipsoides atdbmicos com tamanho semelhante e problema de auséncia de
desordem, tem a presenca de um grupo metil ligados ao anel. As distancias
de ligacOes, angulos de ligacdo e torgbes foram observadas pelo
programaMercury. Os principais dados de refinamento cristalografico séo
apresentados na Tabela 2.Ambas as chalconas foram cristalizadas no grupo
espacial Pbca, de modo que as respectivas celas unitarias contém oito
unidades assimétricas.Os compostos BRB e BMB apresentam uma cadeia
carbonica com cinco nudcleos nos anéis aromaticos (DE OLIVEIRA, A,
2019).
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Tabelal. Dados cristalograficos e refinamento de estrutura para BRB e BMB

Dados do Cristal BBP BMP
Formula quimica Cy9H190OBr CyH»,0
Massa molecular (g/mol) 343,25 278,37
Sistema de Cristais ortorrdmbico Ortorrémbico
Grupos de espaco Pbca Pbca
a(A) 11,3065(12) 11,341(3)
b (A) 8,1831(9) 8,1445(19)
c(A) 33892(4) 33,628(8)
a(®) 90 90
B(°) 90 90
v (©) 90 90
Volume (A% 3135,8(6) 3106,2(12)
z 8 8
Tipo de radiacéo Mo Ka(A = 0,71073) Mo Ko (1 = 0,71073)
R[F%> 20(F%)] R; =0,0317, wR; = 0,0620 R; = 0,0545, wR, = 0,1346
WR(F?) 1,035 1,025
S 0,226 x 0,197 x 0,044 0,23 x 0,21 x 0,04

Fonte: Préprio autor.

A comparacao das estruturas das chalconas mostrou que a substituicdo
do grupo substituinte ndo altera significativamente sua geometria molecular.
Para comprimentos de ligacdo, observou-se compressédo da ligacdo Cg=C, da
ponte BRB em 3,82%, pela substituicdo do atomo de Br pelo grupo -CHs.
Além disso, como esperado, o volume do atomo de Br impacta diretamente o
comprimento do carbono ligado ao bromo, C-Br, em cerca de 20,86%. No
caso dos angulos de ligacédo, observou-se que C;—C,—C;3 e Cs—C¢—C; do anel
benzénico A aumentaram 1,98 e 1,89%, respectivamente, enquanto C¢—C;—
C, diminuiu 3,08%. Os angulos de tor¢cdo também ndo se alteraram
significativamente ao longo das cadeias carbonicas das chalconas
(GIACOVAZZO, C., 2011).

Uma pequena diminuicdo de 2,13 e 1,14% foi observada em Cs—C,—
C;—0; e C15-C10—Cy=Cg, respectivamente. No caso dos angulos de ligacao,
observou-se que C;—C,—C; e Cs—Cs—C; do anel benzénico A aumentaram

1,98 e 1,89%, respectivamente, enquanto C¢—C,;—C2 diminuiu 3,08%. Os
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comprimento de ligacido

teorico de BRB ()

L10

angulos de torcdo também nao se alteraram significativamente ao longo das
cadeias carbonicas das chalconas. Uma pequena diminuicdo de 2,13 e 1,14%
foi observada em Cs—C4,—C;—0; e Cy;5—C10—Cgo—Cg, respectivamente. A ponte
chalcona esta 28° fora do plano do anel A e 19° fora do plano do anel B e
ambos os anéis formam planos de 47° entre si. Atraves da sobreposicdo das
moléculas BRB e BMB, mostradas na Figura 6, € possivel observar que 0s

angulos de tor¢édo variam pouco em ambas as estruturas.
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Figura 6 - Gréficos de dispersdo comparando valores experimentais de comprimentos de ligacdo (a) e angulos
de ligagdo (b) em chalconas BRB e BMB.Fonte: Proprio autor.

Figura 7 - Estruturas moleculares das chalconas BRB e BMB sobrepostas, onde RMS = 0.0198 AFONTE:
Préprio autor.

Os parametros geométricos teoricos dos resultados foram comparados
com os dados experimentais, 0 Mean Absolute Detor Percentual, ou
percentual de detor absoluto médio (MADP), analisa o desvio percentual

absoluto médio:
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(15)

MADP:lOOZn: XoFT _ZXRD|,
n = XxrD

onde yprr € Yxrp representam o0s parametros geométricos tedricos e
experimentais, respectivamente. Os resultados mostraram que o nivel de
teoria utilizado € adequado para descrever as chalconas BRB e BMB. Os
valores de MADP para comprimentos de ligacdo foram, respectivamente,
0,388% no BRB, com coeficiente de correlacdo de Pearson igual a R? =
0,9981, e 0,499%, com R? = 0,9954, na BMB.

A Figura 8 mostra o espalhamento dos comprimentos de ligacdo em
chalconas, comparando valores tedricos e experimentais. Os graficos
mostraram que o0s desvios foram muito pequenos, destacando a ligacéao
Cg=Co em BMB, que é cerca de 3,4% menor para a molécula mantida no
vacuo. No caso dos angulos de ligacdo, os valores de MADP foram 0,565%
(R?=0,9233) no BRB e 0,516% (R* = 0,9329) no BMB. Os maiores desvios
ocorreram com aumentos médios de 1,8% e 3,7% em C14—C13—Ci5 € Ci3—
C16—Ci17, respectivamente, e com reducdo media de 1,6%, 1,6% e 1,4% em
C19Ci15Ci6 , Ci6C17-Cig € C17—C15-Cig. As Figuras 8b e 8d mostram o
comportamento dos angulos tedricos em relagdo aos experimentais (FUKUI,
K., 1982).
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Figura 8 - Gréficos de dispersdo comparando valores experimentais e tedricos dos comprimentos de ligagdo
(@) e (c) e angulos de ligacdo (b) e (d) nas chalconas BRB e BMB.Fonte: Préprio autor.

4. 2MODELAGEM MOLECULAR

A partir dos calculos da densidade eletronica p(r), foi possivel
determinar algumas propriedades eletrénicas das moléculas BRB e BMB. As
isosuperficies de FMO deslocalizadas sdo mostradas na Figura 9 e as
energias HOMO e LUMO sédo mostradas na Tabela 2. Os dados mostraram
que a energia HOMO em BRB ¢ =2,0% menor que a energia HOMO em
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BMB. Uma pequena diferenca infere um carater um pouco mais basico a
chalcona bromada.

Por outro lado, a energia do LUMO de BRB ¢ ~14,8% menor que a do
LUMO de BMB, conferindo um carater que, consequentemente, é mais
acido ao primeiro. As lacunas de energia dos orbitais HOMO e LUMO
também indicaram que o grupo substituinte —CHs torna a molécula BRB
ligeiramente mais estavel que BMB (Tabela 2).

(a

)

’ ; ‘0 "
: m ¢ {0 31931 Kcalimol
J‘ v A

v

AE HOMO LUMO = 144,062 Kcal/mol

» 3 7 b ’
, o™ 3”'.' v —@— 175,993 Kcal/mol
2 ¥ v .

(b)
e, ,** O} 37,462 Kcalimol
8
° e
AEno,\lo_Ln[o = 142,036 Kcal/mol
" ‘}[ .
e .”' “ g 179,499 Kcal/mol
s s

Figura 9 - Graficos HOMO e LUMO para (a) BRB e (b) BMB obtidos no nivel de teoria MO06-2X/6-
311++G(d,p).Fonte: Préprio autor.

Com base nos valores das energias FMO, temos a dureza quimica:

_1[82Ej _1-A (11)

2\ oN? 2
das chalconas foi verificada, o que os orbitais em BRB possuem 1,4% a

mais, em relacdo a dureza quimica. Essa diferenca indica que os orbitais
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desta molécula sdo menos polarizaveis que os orbitais de BMB. Além disso,

os valores calculados para o potencial quimico:

mostraram que o BRB tem maior capacidade de transferir carga durante
processos quimicos, pois possui um valor de p 4,2% maior, o que também
justifica seu carater um pouco mais basico. Nas Equacdes 11 e 12, E é a
energia do sistema, N é o numero de elétrons, v é o potencial externo, I(E) €

0 potencial de ionizacdo de HOMO, e A(E) é a afinidade eletrbnica de
LUMO.

Tabela 2. indice de reatividade das chalconas BMP e BBP, obtidas no
nivel de teoria M06-2X/6-311++G(d,p).

BMP

Descritores BBP (kcal/mol)
(kcal/mol)
Eromo -175,993 -179,499
ELumo -31,931 -37,462
gap* 144,062 142,036
Energia de ionizacdo (I) 175,993 179,499
Afinidade eletronica (A4) 31,931 37,462
Eletronegatividade (y) 103,962 108,480
Potencialquimico (u) -103,962 -108,480
Dureza quimica () 144,062 142,036
indice de eletrofinidade (w) 37,512 41,426

*Ogap de energiaé a diferenca entreos niveis de energias

HOMOeLUMO, gap = ELUMO - EHOMO-

A partir dos valores de u e » calculados para as quinolina-chalconas,
foram obtidos os valores dos indices globais de eletrofilicidade para os

COI’ﬂpOStOSZ
i (13)
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que mede a natureza eletrofilica de uma molécula. Uma caracterizacao
quantitativa desta descricdo foi realizada para varias moléculas organicas,
em que os resultados tedricos mostraram que, para eletrofilos fortes o > 1,5
eV (ou o > 35 kcal/mol), para eletrofilos moderados 0,8 eV < < 1,5 eV (
ou 18 kcal/mol < w <35 kcal/mol) e, finalmente, para eletrofilos marginais ®
< 0,8 eV (ou » < 18 kcal/mol). Comparado a esses resultados, é possivel
inferir que tanto o BRB quanto o BMB sao eletrofilos fortes, sendo que os
resultados encontrados foram, respectivamente, 35,7 e 44,8 kcal/mol,
respectivamente.

A eletrofilicidade de um composto pode ser avaliada localmente a

partir da funcdo de Fukui, que determina as regides de ataque nucleofilica,

fh_ op(r)] (14)
|15
eletrofilico,
b _ ap(r) | (15)
|5
ou radicais,
(o _ ap(r) " (16)
|15

Logo, por meio dos mapas MEP obtidos para as moléculas de
guinolina-chalcona BRB e BMB (Figura 10), observamos pela cor vermelha
que os atomos de oxigénio possuem alta densidade de carga de modo que
configuram regides nucleofilicas das moléculas. Avaliando as isosuperficies
obtidas para a funcgdo f* (Figura 10), notamos que os atomos de O presentes
nos grupos dos aneis podem realizar ataques nucleofilicos durante processos
quimicos, incluindo o O, do BRB (FUKUI, K., 1979).
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(b)

Figura 30 - Superficie MEP em p(r) = 4,0 x 10—4 elétrons/contorno de Bohr da densidade eletronica total de SCF
para (a) SUCO e (b) SUNO no M06-2X/6-311++G(d) ,p) nivel teérico.Fonte: Préprio autor.

4.3 CARACTERISTICAS DO ARRANJO SUPRAMOLECULAR

A Superficie de Hirshfield indica as caracteristicas da densidade
eletrénica do cristal, os fragmentos moleculares do espa¢o ocupado por uma
molécula enquanto as impressdes digitais (gréficos 2D) indicam as
porcentagens de forca de interacbes envolvidas nos modos de
empacotamento do cristal. Consideradas por DNOM (Distancia Normalizada

entre os Atomos Doador e Aceptor de Hidrogénio), ou seja, as regides de
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doadores e receptores sdo baseadas na funcdo normalizada da distancia ao
nacleo mais proximo interno a superficie.

Considernado que adistancia do ponto ao ndcleo mais proximo externo
a superficie representa as regides de espaco onde as moléculas estdo em
contato umas com as outras. A superficie de Hirshfeld mostra as
porcentagens de interagbes de impressOes digitais geradas pelo
programaCrystal Explorer.As principais interacdes estdo em H-H, sendo os
contatos mais préximos, seguidos pelo C-H e O-H, enquanto a menor
interacdo € o C-C que representa as interacbes C—Heeen (SPACKMAN, M.,
A., 2009).

Ataques eletrofilicos, de acordo com a isosuperficie da funcédo f,
podem ocorrer no atomo C,9 do grupo do BRB. De fato, como 0 —CHs € um
grupo doador de eletrons e, além disso, o atomo de O, € muito
eletronegativo, 0 C,y adquire uma carga parcial positiva, tornando-o
suscetivel a ataques eletrofilicos.

A partir do mapa MEP, é possivel observar (cor azul) que a regido
sobre o grupo —CH3; possui baixa densidade de carga, apresentando carater
eletrofilico. Na regido do grupo BMB, observamos que esse tipo de atague
ndo ocorre. Na regido, ataques eletrofilicos podem ocorrer nos atomos Cy,
Cs, Cs e C;. Comparando com o LUMO em ambos os compostos descritos
acima, observamos que as informacdes indicam a mesma tendéncia, uma vez
que séo regides formadas por orbitais que tendem a capturar elétrons.

No anel, os 4tomos de Cy3 (ou Cis) e Cy; também sdo suscetiveis a
ataques eletrofilicos, uma vez que estescausam a minimizacdo da densidade
de carga desses atomos e tornando-os eletrofilicos. Finalmente, no anel A, os
atomos de carbono na posicdo meta podem sofrer ataques eletrofilicos. No
entanto, no BMB, a posicao orto oposta tambem é suscetivel a esse tipo de
ataque (BRONDANI, P.B., 2019).
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Figura 41 - O ataque ou uma reagcdo em que um nicleo reage com um ion que atua por
intermédio de um par de elétrons disponivel. Fonte: Proprio autor.

A comparacgéo dos arranjos supramoleculares das quinolina-chalconas
BRB e BMB mostrou que a substituicdo do &tomo de cloro pelo grupo —CHs
no anel E alterou os padrbes de interacdes intermoleculares nos respectivos
cristais.

Inicialmente, uma interacdo entre o anel E e o grupo —NO, do
nitrobenzeno (C,o—Hi9::-Og) foi observada em compostos, cujas distancias
entre o atomo de H e o 4&tomo aceptor diferem em apenas 0,5%, enquanto o
D—H-A os angulos diferem em 20,3%. Essa diferenca esta relacionada ao
fato de que, no BRB, representado pelo HS na Figura 12a, enquanto na
molécula de CHs;, no BMB, ndo realiza outras interagdes, alem das ja
mencionadas.

A porc¢éo quinolina de ambos os compostos forma dimeros: no BRB,
pela interagdo Co—Ho:--O3 (dimero 3), enquanto no BMB, pela interacdo Cog—
H---O3. Além da formacdo deste dimero, duas outras interacdes em cadeia
foram observadas no BRB através de contatos entre o anel B e o grupo (Cg—
Hg:--Os) e contatos com o grupo do anel D ( Cys5—Hjs: -+ O3).

O anel A também participa da formacgédo de dimeros nos compostos, de
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modo que, no BMB, essa por¢do da molécula forma um dimero por meio de
contatos com o grupo ligado ao Bromo, pelas interagfes intermoleculares
Cos—H---O5 e Cys— H---Og; também, o anel A participa da interacdo Coyg—
H---O3 acima mencionada.

Por outro lado, no BRB, observamos apenas a formacdo do dimero 2
(Figura 13), pela interacdo Cyg—Hyg:--O1.Uma unidade assimétrica BRB é
responsavel pela formacdo de trés dimeros no arranjo supramolecular. O
dimero 1, no BRB, estéa no centro da cela unitaria, onde realiza as interagdes

Cio—Hip-O4 € Cig—His---O4, em 2.591 e 2.653 A, respectivamente, e pode
ser descrito por R;(22). Além disso, a formacdo de uma interacdo empilhada

n --- 7 foi observada entre o anel E das moléculas em 4,324 A (Figura 13).

O dimero 2 (Figura 18b) é formado pela interacdo Cyg—Hyg:--O1, a

2.589 A, e é descrito por R:(10). Finalmente, o dimero 3 (Figura 12c) é

formado pelas interagcdes Cq—Hg---O3, descritas por R:(10). Além disso,
outras interacdes foram observadas no arranjo supramolecular do BRB. Para
saber, Cg—Hg-+-Os, a 2,366 A, descrito por C; (13) (Figura 19d), C15—Hys-+-Os,
a 2,511 A, descrito por C/(13) e Cig—Ho--Os, a 2,586 A, descrito por C!(8)
(Figura 12d).

A analise de impressdo digital 2D (Figura 14) mostrou que 31,8% do
HS da chalcona corresponde a contatos O---H, 13,4% a contatos C-:-H,
42,8% a contatos H---H e apenas 4,9% a contatos C---C Contatos. Este

ultimo estd relacionado aos contatos empilhados m - m observados no
dimero 1 (VAZ, W.F., 2017).
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dimer 1

Figura 5- Anel E das moléculascom a energia de interagdo, obtida a partir do estado de menor energia do
dimero causa a separacdo das moléculas que ocomp@e. As variagcBes na energia total do sistema séo a
diferenca entre a energia encontrada para o dimero de menor energia (mais estvel) e o complexo

separado.Fonte: Préprio autor.

contacts

Figura 6 - Regido eletrdnica das moléculas, queé dividida em uma regido central e valéncia. Os elétrons
do centrosdo substituidos por um potencial e os elétrons de valéncia sdo tratados explicitamente como
regido de contato. Fonte: Proprio autor.
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Figura 147 - Dados estatisticos da regido eletronica das moléculas, demonstram as simula¢bes devidamente
realizadas e separadas em sec8es que vdo de acordo com o tipo de ligagdo quimica envolvida: covalente polar,
covalente apolar e idnico. Analisamos as caracteristicas peculiares de cada regido eletrénica bem como sua relagéo

com outras variaveis microscopicas ja citadas: cargas parciais e distancias interatbmicas.Fonte: Proprio
autor.

40



Tabela 3. Parametros topoldgicos calculados para as interagdes moleculares de 2,3-DMB no ponto critico de
ligacdo

. 2 © @ © G
Interag&o H(AA D-H-A  ppep(d) Voppep(b) G(r) v(r) h(r) (r)

) () (a.u.) (a.u.) (a.u.) (a.u.) (a.u.) lv(r)|
BRB
Cip—H--0Oy4 2,591 12485  0,0076 0,0283  0,0060  -0,0050  0,0011 0,8
Ci—H---0, 2,653 121,67  0,0066 0,0257  0,0054  -0,0044  0,0010 0,8
Cos—H--0, 2,589 147,79 0,008 0,0222  0,0045  -0,0035  0,0010 0,8
C9-H--0O4 2,464 142,67  0,0086 0,0308  0,0065  -0,0053  0,0012 0,8
Cio—H--Op 2,586 147,01 0,0062 0,0227  0,0047  -0,0038  0,0009 0,8
Cis—H---05 2,511 148,46 0,0075 0,0270  0,0056  -0,0045  0,0011 0,8
Cg—H--Os 2,366 15504  0,0103 0,0390  0,0080  -0,0063  0,0017 0,8
BMB
Cpp—H--0, 2,528 13540  0,0079 0,0297  0,0062  -0,0050  0,0012 0,8
Cpq—H:+-Os 2,591 136,78  0,0059 0,0197  0,0042  -0,0035  0,0007 0,8
Ci-H--0, 2,441 167,70 0,0091 0,0325  0,0067 -0,0054  0,0014 0,8
Cps—H-+-Og 2,673 154,97  0,0059 0,0197  0,0042  -0,0035  0,0007 0,8
Cog—H--O4 2,655 164,08  0,0058 0,0193  0,0041  -0,0034  0,0007 0,8
Cp—H-+-Os 2,572 122,19  0,0075 0,0293  0,0061  -0,0049  0,0012 0,8

@Densidade eletrdnica total no BCP; ®Laplaciano de densidade eletronica em BCP; “Energia Kinect

Lagrangeana; “Densidade de energia potencial; ®Densidade de energia total.

Os resultados mostram-se que 0s parametros topologicos energéticos
estdo relacionados com V2p, onde h(r) corresponde a energia de densidade
eletronica, G(r) a densidade de energia cinética e v(r) a densidade de energia
potencial. Para ligacbes H foi mostrado que a intensidade da interacdo €
muito forte para valores de V2p<0 e h<0, forte para valores de V2p>0 e h<0
e fraca ou moderada para valores de V2p>0 eh>0.

No caso de interagbes no arranjo supramolecular das quinolinas-
chalconas BRB e BMB, por analogia, as interacdes sao fracas. Além disso,
os valores encontrados para a razao [v|/G mostraram que a densidade de
energia potencial € menor que a densidade de energia cinética, indicando que
o fluxo eletrbnico internuclear € pequeno entre os atratores, resultando em
interacOes fracas. Assim, concluimos que as interagdes tém um carater de
van der Waals nos arranjos supramoleculares de ambos 0s compostos.

A partir desta breve descricdo do método e dos pardmetros topologicos
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obtidos (Tabela 3), observamos que a densidade eletronica € muito baixa (p<
0,1) entre dois atratores que formam a interacdo intermolecular
(ANUGRAH, D., 2022). Além disso, os valores de V?»>0 indicam que os
elétrons estdo esgotados no pontos criticos de ligacdo, configurando
interacOes de camada fechada.

Pelo teorema do virial:
TV2p(r)=26(r)+v(r) (17)

em unidades atdmicas, e pela expressao:
h(r)=G(r)+v(r) (18)

42



5. CONSIDERACOES FINAIS

De acordo com 0 QTAIM (Quantum Theory of Atoms in Molecules),
as propriedades observaveis de um sistema quimico estdo contidas em sua
densidade eletrénica (p), de modo que o vetor gradiente de p define os
caminhos de ligacdo, a partir de ndcleos atdmicos (atratores). Desta forma,
0s pontos localizados entre dois atratores sdo originados e chamados de
pontos criticos de ligacao.

Por conseguinte, a localizacdo desses pontos criticos é feita pela
densidade eletronica Laplaciana (V?), que descreve a concentracio
eletrébnica no ponto critico de ligacdo. Em interacBes compartilhadas, como
em uma ligacdo covalente, os elétrons sdo acumulados no ponto critico de
ligacdo, resultando em V?»<0; por outro lado, em interacbes de camada
fechada, como em ligagdes parcialmente covalentes, ligagcdes de hidrogénio
ou interacdes de van der Waals, os atratores suportam toda a carga e V2p>0.

As chalconas caracterizam a estrutura cristalina, que descreve pela
estrutura com precisdo a partir do conjunto de dados obtidos com a difracéo
de raios X. As duas chalconas foram comparadas afim de estabelecer
pardmetros nos quais a caracterizacao estrutural do estado sélido do sistema
cristalino ortorrémbico no grupo espacial.

Por fim, o Pbca € estabilizado por C— H eee 1, C-OQ ssemec e
interacOes intermoleculares, com nédo -conformacdo molecular planar,
indicando uma possivel solubilidade aguosa melhorada.
Sendoacristalografiautilizada neste trabalho, como uma
metodologiaparaelucidacdo do comportamento da molécula. Esta comparacdo

podera ser utilizada em outras moléculas cristalinas disponiveis no mercado.
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Abstract: The development of photoprotective agents presents a growing interest due to skin disorders
(e.g.: cancer). In order to obtain natural-based compounds with potential photoprotective activity, we
promote the synthesis and extensive characterization of a butylchalcone derivative (E)-3-(4-butylphenyl)-1-
(4-methylphenyl)-prop-2-en-1-one (BMP). Also, we carried out a comparative analysis of two chalcones
bearing a methyl (BMP) and bromo (BBP) substituent groups (at para position) — on respective electronic
structures and supramolecular arrangement — using density functional theory (DFT). Through theoretical
calculations carried out by DFT, it was possible to verify its antioxidant property by the mechanisms of free
radical scavenging, H-atom transfer (HAT) and one-electron transfer (ET), and their stabilities. Finally, from
the analysis of chalcone's electronic transitions in the excited state calculated by the time-dependent (TD)-
DFT method as well as UV-vis absorption spectra of the BMP and BBP (200-390 nm), it is possible to
highlight their potential use as organic photoprotective agents.

Keywords: butylchalcone; X-ray diffraction; supramolecular arrangement; DFT; sunscreen

1. Introduction

Due to health challenges of skin diseases such as cancer and actinic keratoses, there is a
great interest on development of photoprotective agents to avoid damaging to the skin[1,2].
Moreover, these photoprotective agents should present low cost/toxicity and ultraviolet (UV)
absorption property[3]. In this regard, the natural product derivatives have been shown as
promising photoprotective agents for instance plant extracts (i.e.: Ginkgo biloba and Lippia sp.),
green propolis, caffeic acids derivatives[4], and chalcones (1,3-diaryl-2-propen-1-ones)[5].
Among these natural products, chalcones is a versatile class of natural-based compounds which
possesses a set of pharmacological properties such as antioxidant, anticancer, antidiabetic,
larvicidal, antibacterial, antiparasitic, anti-inflammatory, neuroprotective agents, insecticidal[6]
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as well as optics properties[7-9] including photoprotective activity due to their UV-absorbing
and antioxidant properties.

In order to obtain chalcone-based sunscreen agents with ideal physical and chemical
properties, the understanding of their molecular structure as well as structure-activity
relationship present a pivotal role. By the way, there are several examples in literature reporting
the molecular design of chalcones with different groups (electron-donating and withdrawing)
such as bromo, butyl, methyl, nitro, dimethylamino[10,11]. These modulations on molecular
structures of chalcone modify their pharmacokinetic and pharmacodynamics properties as well
as the properties of cosmetic agents (e.g.: sunscreen)[5].

Herein, we described the synthesis of a butylchalcone derivative (E)-3-(4-butylphenyl)-1-(4-
methylphenyl)-prop-2-en-1-one (BMP) and its structural description by X-ray diffraction.
Moreover, we promoted a comparative analysis of two chalcones bearing a methyl (BMP) and
bromo (BBP)[12] substituent groups (at para position) on the molecular and electronic structures,
and on the supramolecular arrangement through density functional theory (DFT). Additionally,
BMP chalcone was fully characterized by a set of spectroscopy characterizations namely
Ultraviolet-visible (UV-vis) spectroscopy, 'H- 3C- nuclear magnetic resonance (NMR)
spectroscopy, and Raman spectroscopy. The use of BMP and BBP chalcone derivatives as a
potential sunscreen agent (Figure 1) was proposed on the basis of their observed optical
properties.

Figure 1. Molecular structures of (E)-3-(4-butylphenyl)-1-(4-methylphenyl)-prop-
2-en-1-one (BMP) and (E)-3-(4-butylphenyl)-1-(4-bromophenyl)-prop-2-en-1-one
(BBP).

2. Materials and Methods
2.1. Synthesis and crystallization

All solvents and chemicals were commercially obtained from Sigma-Aldrich. Initially, 4-
methylacetophenone (1 mmol; 134 mg), 4-butylbenzaldehyde (1 mmol; 162 mg), and ethanol (1
mL) were added to a volumetric flask. Subsequently, pulverized KOH (1 mmol; 56.1 mg) was
also added and the reaction was mixture by manual shaking for 3 min, at 25 °C. A white
precipitate product was obtained, filtrated by vacuum filtration, and crystallized using ethanol.
(E)-3-(4-butylphenyl)-1-(4-methylphenyl)prop-2-en-1-one (BMP) was obtained in 92% yield (0.92
mmol; 256 mg). Then, in a conical flask, the crystal growth of BMP was performed using
dichloromethane and chalcone. The crystals were obtained by slow evaporation method keeping
the mixture at 25 °C, for 80 h.

2.2. Spectroscopic characterization

A UV-Vis spectrum was obtained using a Cary 5000 UV-Vis-NIR spectrometer and DMSO
as solvent. 'H and ®C NMR spectra were obtained on a Bruker Avance 500MHZ NMR
spectrometer using TMS and CDCls as the internal standard and solvent, respectively. Raman
analysis was performed using a WITec Alpha 300 RAS microscope (WITec, Ulm, Germany),
excitation wavelength at 785 nm, and a detection range of 100—4000 cm-. The spectra were
collected with a 20x magnification objective (Zeiss, Jena, Germany). Spectra were recorded with
the integration time of 30 s and 2 accumulations. Obtained spectra were processed and analyzed
using WITec Project FOUR and Origin 2016 software.

2.3. X-ray diffraction analysis
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A suitable crystal of BMP was selected, kept at 273 K, and the X-ray diffraction was
collected on a Bruker APEX-II CCD diffractometer with wavelength radiation MoKa A=0.71073
A. The crystal size used was 0.21 x 0.23 x 0.04 mm?. The structure was solved by direct methods
with the intrinsic phasing method (SHELXT)[13] using Olex2 1.3 version[14] and refined by
least-squares minimization with SHELXL[15]. All hydrogen atoms were fixed at the calculated
position, and potential hydrogen-bond interactions were verified through Platon[16] and Crystal
Explorer software[17]. The BMP and BBP structures data were deposited in the Cambridge
Crystallography Data Centre (CCDC) under codes 2232935 and 2069836, respectively.

2.4. Molecular modeling

Theoretical calculations were carried out by DFT[18,19], implemented in the Gaussianl6
software package, using the hybrid exchange and correlation functional with long range
correction, M06-2X[20], combined with the basis set 6-311++G(d,p), in gas phase. The obtained
geometric parameters were compared to the experimental ones. In the studied compounds, the
substituent groups —CHs and -Cl of the aromatic B ring are, respectively, electron-donating and
electron-withdrawing. Also, the molecular structures were compared to verify the effects of
these groups on their molecular conformations. Frontier molecular orbitals (FMO)[21], highest
occupied molecular orbital (HOMO) e lowest unoccupied molecular orbital (LUMO), were
obtained; the kinetic stabilities and chemical reactivity of the butylchalcone derivatives were
compared. Molecular electrostatic potential maps contributed to the global electrophilicity
analysis through their electronic isodensity surfaces. The electrostatic potential V(r)[22] at point
r is defined as

p(r’)
v = Z|r i e .

where Z, is the charge of nuclei « at point r, and p(r’) is the charge density at point r. In
addition to providing a prediction of the interaction sites between its molecules in the formation
of the supramolecular arrangement of crystals.

The local electrophilicity of both molecules was determined by the Fukui function[23,24]
and then it was possible to predict the possible molecular regions in which chalcones act as
antioxidant agents. Based on Fukui indices, it was analyzed the possible radicals formed in the
free radical scavenging processes through spin density calculations[25,26]. It was start from the
BMP- and BBP- optimized structures and optimize the respective radicals using the same level of
theory used previously. The radical structures deformation energies were included in the results
we obtained for the analysis of the chalcones antioxidant potential[27]. NBO[28] analysis were
carried out to determine the radicals stability by the hyperconjugation energy[29], estimated by
the second-order perturbation formula,

2
o; o~ Fz
T | L . N 2)
/ Eix — & Eix — &

where (g|F|o)? or Fl-? is the Fock matrix element between the natural bond orbitals i, and j; ;= is
the energy of the antibonding orbital ¢* and ¢, is the energy of the bonding orbital o; n, stands
for the population occupation of the o donor orbital.

2.5. Supramolecular arrangement

The butylchalcone derivatives (BMP and BBP) supramolecular arrangements were
determined by the Hirshfeld surfaces (HS)[30] and 2D fingerprint plots[31], providing
information about the intermolecular interaction patterns by color mapping, in addition to
describing the specific properties of the surfaces. The HS indicates the partition of the crystal
electron density, and the molecular fragments of the space occupied. The 2D fingerprint plots
indicate the percentages of the strength of interactions involved in the crystal packing modes|[32].
The donor and recipient regions are based on the normalized function of the distance to the
nearest inner surface nucleus. The distance from the point to the nearest nucleus outside the
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Absorbance

surface represents the regions of space where molecules are in contact with each other.
Furthermore, quantum theory of atoms in molecules[33] (QTAIM) calculations showed the
characters of these interactions, through the analysis of the topological parameters. For these
theoretical calculations, the inputs were constructed from the crystallographic data at the M06-
2X/6-311++G(d,p) level of theory, in which the atomic coordinates were kept fixed. The NBO
analysis was carried out to determine the interactions stability by the hyperconjugation energy,
(Equation 2).

2.6. Analysis of photoprotective property

To understand the BMP and BBP electronic transitions, calculations of the electronic
absorption spectrum were carried out #-gasphase-andin implicit solvation, in which the solvent
used was DMSO.The choice of solvent was since the respective readings were made with the
chalcones dissolved in this solvent, From the chalcones optimized structure, the TD-DFT method
was used, with the functional CAM-B3LYP, accompanied by the basis set 6-311++G(d,p) and the
data obtained for the electronic transitions were compared to the data experiments of both
chalcones.

UV-Vis spectra of the chalcones (BMP and BBP) were obtained using a Cary 5000 UV-Vis-
NIR spectrometer and DMSO as solvent. The analysis of the range of UV-vis absorption was
performed using Origin 2016 software.

3. Results
3.1. Synthesis and spectroscopic characterization

The BMP chalcone was obtained via the Claisen-Schmidt condensation methodology. For
that, benzaldehyde and acetophenone derivatives reacted (manual shaking) in the presence of
KOH as base and ethanol as solvent for 3 min, at 25 °C (Scheme 1). BMP was synthetized in 92%
yield (0.92 mmol; 256 mg). The crystals of BMP were obtained by slow evaporation approach
using dichloromethane as solvent at 25 °C, during 80 h. Figure 2 shows UV spectrum of BMP.

Scheme 1. General procedure for BMP synthesis.
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Figure 2. UV-vis spectrum of BMP in DMSO.

Raman spectroscopy also was used to characterize and determine the quality of the BMP
crystals (Figure 3). Spectra for each crystal type were normalized to a certain peak (the exact
position of the peak is indicated by arrows on the graphs and in the figure legends). For the
Raman spectrum of BMP, the C-H stretching vibrations were observed at 1300-1000 cm,
showing a strong Raman intensity. The C-H out-of-plane deformations were observed at 740,
759, 800, 836, 896, 965, and 984 cm-! for the BMP crystal (Figure 3). Moreover, peaks at 1256, 1303,
1333, 1376, 1425, and 1432 cm! for BMP crystal were observed and assigned to C—C stretching
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R aman intensity, a.u.

vibrations. A sharp band at 1604cm™ was also observed and assigned to ethylenic bridge
vibrations for G1. The C=O vibrations also were observed as a weak Raman band at 1666 for
BMP. The C=O stretching vibration is further influenced by intermolecular hydrogen bonding
between the C=0O group and phenyl ring, which may explain the weak Raman band observed for
the BMP chalcone.

101

0.5 -

[114] T T T T

Figure 3. Raman spectrum BMP crystal. Raman peak at 640 cm-1 was used to normalize the spectrum.

Moreover, aiming to characterize the molecular structure of the BMP and its purity, 'H-
NMR (Figure 4) and *C-NMR (Figure 5) were carried out. The chemical shifts are shown
below: "TH NMR (500 MHz, CDCls) 8 7.87 (d, ] = 8.5 Hz, 2H), 7.79 (d, ] =15.6 Hz, 1H), 7.63 (d, |
= 8.5 Hz, 2H), 7.55 (d, ] = 8.1 Hz, 2H), 7.42 (d, ] = 15.6 Hz, 1H), 7.23 (d, | = 8.1 Hz, 2H), 2.68 -
2.60 (m, 2H), 1.62 (dq, ] = 12.8, 7.6 Hz, 2H), 1.42 — 1.31 (m, 2H), 0.93 (t, ] = 7.3 Hz, 3H); 13C
NMR (126 MHz, CDCls) d 189.46, 146.39, 145.57, 137.12, 132.19, 131.89, 130.00, 129.12, 128.59,
127.73,120.53, 35.64, 33.35, 22.33, 13.92.
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Figure 5. 3C-NMR spectrum of BMP.

3.2. Solid state description

The BMP molecule has a -CHs group linked in the para position of the A ring and an n-
butyl group, also in the para position attached to the B ring of the chalcone. The structural
information and interactions of the BMP and the ORTEP graph were generated using the
Olex2[14] software (Figure 6), so that the atomic ellipsoids are similar in size, indicating the
absence of disorder[34]. The BMP molecule was crystallized in the orthorhombic crystalline
system. Unusual bond lengths and angles and torsions were based on conformation observed
by the statistical analyzer Mogul software. The main crystallographic refinement data are
presented in Table 1.

(b)

(©

Figure 6. Ortep diagram showing (a) BMP and (b) BBP chalcones in the
asymmetric unit drawing with 75% probability ellipsoid. (c) Overlap of
BMP (in blue) e BBP (in red) chalcones molecular structures (RMS = 0.0198
A).
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Table 1. Crystallographic data and structure refinement for BMP and BBP.

Crystal data BMP BBP
Chemical formula CyoH»0 C1gH1sOBr
Molecular weight (g/mol) 278.37 343.25
Crystal system orthorhombic orthorhombic
Space group Pbca Pbca
a(A) 11.341(3) 11.3065(12)
b (A) 8.1445(19) 8.1831(9)
c(A) 33.628(8) 33.892(4)
a(°) 90 90
B(°) 90 90
v (©) 90 90
Volume (A% 3106.2(12) 3135.8(6)
z 8 8

Radiation type Mo Ka (A = 0.71073) Mo Ka (A = 0.71073)

R, = 00545, WR, = R; = 00317, WR, =

2 2
RIF™> 20(F)] 0.1346 0.0620
WR(F?) 1.025 1.035
S 023x021x004  0.226 x 0.197 x 0.044

Chemically, molecular planarity in chalcones is a parameter that is related to donor-
acceptor interactions through its main chain and through 7 conjugation along the charge
transfer[35]. This parameter is closely related to molecular properties such as electron transfer,
non-linearity, solubility, molecular packing, and melting point. However, we observed that the
BMP molecule has a non-planar structure (Figure Sla), so that the angle formed between the
aromatic rings is 47.38°. In the case of the BBP molecule[12], which is also non-planar (Figure
S1b), the observed angle between the aromatic rings is 0.7% smaller compared to BMP. The
non-planarity of the molecules decreases the crystal packing energy and the melting point, in
addition to contributing to a better aqueous solubility of the chalcones.

The conformational between chalcone structures showed that the substituent group does
not change significantly their molecular geometry. For bond lengths (see the graph in Figure
7a), compression of the Cs=Co bond of the BMP bridge by 3.82% was observed, by the
substitution of the Br atom by the —-CHs group. Furthermore, as expected, the volume of the Br
atom directly impacts the Ci-Br length by about 20.86%. In the case of bond angles (Figure 7b),
it was observed that C1—C2-Cs and Cs—Cs—C1 of the benzene ring A increased by 1.98 and 1.89%,
respectively, while Cs—C1—C2 decreased by 3.08%. The torsional angles also did not change
significantly along the carbon chains of the chalcones. A small decrease of 2.13 and 1.14% was
observed in Cs-C4+—C7—O1 and Ci5—C10—Co=Cs, respectively. In the case of bond angles, it was
observed that Ci-C>-Cs and Cs—Ce—C1 of the benzene ring A increased by 1.98 and 1.89%,
respectively, while Ce—C1—C2 decreased by 3.08%. The torsional angles also did not change
significantly along the carbon chains of the chalcones. A small decrease of 2.13 and 1.14% was
observed in Cs—Cs—C7-O1 and C15—C10—Co—Cs, respectively. The chalcone bridge is 28° out of the
plane of ring A and 19° out of the plane of ring B and both rings form planes of 47° to each
other. Through the overlap of BMP and BBP molecules, shown in Figure 6c, it is possible to
observe that the torsional angles vary little in both structures.
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Figure 7. Scatter plots comparing experimental values of bond lengths (a) and bond angles (b) in BMP and BBP

chalcones.

The theoretical geometric parameters of the results were compared to the experimental data,

through the mean absolute percentage deviation,

100 ©
MADP = —z
n

i=1

XDFT — XXRD

)

XXRD

where yprr and yypp represents the theoretical and experimental geometric parameters,
respectively. The results showed that the level of theory used is adequate to describe the
chalcones BMP and BBP. The MADP values for bond lengths were, respectively, 0.388% in
BMP, with Pearson's correlation coefficient equal to R? = 0.9981, and 0.499%, with R? =
0.9954, in BBP. Figures 8a and 8c show the scattering of the bond lengths in chalcones,
comparing theoretical and experimental values. The graphs showed that the deviations
were very small, highlighting the Cs=Co bond in BBP, which is about 3.4% smaller for the
molecule maintained in a vacuum. In the case of bond angles, the MADP values were
0.565% (R? = 0.9233) in BMP and 0.516% (R? = 0.9329) in BBP. Figures 8b and 8d show the
scattering of the theoretical versus experimental bond angles. The largest deviations
occurred with average increases of 1.8% and 3.7% in C1—Ci3-Cis and Ci3—Cis—Cy,
respectively, and with the average decrease of 1.6%, 1.6% and 1 4% in C12—Ci13—Cis, Cie—
C17—C1s, and Ci7—C1s—C9. Figures 8b and 8d show the theoretical angles behavior compared
to experimental ones.
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Figure 8. Scatter plots comparing experimental and theoretical values of bond lengths (a) and (c),
and bond angles (b) and (d) in BMP and BBP chalcones.

3.3. Molecular modeling analysis

From the calculations of electron density p(r), it was possible to determine some
electronic properties of the molecules of the chalcones BMP and BBP. The delocalized
FMO isosurfaces are shown in Figure 9 and the HOMO and LUMO energies are shown in
Table 2. The data showed that the HOMO energy in BMP is =2.0% lower than the HOMO
energy in BBP. A slight difference infers a slightly more basic character to the brominated
chalcone. On the other hand, the energy of the LUMO of BMP is ~14.8% lower than that of
the LUMO of BBP, conferring a character that, consequently, is more acidic to the former.
The energy gaps (AExomo-Lumo) of the HOMO and LUMO orbitals also indicated that the —
CHs substituent group makes the BMP molecule slightly more stable than BBP (Table 2).
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Figure 9. HOMO and LUMO plots for (a) BMP and (b) BBP obtained at M06-2X/6-311++G(d,p) level
of theory.

Based on the FMO energies values, the chemical hardness,

_1(0’E\ I-A (4
"=3\on2) =72 )
of the chalcones was determined, which showed that the orbitals in BMP are 1.4% harder.

This difference indicates that the orbitals of this molecule are less polarizable than the
orbitals of BBP. In addition, the calculated values for the chemical potential,

_ (aE ) I+ A B 5

u= dN ; - 2 ==X )
showed that BMP has a greater ability to transfer charge during chemical processes since it
has a 4.2% higher u value, which also justifies its slightly more basic character. In
Equations (4) and (5), E is the energy of the system, N is the number of electrons, v is the
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external potential, I = —Eyoyo is the ionization potential, and A = —E} ), is the electron
affinity.

Table 2. Reactivity indices for BMP and BBP chalcones, obtained at M06-2X/6-
311++G(d,p) level of theory.

DESCRIPTORS CNP-OM (kcal/mol)  CNP-CL (kcal/mol)
Eromo -175.993 -179.499
ELumo -31.931 -37.462
AEHOMO-LUMO* 144062 142036
lonization Energy (1) 175.993 179.499
Electronic Afinity (A4) 31.931 37.462
Electronegativity () 103.962 108.480
Chemical potential (u) -103.962 -108.480
Chemical hardness (1) 144.062 142.036
Electrophilicity index (w) 37.512 41.426

*The energy gap is the difference between the HOMO and LUMO energies, AEyomo-

Lumo = Erumo — Eromo.

To measure the electrophilic nature of molecules, global electrophilicity indices were also
calculated by the expression,

12

w=n (6)

A quantitative characterization was carried out for several organic molecules, in which
the theoretical results showed that, for strong electrophiles w > 1.5 eV (or w > 35 kcal/mol),
for moderate electrophiles 0.8 eV < w < 1.5 eV (or 18 kcal/mol < w < 35 kcal/mol) and,
finally, for marginal electrophiles w < 0.8 eV (or w < 18 kcal/mol)[36,37]. The BMP and BBP
compounds are strong electrophiles, so the latter is about 9.4% more electrophilic. These
results make sense since the substituent —Br atom is an atom more electronegative than the
carbon of the —CHs group, resulting in a molecule with higher electronegativity, y. To
determine the localized electrophilicity in both compounds, the Fukui function was used,
where we determined the sites of nucleophilic,

o= [0 )
electrophilic, _ h

Fo= |2 ®
and radical U

v

attacks. The most commonly used theory for the determination of Fukui indices is the finite
difference approach, proposed by Parr and Yang[38], which determines that the Fukui indices
are obtained from the calculations of the independent molecular orbitals for the neutral
species and two ionic species, maintained under fixed external potential.

The isosurfaces obtained from the f*, f~, and f° functions are shown in Figure 10.
Through these results, it is possible to observe that, in both chalcones, the charge density is
high in the carbonyl O and C7 atoms, in the Ci atom of ring A, and the Cis atom of ring B,
leaving these regions susceptible to nucleophilic attack (Figure 10a and 10d). In the case of Cy,
the -CHs and —Br substituent groups throw electrons to the benzene ring by inductive and
mesomeric effects, respectively. By MEP map (Figure 11a), it was possible to verify that the
charge density is reduced on the —CHs group in BMP (blue color), due to the electron donor
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effect; in the Br region, in BBP, we observed that the charge density is reduced on the side
opposite the C-Br bond, but slightly increased on the bond (Figure 11b), since the —-Br
substituent group attract electrons from the ring by induction and throws by resonance. In
the carbonyl of the aliphatic portion, the high charge density is due to the resonance effect
produced by the 7 electrons present in this region. The MEP maps showed that the charge
density is high in the O atom region (red surface color), resulting in a nucleophilic region of
the molecules, both in BMP and BBP. In ring B, the n-butyl substituent group also throws
electrons to the benzene ring by inductive effect, increasing the charge density on the Cis
atom.

According to the isosurfaces generated by the f~ function, electrophilic attacks can occur
on the Cs atoms of the aliphatic portion of the chalcones and on the Ci0 and Cis atoms of the B
ring (Figure 10b e 10e). The 1 electrons present in the Cs—Co bond of the aliphatic portion of
the chalcones resonate with the 7 electrons of the respective B rings, forming a conjugated m
system. This electronic effect, together with the mesomeric effect produced by the O atom of
the carbonyl group, minimizes the charge density on the Cs atom, making it an electrophilic
region of the BMP and BBP molecules. The Mulliken atomic charges show that the Cs atom is
positive, which means that the charge density on it is low. The same occurs on the Cio and Ci3
atoms of the benzene ring, whose atomic charges are positive. These data confirm the
electrophilic character of the molecules in these regions.

Finally, the isosurfaces produced by the f° function showed that O, Cs, Cs, and Cis atoms
are susceptible to radical attacks on BMP and BBP molecules. Researchers have reported that
chalcones, as well as their analogues, have antioxidant activity[39], due to the keto-vinylene
group —(CO)-CH=CH- in the aliphatic region[40], in addition to hydroxyl and phenyl
substituents on the benzene ring. Thus, the Fukui indices for radical attacks corroborate the
data in the literature.

Figure 10. Isosurfaces of the (a) and (d) f*+, (b) and (e) f*-, and (c) and (f) f*0 functions indicating the
nucleophilic, electrophilic, and radical attack regions, respectively, for BMP and BBP molecules,
calculated at value of 0.5.
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Figure 11. MEP surface at o(r) = 4.0 x 10—4 electrons/Bohr3 contour of the total SCF electronic density for
(a) BMP and (b) BBP at the M06-2X/6-311++G(d,p) level of theory.

There are two main mechanisms that describe the antioxidant activity of compounds[41].
The first mechanism is related to the H-atom transfer (HAT) from the antioxidant molecule
(A—H) to a free radical (R-), such that the antioxidant becomes a radical,
o
77N

A—H + R® A®* + R—H

Thus, based on the results for the f° function, we observed the formation of two radicals that
are possibly formed in the free radical scavenging activity of our chalcones, by the HAT
mechanism (Scheme 2). The first (radical 1) arises from homolytic scission of the Co—H bond
(Ca = Cs), while the second (radical 2) arises from homolytic scission of the Cg—H bond (Cp =
C9). These radicals are shown in Scheme 2. The spin densities isosurfaces showed that the
respective unpaired electrons are delocalized in the radicals 1 of both chalcones (Figure 12a
and 12d). Thus, they can migrate from the C. atom to the carbonyl O atom by resonance, so
that the ground state of these radicals can then be represented as a superposition of two
structures

o
O = T
X
whose wave functions are represented by the linear combination

¥ = c1yc, + 2¢o. (10)

However, the spin density calculations showed that the unpaired electron probability
being located on the Ca atom is, on average, 2.8 times greater than on the O atom. In both
chalcones, the unpaired electron on the C« and O atoms are housed in a p orbital, whose
occupancies are, respectively, 0.74¢ and 0.95¢. NBO analysis showed that the stabilizing
energies E® obtained for radicals 1 are very low, indicating that radicals are electronically
unstable. The hyperconjugation that most contributes to radical stability is m(Cio—Cis) —
7" (Cs—Cs). However, the E®) values obtained for the stability of radicals 1, with the unpaired
electron housed to the Ca atom, were 7.06 kcal/mol in BMP and 7.45 kcal/mol in BBP. For the
unpaired electron housed to the O atom, the hyperconjugation that most contributes to the
stability of radicals 1 is n(C—Cs) — n*(C—O), whose stabilizing energies were 3.62 kcal/mol in
BMP and 3.61 kcal/mol in BBP. E® values justify the greater unpaired electron probability

62



being on the Ca atom. Furthermore, data from the NBO analyses in Table S1 (supplementary
material) showed that BBP is slightly more stable than BMP.

In the case of radicals 2, the spin density calculations showed that the unpaired electrons
are allocated preferentially over the Cg atom, where p(Cg) = 0.76. However, these electrons
are also delocalized, being able to resonate with the B ring of chalcones (Figure 12b and 12e),
forming a conjugated 7 system, and being able to be allocated in atoms Ci1, Ci3, and Cis. The
unpaired electron on the Cy atom is housed in the hybrid orbitals sp'03 in BMP and sp'072 in
BBP, where the occupancies are 0.82¢. The low E® values obtained indicate that the radicals 2
of both chalcones are also electronically unstable. The hyperconjugation that most contributes
to the stability of these radicals is o(Cs—H) — 0*(Co—Ci), where the stabilizing energies
obtained are 2.35 kcal/mol in BMP and 4.02 kcal/mol in BBP. From E® values, shown in
Table S1, we can conclude that radical 2 in BBP is slightly more stable.

In the HAT mechanism, the reactivity of an antioxidant compound can be estimated by
calculating the C-H bond dissociation enthalpy,

AHO(C — H) = H°(A — H) — [H°(A ) + HO(H )]. (11)

where here C is the Ca and Cy atoms. The lower the AH? value, the higher the expected
antioxidant activity for the compound. In the case of BMP and BBP, the AH? values obtained
for the Ca—H bond homolytic cleavage for the formation of radical 1 were 98.8 and 97.4
kcal/mol, respectively, and for the Cs—H bond homolytic cleavage for the formation of radical
2 were 97.7 and 96.5 kcal/mol. It was verified that the AH’(0 — H) values, for a group of
phenols, the O-H bonds homolytic cleavage varied between 78.2 and 88.3 kcal/mol, and for a
group of phenolic chalcones the values of AH’(O-H), for the cleavage of the same bond,
varied between 72.9 and 84.6 kcal/mol[42]. Therefore, despite having presented AH? values
slightly higher than those observed in the literature, we noticed that chalcones BMP and BBP
have antioxidant potential. Furthermore, not only homolytic cleavage of O-H bonds is
possible for chalcones to exhibit free radical scavenging activity.

ral:'hcal 1

H-atom
transfer (HAT)
ral:'hcal 2
b5 Chalcone

fnee
O = O radlca]
X

=+

radical 3

one—e]el:'tm-n
tra.nsfer ET) Q O

Scheme 2. Antioxidant activity mechanisms of BMP and BBP chalcones. Chalcone molecule is attacked
by the free radical and can follow path I, where it transfers an H-atom to R, or path II, where it transfers
one electron to R-.

The second mechanism describes the one-electron transfer (ET) from the antioxidant (A)
to the free radical (R'), such that A becomes a cation radical (A1)

é
77N

R + -
A+ R A*+ R
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The spin density calculations showed that, by the ET mechanism, the unpaired electrons in
the chalcones radicals 3 (Scheme 2) are preferentially allocated over the respective Ca atoms,
where p(Ca) = 0.52. However, the isosurfaces showed that they can also be found located on
atoms of O, where p(O) = 0.11, and of Ci3, where p(Ci3) = 0.27. These data corroborate the
regions of radical attacks obtained by the f 0 function. For the ET mechanism, the evaluation
of the antioxidant activity of the compound must be carried out through the ionization
potential (IP), by the expression

IP = Ey(A-") — E,(A — H), (12)

where Ey(A — H) is the total energy of the antioxidant and E,(A-*) is the total energy of the
corresponding radical cation. The lower the IP values, the greater the antioxidant activities of
a molecule. The values calculated for the IP of the chalcones were 185,351 kcal/mol (BMP) and
188,732 kcal/mol (BBP). Phenolic chalcones showed mean IP values is 174 kcal/mol[43], the IP
experimental value for phenol is 196 kcal/mol, and for glutathione, the IP value is 212
kcal/mol[43]. Thus, we can infer that the chalcones evaluated in this work are potential
antioxidant agents.
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Figure 12. Electron spin densities isosurface at o(r) = 4.0 x 10-2 electrons/Bohr3 contour of the total SCF
electronic density for (a) BMP and (b) BBP radicals at the M06-2X/6-311++G(d,p) level of theory.

The BMP supramolecular arrangement on bc plane has a zig-zag form with no classic
hydrogen bonds. Similarly, the molecules in BBP also assume this structural configuration,
performing no classic hydrogen bonds. It was observed that both arrangements carry out Cs—
H---O1, Cs-H---O1, C15-H---C13, and Ci7—H---H-Czs interactions. By BMP HS, it was possible to
verify that in the first two interactions (Figure 13a), the contacts between the H and O atoms
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correspond to the sum of the van der Waals radii and occur at 2,753 and 2,767 A, respectively.
Such contacts are also present in the supramolecular arrangement of BBP (Figure 13b).
However, in the first interaction (Cs—H:--On), the contacts occur at a distance smaller than the
sum of the van der Waals radii, being 3.3% smaller than the same interaction in BMP. The Cs—
H:--O1 interaction is also lower in BBP (=1.6%). In both compounds, the Hirshfeld surface
showed that the normalized distance in the Cis—H---Ci3 interaction, the contacts are smaller
than the sum of the van der Waals radii, so the interaction length in BMP is 2.877 A, being
about 1.1% higher than in BBP. Through the shape index map (Figure 14), it was observed
that such interaction is configured as a C-H -+ 7t in both compounds. Finally, it was observed
that the Ci7—H---H-Cis interaction is formed by contacts whose atomic distances correspond to
the van der Waals separation. In BMP, the interaction length is 2,391 A, whereas, in BBP, this
interaction is only 0.76% smaller. The Cs—H---Cu1 interaction also occurs in both chalcones.
However, the Hirshfeld surfaces showed that the normalized distance for the contacts in this
interaction comprises the van der Waals separation. Their lengths in the respective
supramolecular arrangements differ by 1.4%, which is greater in BMP.
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(b)

Figure 13. The Hirshfeld surface d_norm map showing the interactions observed in the molecular
packing of BMP and BBP chalcones.

(b)

Figure 14. Shape index surface showing the C-H-mt interactions establishing the crystal packing of BMP
and BBP chalcones.

According to the fingerprint plot (Figure 15), it was observed that the C---H and H---H
contacts are 9.4% and 27.6% larger in BMP supramolecular arrangement, while the C---C and
O--H are 83% and 1.5% higher in BBP[8]. Theoretical solubility calculations
[https://biosig.lab.uq.edu.au/pkcsm/prediction] showed that both chalcones are lipid soluble,
so the solubility in water, at 25°C, is in the ratio of 0.96:1, from BMP to BBP. These data showed
that the presence of the substituent group —CH3 in the chalcone chain increases the
hydrophilicity of BMP, compared to BBP.
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Figure 15. 2D fingerprint plots of the nearest external distance (d_e) versus the nearest internal distance
(d_i) for (a) BMP and (b) BBP chalcones, and the regions corresponding to C--C, C--H, H-+H, O--H,
Br-H, and Br--C contacts. The colors represent the number of points that share the same d_i, d_e
coordinate (light blue: many; dark blue: few). (c) Graph of the percentages of each contact on the
Hirshfeld surface in the BMP (blue) and BBP (red) chalcones.

The topological parameters obtained by QTAIM showed that the electron density at the
bond critical point of each observed interactions is very low (p(r) < 0.1 a.u.). The values of
these typological parameters are shown in Table 2 and molecular graphs are shown in Figure
16. Through the results, it is possible to observe that the electron densities of Cs-H:-O1, Cs—
H---O1, and Cis—-H--C13 interactions are 3.6, 4.2 e 4.6 times higher in BMP, respectively.
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Furthermore, the values obtained for V?p(r) were positive, indicating that the electronic charge
is depleted in the BCPs[44]. This indicates that intermolecular interactions are closed-shell. The
total electronic energy density, h(r), is another topological parameter that helps to characterize
the type of interaction in the BCP. The value of h(r) is directly related to V2p(r) through the
equation

n 1
h(r) = %V p(r) + Ev(r) (13)

where v(r) is the local potential energy density®. In general, strong interactions present large
p(r) and V2p(r) and h(r) negative, while in weak interactions, the values of p(r) are small and
V2p(r) and h(r) are positive. The data presented in Table 2 show that all interactions in BBP
resulted in values of h(r) > 0. On the other hand, Cs—H:--O1, Cis-H:--C13, and C7=01---Cs
interactions in BMP showed negative values of h(r) and in the other interactions, the values are
also positive. Based on the results of Nakanishi and coworkers[45,46], we may infer that Cs—
H:--O1 and Cs-H---O1 interactions are classified as weak hydrogen bonds in BMP, while they
are van der Waals interactions in BBP. The values obtained for the ratio |v|/G indicate that the
electron flow in the respective BCPs is very low in these interactions (|v|/G < 1.0), except for
Cs—H---O1, whose value is at the limit, indicating that the electron flow is slightly higher. In
both chalcones, Ci7—H:--H-C1s are classified as van der Waals interactions. In the contact
between the A and B rings of BMP, a single bond path was formed, resulting in the Cs—H---H-
C12 interaction, corresponding to Cs—H---C12. On the other hand, in BBP, the same contact was
observed from the bond path that connects the Cs—H portion of the A ring of an asymmetric
unit to the Cui—Ci2 portion of the B ring of another asymmetric unit. This interaction is similar
to a C-H -+ m interaction. Although it seems redundant to mention the Cs-H:-O:1 and
Cr=01---Cs interactions, it was observed that in the first one there is the formation of a bonding
path between the H and O1 atoms, while in the second interaction, the bonding path is formed
between the C7=O1 bond and the Cs atom, as shown in the molecular graph of BMP. C7=0O1---Cs
interaction caught our attention due to the topological parameter values found, which indicate
that it is a hydrogen bond, despite being a long-distance interaction. The value of the ratio
|v|/G indicates that the electron flux is high in the intranuclear region of the interaction,
resulting in a partially covalent character (1.0 < |v|/G < 2.0).

Table 2. Hydrogen-bond geometry and topological parameters calculated for the BMP
and BBP molecular interactions at the bond critical point.

2, G
 HeA DH-A ppep® V PECPT 6O p(m)@ h@m© [v()]
Interaction A) ) (a.u.) () (au) (au) (au) G(r)

BMP
CsH---0O, 2753 148.44 0.0219 0.0504 0.0107 -0.0089 0.0019 0.8
CgH---0O, 2767 158.31 0.0194 0.0217 0.0060 -0.0066 -0.0006 1.1
Cis—H---C;3 2877 148.87 0.0264 0.0388 0.0121 -0.0144 -0.0024 1.2
Cs—H--C;;, 2884 138.40 - - - - -
Cs—H:--C;, 2886 121.22 0.0215 0.0314 0.0078 -0.0078 0.0000 1.0
Ci7H---H-Cys 2.391 140.07 0.0048 0.0179 0.0034 -0.0022 0.0011 0.7
C,=0,::Cg 3.467 8593 0.0286 0.0040 0.0033 -0.0056 -0.0023 1.7
BBP
CsH---0O, 2.666 147.47 0.0060 0.0202 0.0043 -0.0035 0.0008 0.8
CgH---0O, 2.723 157.43 0.0046 0.0166 0.0035 -0.0028 0.0007 0.8
Cis—H---Cy;z  2.846 146.19 0.0058 0.0160 0.0034 -0.0028 0.0006 0.8
Cs—H---C;; 2845 13533 0.0058 0.0184 0.0037 -0.0028 0.0009 0.8
Cy7H---H-Cys 2.373 140.37 0.0051 0.0149 0.0032 -0.0027 0.0005 0.8
Cy—H---0; 2929 140.32 0.0039 0.0134 0.0028 -0.0022 0.0006 0.8
CyH---H-C; 2397 120.68 0.0054 0.0178 0.0036 -0.0028 0.0008 0.8
®@Total electronic density on BCP; ®Laplacian of electron density on BCP; “Lagrangian
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Kinect energy; “Potential energy density; ®Total energy density.

A: C-H-0,
B: CpH--O;
C: CoH--Cpy
D: G H-H-Cy;
E: Cy5-H-Cps
F: C=0;+Cy

(@)

A: C-H-Oq

B: Cz-H--0Oy

C: Cl [—H"'O[

D: CS—H"'CU

E: Cys=—HCp3
F: Cy—H-H-Cjg
G: C}—H'"H—C}

Figure 16. Molecular graphs of some bond paths of the intermolecular interactions in the
supramolecular arrangements of the (a) BMP and (b) BBP chalcones.

Tables S1 and S2 (supplementary material) contain the NBOs data for the interactions
observed in BMP and BBP. NBO analysis showed that the Cs-H:--O1 interactions in both
chalcones are formed from low values of stabilizing energies. However, the number of
hyperconjugations between the donor orbital (Lewis type) and the acceptor orbital (non-
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Lewis type) differs in each compound, being higher in BMP. The orbital of the O1 lone pair,
n1(O1), hyperconjugates with the antibonding ¢* orbital of the Cs—H bond, where the value of
E® is about 70.1% lower in BMP. The occupancy of the n,(O1) orbital is 1.98¢, so the O1 atom
is a hybrid sp®7¢ in BMP and sp®7> in BBP. The occupancy of the antibonding ¢* orbital of Cs-H
is 0.012¢, where in BMP it is formed by the contribution of 40.7% of the sp>!! hybrid orbital of
Cs and 59.3% of the s orbital of H, while in BBP is formed by the contribution of 40.1% of the
sp*' hybrid orbital of Cs and 59.9% of the s orbital of H. However, the formation of this bond,
in BMP, also occurs by the hyperconjugations 1,(O1) — ¢*(Cs-H), 0(Cs-H) - 0*(C7-O1) and
0(Cs-H) —» n*(Cr-01), while in BBP, also by the hyperconjugation 1,(O1) —» ¢*(Cs—Cxs). In other
words, the greater number of hyperconjugations that form the Cs—H---O1 interaction makes it
more stable in BMP compared to BBP. About everything, the hyperconjugation ¢(Cs-H) —
7" (C7~O1) in BMP presented a value of E® = 12.02 kcal/mol, indicating that the interaction
presents greater stability.

In the case of the Cs—H:--O1 interaction, we observed that the bonding s orbital of the Cs—
Co bond hyperconjugates with the antibonding ™ orbital of the C=O1 bond in BMP and the =
orbital bonding the Cs—Co bond with the orbital 7* antibonding of the C=O1 bond on BBP. In
both cases, the E® values is 0.16 kcal/mol. In BMP, the bonding ¢ orbital, o(Cs—Cs), has an
occupancy equal to 1.98e, being formed by 50.15% of the sp'7> hybrid orbital of Cs and 49.85%
of the sp'7¢ hybrid orbital of Co and the antibonding m* orbital has an occupancy of 0.18e,
being formed by the contribution of 68.34% and 31.66% of the p orbitals of the respective Cz
and O: atoms. In BBP, the occupancy of the bonding m orbital is 1.86e, being formed by
54.66% and 45.34% of the pure p orbitals of Cs and Co atoms, respectively, while the
antibonding n* orbital is formed by 67.98% and 32.02% of the p orbitals of atoms C7 and On.
Furthermore, we observed that, in BBP, there is an extra hyperconjugation that contributes to
the stabilization of this interaction, (C7—O1) - m*(Cs—Cs), with a value of E® = 0.06 kcal/ mol.
The C7=0O:1---Cs interaction observed in the QTAIM results in BMP is formed by the same
hyperconjugation as the Cs—H:--O1 interaction, i.e., g(Cs-Co) - m*(C—On).

The Cir—H:--H-Cis interaction in BMP was shown to be 11 times more stable in BMP
compared to BBP. In both compounds, ¢(Ci—H) — ¢*(Cis—-H) hyperconjugation was
observed, in which the values obtained for E® were, respectively, 17.78 and 1.61 kcal/mol.
The o(Ci7-H) orbitals have an occupancy of 1.98¢. In BMP, this orbital is formed by 60.44% of
the sp?*! hybrid orbital of Ci7 with 39.56% of the s orbital of H, while in BBP, it is formed by
59.17% of the sp1! hybrid orbital of Ci7 with 40.83% of the s orbital of H. The o*(Cis—H) orbital
in BMP has an occupancy of 0.011¢ and is formed by the contribution of 39.73% of the sp>%
hybrid orbital of Cis with 60.27% of the s orbital of H, while in BBP, its occupancy is 0.014e,
being formed by 41.15% of the sp31® hybrid orbital of Cis with 58.85% of the s orbital of H.
Other hyperconjugations were observed in BMP, such as ¢(Cis—C17) — 0*(Cis-H), o(Cis-H)
- ¢*(Ci7-H) and ¢(C1s-C19) = ¢*(Ci--H), all with low E® values (0.11, 0.32 and 0.48 kcal/mol,
respectively). In BBP, only the extra g(Ci—-H) — ¢*(C17—Cis) hyperconjugation was observed,
with E@® value equal to 0.28 kcal/mol.

It was observed that eight hyperconjugations stabilize the Cs—H:---C11 interaction in BMP,
while in BBP, only three. In BMP, o(Cs-H) — ¢*(C10-Cn1) hyperconjugation occurs, with E® =
0.06 kcal/mol, and in BBP, hyperconjugation of the same ligand o orbital occurs with the
antibonding 7* orbital of the Cio-Cui bond, ¢(Cs-H) — *(Cio-C11), with E® = 0.10 kcal/mol.
In both compounds, the o(Cs-H) orbital has an occupancy of 1.98¢; however, the acceptor
orbitals are formed by different contributions, since they are different orbitals in the
chalcones. In BMP, this orbital is formed by 59.41% of the sp2% hybrid orbital of Cs and
40.59% of the s orbital of H; in BBP, it is formed by the contribution of 60.07% of the sp21!
hybrid orbital of Cs and 39.93% of the s orbital of H. In the case of the acceptor orbital, in
BMP, ¢*(C10—Cn) is formed by 49.39% of the sp'% hybrid orbital of Cio and 50.66% of the sp'9
hybrid orbital of Ci1, while in BBP the m*(C10—C11) orbital is formed by 47.59% and 52.41 % of
pure p orbitals of Ci and Cui, respectively. The hyperconjugations that best contribute to the
stabilization of the Cs—H:--Cu1 interaction in BMP are ¢ (Cs—C6) — n*(C11—C12), with E®) =5.72
kcal/mol, followed by m(Ci1—C12) - ¢*(Cs—H), where E® = 1.83 kcal/mol.
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In BBP, two hyperconjugations contribute to the stabilization of the Cs-H:--H-Cs
interaction: o(Cs—-H) — ¢*(Cs-H), with E® = 0.11 kcal/mol, and m(C3-Cs) - ¢*(Cs—H), with
E® =0.06 kcal/mol. The o(Cs-H) donor orbital is formed by 59.18% of the sp>!” hybrid of Cs
and 40.82% of the s orbital of H and has an occupancy of 1.98¢; the donor m(Cs—C4) orbital is
formed by 47.96% and 52.04% of the pure p orbitals of atoms Cs and Cs, respectively, and its
occupancy is 1.65e. The acceptor orbital is formed by 40.82% of the sp>'” hybrid orbital of Cs
and 59.18% of the s orbital of H, whose occupancy is 0.012¢e. We take the hyperconjugations
with the most considerable values of hyperconjugation energies that stabilize the interactions
observed in the supramolecular arrangements of the studied chalcones. However, other
hyperconjugations are shown in Tables S1 and S2 of the supplementary material.

3.4. Analysis of photoprotective property.

The UV-Vis absorption spectra of BMP and BBP (Figure 17 a and c) clearly shows
absorption in 200-430 nm, which can be attributed to m- 7t electronic transitions which are in a
similarity to the chalcones type molecules[47,48]. From the analysis of UV spectrum of BMP
and BBP, two absorbance bands (Band I at 204-265 with a maximum at 214 and 213 nm and
band II from 290 to 390 nm with a maximum at 336 nm) were observed, respectively. These
bands are typical of chalcone compounds resulting in their evaluation as potential sunscreen
agents[5,49]. The sunscreen agents are classified according to range wavelength of protection:
UV-B (290-320 nm) and UV-A (320-400 nm), and broad-spectrum (290-400 nm). In this
regard, according to their UV-vis spectra, the BMP and BBP show as promising organic
sunscreen agent candidates in alternative to p-aminobenzoic acid (PABA), and
ethylhexylmethoxycinnamate derivatives, and others[50].

The electronic transition states for the BMP and BBP compounds are presented in Table
3, where the absorption wavelengths, oscillator intensities and vertical excitation energies
values in solvent are shown. In the first absorption band (51) of the BMP, we observe a single
transition contributing significantly (80.03%) to the excitation of the system, H-4 — L, being
characterized by the transition 0—m’, where the vertical excitation energy is 87.878 kcal/mol.
In this state, the value of At differs from A«¥er by 7.8% (Figure 17b). In the second absorption
band (Sv), three significant excitations were observed, H — L+5, H — L+1 and H-2 — L. These
are characterized by nm—t" transitions. In this excited state, the A" value differs only by 0,
4% of A=wrer value and the vertical excited energy is 133.024 kcal/mol. For the BBP, the first
absorption band (S1) has three significantly important excitations, H-4 — L, H-3 - L and H
— L. In this transition the vertical excitation energy value is 87.216 kcal/mol and the Afher
value differs 2.4% from A«re value (Figure 17d). In the second absorption band (Ss), two
important excitations were observed, H-1 — L+6 and H-1 — L+2, whose vertical excitation
energy is 134,069 kcal/mol; the At«r value is approximately equal to Ae»e value for this band.
All the excitations cited for the BBP occur through m—m" transitions.
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Figure 17. UV-vis spectra (a) and (b) experimental and (c), and (d) theoretical of BMP, and BBP

chalconesdissolved in DMSO.

Table 3. Vertical excitation energies (E), absorption wavelength (1), oscillator strength
(f) and the corresponding electronic transition of the twelve excited states of BMP
and BBP calculated by TD-DFT/CAM-B3LYP/6-311++G(d,p) level of theory in DMSO.

theor

F exper

ng;izd E (kcal/mol) (knm) %nm) f Excitation Transition %
BMP

S, 87.878 32536 336 0.0148 H-4->L c—m 80.03

S, 92.299  309.78 1.1349 H-L r—7x  90.45

S; 110.757 258.15 0.0506 H-2-L r—x 366

H-1-L >z 3281

H - L+5 o7 1394

S, 111.075 257.41 0.1487 H-1-1L r—r 496

H-2 > L r—nr 2501

Ss 111.947 255.41 0.0419 H3-L T—m1 6558

H3-L+l r7—7x 12.06

H-1-L+4 7>z 1168

Se 130.488  219.12 0.0812 H - L+1 r—nx 4577

H - L+5 o1 2232

H-2 > L r—>x 1532

S; 133.024 21494 214 01035 H- L+5 r—x 4196

H- L+1 T—n 2258

H-2 > L r—rx 1385

Sg 136.039 210.17 01243 H-1-L+4 x>z 388

H-3 - L r—n 2535

H1-L+l r7—7x 1157

S, 140.109  204.07 0.0024 H - L+2 r—o  60.69

Sio 142.413  200.77 0.1578 H-1->L+l rn—7 262

H3->L+4 7o 23.39

Sy 144,223  198.25 0.0848 H5-L r—x 49.33

Si, 147.428  193.94 00118 H4-5L+l o—7x 6771
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BBP

S, 87.216 327.83 336 0.0805 H-4->L T—1 6258
H-3-> L r—n 1356

H-L r—rx 1161

S, 91.545 312.33 1.0669 H-L r—n  80.49
S, 110.162  259.55 0.0039 H2-L r—7x 6L74
S, 111.439  256.57 02825 H-1-1L r—>x 8183
S: 113.612 251.66 0.0264 H3-L T— 7r: 50.84

H-1- L+2 T 16.85

H4-L T—T 11.39

H3-L+l 7x—7x 11.03

Se 128.744  222.08 0038 H- L+l r—1 6196
S, 132.137 216.38 0.1495 H - L+6 T—o 5122
H-2->L T 20.01

H- L+1 r—x 1113

Se 134.069 21326 213 0.0007 H-1->L+6 7x—a 449
H-1->L+2 7—7x 1149

S, 136.592  209.32 0.1464 H-1->L+2 rx—7x 4355
H-3- L r—n  26.25

Sio 140.725 203.18 0.0034 H- L+2 r—n 5562
H - L+8 r—o 1942

Sy, 142.182  201.09 0.2044 H-6-L r—n 5815
H- L+1 r—r 11.05

Si, 142.855  200.15 0.0016 H-1-L+l rz—7x 4517

H3-L+2 7n—-x 1457

4. Conclusions

Aiming to produce potential photoprotective agents, the butylchalcone derivative BMP was
synthetized and fully characterized by UV-vis, Raman, 'H- and “C-NMR spectroscopies.
Moreover, its structural description was performed by X-ray diffraction. A comparative analysis
of the two chalcones bearing a methyl (BMP) and bromo (BBP) substituent groups (at para
position) on the molecular and electronic structures, and on the supramolecular arrangement
through DFT. Both butylchalcone derivatives are in the same space group (Pbca), and the
substituent groups do not significantly change their molecular conformations. Although BMP is
slightly more stable than BBP, the chemical reactivity descriptors obtained showed that the
molecules are electronically similar. Furthermore, the intermolecular interactions patterns in the
supramolecular arrangement are very similar, containing mostly van der Waals interactions and
weak hydrogen bonds. NBO analysis showed that all interactions are weakly hyperconjugated,
giving little stability. The Fukui indices pointed out the regions where possible radical attacks
can happen in both chalcones, and the spin density calculations showed the probability densities
in these regions. The calculations showed that the formed radicals have low stability, but BMP
and BBP are potential antioxidant agents. The UV-vis spectra showed that both chalcones also
have potential as organic sunscreens due to the presence of chromophores, associated withp
electrons along their entire carbon chain, in addition to being capable of absorbing radiation in
the UVA and UVB range.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Bond angle between the rings A and B from (a) BMP e (b) BBP; Table S1:
Second-order perturba-tion theory analysis in NBO basis obtained at M06-2X/6-311++G(d,p) level of theory
for the BMP and BBP chalcones; Table S2: Second-order perturbation theory analysis in NBO basis obtained
at M06-2X/6-311++G(d,p) level of theory for the BMP chalcone; Table S3: Second-order perturbation theory
analysis in NBO basis obtained at M06-2X/6-311++G(d,p) level of theory for the BBP chalcone.
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