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RESUMO

As chalconas s&o um importante grupo de compostos organicos que tém despertado
grande interesse cientifico devido as diversas propriedades que possuem e podem
apresentar variados potenciais bioldgicos, além das propriedades O6pticas. A
cristalografia € uma metodologia cientifica que permite a elucidacéo estrutural de
compostos quimicos para estudar suas propriedades, a qual considera a relacdo
existente entre a estrutura e as propriedades das moléculas. Este trabalho determinou
a estrutura de um novo derivado de chalcona cloro substituida em comparagdo com
uma chalcona bromo substituida descrito na literatura, esta comparagédo permitiu o
entendimento da influéncia dos halogénios como substituintes nas chalconas. Neste
estudo, métodos cristalogréaficos foram utilizados para elucidar a estrutura cristalina
das chalconas, analisar os parametros geométricos e do arranjo supramolecular das
chalconas e mostrar que a substituicdo de um halogénio por outro ndo causa grandes
alteracdes estruturais. As moléculas deste estudo mostraram-se ser isoestruturas, ou
seja, tém estruturas moleculares muito semelhantes.

Palavras — chave: Cristalografia; Chalcona; Halogénios; Isoestrutura.



ABSTRACT

Chalcones are an important group of organic compounds which have aroused great
scientific interest due to the diverse properties they possess, may have varied
biological potentials in addition to optical properties. Crystallography is a scientific
methodology that allows the structural elucidation of chemical compounds to study
their properties, taking into account the existing relationship between the structure and
the properties of molecules this work determined the structure of a new chalcone
derivative chlorine substituted in compared with a chalcone bromo substituted
described in the literature, this comparison allowed the understanding of the influence
of halogens as substituents in chalcones. In this study, crystallographic methods were
used to elucidate the crystal structure of chalcones, the analysis of geometric
parameters and supramolecular arrangement of chalcones shows that the substitution
of one halogen for another does not cause major structural changes, the molecules of
this study were shown to be isostructures, that is, have very similar molecular structure.

Key —words: Crystallography; Chalcone; Halogens; Isostructure.
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1 INTRODUCAO

Nos ultimos anos, tem-se crescido muito a busca pelo desenvolvimento de
novos compostos com potenciais aplicagdes farmacoldgicas e também tecnoldgicas
(GUIDO; ANDRICOPULO; OLIVA, 2010). A cristalografia fornece dados das posi¢coes
dos atomos na molécula, ou seja, a estrutura molecular tridimensional. O
conhecimento dessa estrutura molecular € muito relevantes na obtencdo de
informacdes referentes as propriedades dos compostos quimicos (devido a relacdo
estrutura propriedade), essas informagdes possuem diversas utilidades como na
pesquisa de farmacos, no estudo de moléculas biolégicas e no desenvolvimento de
materiais (ALMEIDA et al., 2014).

As chalconas e seus derivados sdo um importante grupo de moléculas que
tomou destaque em estudos devido as suas diversas atividades biologicas, quais
sejam anti-inflamatdrias, antifangicas, anticancer, antioxidante, antibidtico e
antidiabético (ABU et al., 2013; HSIEH et al., 2012; NOWAKOWSKA, 2007; OSORIO
et al., 2018; WON et al., 2005). E podem também apresentar propriedades Opticas.
Em regra, todas essas propriedades estao relacionadas com os substituintes ligados
nos anéis A e B (DUARTE et al., 2019).

Figura 1- Estrutura geral das chalconas

O

Esse grupo de moléculas sdo formados por dois anéis aromaticos ligados
por um grupamento carbonil a, B insaturado (Figura 1), esse sistema 1-conjugado
gera uma deslocalizacdo da nuvem eletrébnica em torno de todo o composto. Séo

derivados de produtos naturais e podem ser também obtidos por via sintética, o que
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permite a incorporacdo de diversos grupos funcionais em seus anéis (KUSZ;
MALECKA; CHE, 2020; ZAINURI; RAZAK; ARSHAD, 2018)

Este trabalho tem como objetivo empregar a metodologia cristalografica
para estudar como a troca do substituinte cloro por bromo influencia a estrutura
molecular, o empacotamento, as interacbes e o arranjo supramolecular em uma
chalcona. As chalconas empregadas neste trabalho sdo a 3- (3-chlorophenyl) -1-
phenylprop-2-en-1-one (CLC) e a 3- (3-bromophenyl) -1-phenylprop-2-en-1-one
(BRC).

A amostra do composto CLC foi sintetizado e cristalizado pela professora
Dra. Rosa S. Lima (Faculdade do Instituto Brasil de Ciéncia e Tecnologia) e o cristal
obtido foi coletado e resolvido. Os dados do composto BRC foram retirados do banco
de dados do CCDC, as informacdes obtidas foram analisadas através da comparacéo
das interacdes presentes, das distancias de ligacdo, do empacotamento e do arranjo
supramolecular. Para se obter as informacdes necessarias sobre as moléculas, foram
utilizados de programas computacionais, qual seja, a plataforma OLEX2 que foi
utilizada para resolver e visualizar as estruturas, bem como, os programas Mercury e
CrystalExplorer que foram utilizados para analisar o empacotamento, as interacdes e

0 arranjo supramolecular.
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2 TOPICOS DE CRISTALOGRAFIA

A determinacdo da estrutura molecular dos compostos quimicos €
indispensavel para conhecer suas propriedades fisico-quimicas e biolégicas e assim
determinar uma aplicacdo para esse composto, entretanto, essa determinacdo ndo €
simples. Existem diversas metodologias para determinacdo da composi¢cao molecular
de um produto, porém, a maioria dessas organizacdes parte de um principio
comparativo, enquanto a cristalografia € uma metodologia ab initio que determina a
estrutura molecular de um cristal através do fendbmeno da difracdo de raios X,
(ALMEIDA et al., 2014; DRENTH, 1994).

A determinacdo da estrutura molecular de um composto € dada pela
interacdo entre a radiacdo e 0 composto no estado cristalino. Essa radiacéo interage
com os elétrons presentes no composto de acordo com a distribuicdo espacial desses
elétrons. Processando-se, computacionalmente, os dados obtidos da difracdo de raios
X, € possivel obter a densidade eletronica e determinar o arranjo tridimensional dos
atomos, e desse modo, estudar as interacbes atdmicas e os angulos de ligacao.
Ademais, as informacdes do conteudo cristalino a nivel atdmico sao importantes para
o entendimento das propriedades da molécula (BLAKE et al., 2009), em que é
necessario, primeiramente, conhecer os conceitos envolvidos (GLUSKER; LEWIS;
ROSSI, 1994).

2.1 SIMETRIA

Um cristal € um sélido composto por uma grande quantidade de moléculas
idénticas posicionadas em um padrao regular e com periodicidade tridimensional em
uma area delimitada chamada célula unitaria (VENCATO, 1988). As operacdes de
simetria permitem a reproducdo do cristal por meio da repeticdo de uma base
molecular. As operacfes de simetria tornam o sistema invariante e sdo empregadas
no estudo de estruturas moleculares por entre os elementos de simetria. Contanto,
um elemento de simetria € uma entidade geométrica onde a operacédo de simetria tem

como referencial um eixo, um ponto, um plano e um vetor, alguns exemplos de
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elementos de simetria sdo a rotagdo, inversdo e translacdo (GLUSKER,;
TRUEBLOOD, 2010).

A cela unitéria (Figura 2) € uma unidade de repeticdo equivalente que se
repete por translacao na estrutura cristalina e pode ser definido como um elemento de
volume. E um paralelepipedo caracterizado por seis parametros, divididos em axiais
(a, b, c) e angulares (a, B, y). As faces da cela unitaria contem pares de vetores b e ¢
,Cea,eaeb sdorespectivamente as faces A, B e C da cela z.

Figura 2- Representagéo tridimensional de uma cela unitaria

Y C

Fonte: Adaptado (GIACOVAZZO et al., 2011).

Considerando-se os parametros de cela unitaria, podemos classificar os
cristais em sete sistemas cristalinos: triclinico (a # b # c e a # B # y), monoclinico (a #
b#cea=y#p), ortorrdmbico (a#b#cea=p =y =90°), tetragonal (@a=b#cea
=B =y =90°), trigonal e hexagonal (@a=b=cea=p=90°#y),ecubico(a=b=ce
a=B=y=90° (GIACOVAZZO et al., 2011).

Em vista das possiveis localizagGes das particulas na cela unitaria, tem-se
a seguinte caracterizacdo: rede Primitiva, P, onde todos os pontos estéo localizados
nos vértices da cela unitaria; rede de face centrada nas faces A, B ou C, apresentando
pontos nas faces além daqueles localizados nos vértices; rede de corpo centrado, I,
onde, além dos pontos que determinam o0s vértices, possui um ponto reticular no
centro da cela e rede com todas as faces centradas, F. Ademais, com a combinacéo
dos sete sistemas cristalinos e a centragem da cela, temos as quatorze redes
cristalinas denominadas redes de Bravais (Figura 3) (GIACOVAZZO et al., 2011;
GLUSKER; LEWIS; ROSSI, 1994).
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Figura 3- Representagéo tridimensional das 14 redes de Bravais

TRICLINICO MONOCLINICO TETRAGONAL

Fonte: Adaptado (GIACOVAZZO et al., 2011).

Os sistemas cristalinos ndo sdo determinados pelos seus parametros de
cela unitaria (a, b, c, a, B, y), mas pela operacéo de simetria neles existente, definida
pelo grupo pontual. A simetria pontual descreve a repeticdo periddica em torno de um
ponto. Um grupo pontual € um conjunto de todas as opera¢des de simetria para uma
molécula, as operacdes de simetria possiveis sao classificadas em proprias e
improprias, as quais rotacdes de uma determinada fracdo de 360° em torno de um
eixo de rotacdo sao reconhecidas como proprias, ja o espelho e o centro de inverséo
sdo entendidos como elementos de simetria impréprios, que alteram a quiralidade e
causam uma mudanca da conectividade da estrutura, cada grupo pontual possui sua
prépria caracteristica e um simbolo convencional (BLAKE et al., 2009; GIACOVAZZO
et al., 2011).

Os cristais podem ser classificados em grupos a partir da combinacéo entre
suas operacdes de simetria (dos eixos de rotacdo proprios e impréprios). Esses
grupos formados sdo conhecidos como o0os 32 grupos pontuais e existe uma
combinacao possivel dos elementos de simetria cristalograficos, respeitadas as suas
restricdes quanto as combinacdes, uma vez que a combinacdo de duas operacdes de
simetria necessariamente criara uma terceira operacédo. Desse modo, combinando os
32 grupos pontuais com as 14 redes de Bravais, temos os 230 grupos espaciais
(GIACOVAZZO et al., 2011; GLUSKER; LEWIS; ROSSI, 1994).
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2.2 DIFRACAO DE RAIOS X

7

A difracdo € um fendmeno ondulatorio, verificada quando um feixe de
fétons incide sobre um obstaculo que contém um ou mais orificios com dimensées da
ordem de seu comprimento de onda. A difracdo de raios X € o processo de
espalhamento que ocorre quando o campo elétrico da radiacdo interage com a
matéria. Os raios X séo radiagcfes cujo comprimento de onda é da ordem de 0,1 a 100
A, 0 que é muito pequeno em comparacio ao do espectro visivel. Quando um feixe
de raios X incide em um cristal em condicdes geométricas adequadas, este €
espalhado pela nuvem eletrénica dos atomos, as cargas elétricas dos atomos séo
aceleradas pelo campo elétrico e emitem radiacdo em todas as direcdes
(NAPOLITANO et al., 2007; VENCATO, 1988).

Como a amostra cristalina possui varios espacos vazios, mais de 98% do
feixe de raios X passa diretamente pela amostra. Ao colidirem com o atomo, os raios
X promovem a oscilagdo dos elétrons em torno do nudcleo, e ao vibrarem emitem
radiacdo, a analise das emissdes de dois elétrons mostra que as radiagcdes emitidas
formam ondas que se superpfem. Essa superposicdo das ondas € denominada
interferéncia. Devido a simetria presente nos cristais, a interferéncia obedece a
regularidades que geram a interferéncia construtiva. A interacdo dos raios X com
estruturas cristalinas constitui uma ferramenta extremamente Util, precisa e aplicavel
na determinacao estrutural de diversos compostos (CHATTERJEE, 2008; GLUSKER,;
TRUEBLOOD, 2010).

Figura 4- Reflexdo do raio X por dois planos consecutivos

Q) s

dhi AX “c

Fonte: Adaptado (GIACOVAZZO et al., 2011).
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A difracdo de raios X pelos &tomos das estruturas cristalinas gera um
padrédo de difracdo cuja andlise fornece as caracteristicas estruturais especificas da
substancia analisada. A condicdo para que se observe a difragdo de um feixe de raios
X pelo cristal € dada pela Lei de Bragg, descrita na equacdo 1 (CULLITY, 2001;
VLACK, 1970)

nA = 2 dna send (1)

em que n € um numero inteiro, d é a distancia entre planos paralelos, A é o
comprimento de onda dos raios X e 8 € o angulo de incidéncia. A Figura 4 e a Equacéo
1 mostram que a lei de Bragg é uma consequéncia da periodicidade da rede cristalina
e estabelece uma condi¢do que determina que a diferenca de caminho éptico seja um
multiplo inteiro do comprimento de onda do feixe incidente (STOUT; JENSEN, 1989;
VLACK, 1970).

2.3 DENSIDADE ELETRONICA E O PROBLEMA DA FASE

Levando-se em consideracdo a densidade eletrénica de um uUnico atomo,
com 0 seu centro coincidente com a origem do sistema de coordenadas da cela
unitaria, a amplitude da onda espalhada por esse atomo sera igual ao fator
espalhamento atdmico conforme a Equacgéo 2 (STOUT; JENSEN, 1989):

fi = p(1;)e*™is, )

onde f; é o fator de espalhamento atdmico do atomo. O espalhamento a partir de uma

regido com densidade eletrénica p(r) pode ser expresso pelo Fator de Estrutura F(S).

O fator de estrutura é o efeito do espalhamento das ondas nas dire¢6es hkl,
por todos os atomos da cela. O fator de estrutura F(S), sera a soma vetorial das
contribuicdes dos N atomos da cela unitaria, conforme a Eq. (3) expressa para uma

Unica cela unitaria :
F(hkl) = ‘Ily—lfj]' ezni(hxj"'kyj‘l'le). (3)

O fator de estrutura € um numero complexo que representa o espalhamento
de raios X por todos os componentes da cela unitaria, e oferece uma descri¢cao
matematica do padrdo de difracdo. Conhecendo-se as posi¢cdes de todos os atomos

na cela, podemos calcular o correspondente padréo de difracdo, o padrao de difracéo
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F(s) esta relacionado com a densidade eletrdnica p(r) pela operacdo matematica da
transformada de Fourier (ALMEIDA et al., 2014).

Desenvolvida por Baron Jean Baptiste Fourier, este teorema estabelece
que qualquer funcdo de uma variavel continua pode ser expressa em uma série de
harmdnicos de senos e cossenos. Assim, o fator de estrutura é a anélise de Fourier
da estrutura cristalina, ja a densidade eletrénica é a sintese de Fourier, a Equacao 4
relaciona o fator de estrutura e a densidade eletronica. O experimento da difracdo de
raio X fornece dados do padréo de difracdo, as amplitudes por medidas diretas das
intensidades, contudo, os dados referentes as fases nao podem ser coletados (BLAKE
et al., 2009).

1 _ . .
p(xyz) = ;thl Fpr e 2mi(hatky+lz)+ie, (4)

Como as fases relativas das ondas espalhadas sdo perdidas durante o
experimento, nao é possivel calcular a densidade eletronica p pela equacao 4, pois 0s
valores de ¢ sdo desconhecidos, esse problema é conhecido como problema da fase.
Para solucionar o problema da fase em cristalografia de pequenas moléculas,
emprega-se os métodos diretos, uma metodologia que possibilita encontrar as fases
do Fator de Estrutura F(S) através de relacdes matematicas a partir de um simples
conjunto de intensidades medidas experimentalmente, tornando-se, dessa maneira,
possivel calcular a densidade eletronica p(r) para cada posicdo r da cela unitaria
através da Equacédo 4 (ALMEIDA et al., 2014; GIACOVAZZO et al., 2011).

2.4 COLETA DE DADOS, SOLUCAO DA ESTRUTURA E REFINAMENTO

Os dados obtidos do experimento de difracdo de raios X, consistem nas
intensidades e nas posicoes dos feixes difratados. A coleta de dados consiste no
procedimento de medida das intensidades das ondas difratadas, das quais se obtém
um conjunto de imagens que sao integradas e processadas. Resulta-se, desse modo,
um conjunto de reflex6es que fornece tanto a direcédo hkl quanto a intensidade de cada
feixe difratado (BLAKE et al., 2009).

Ao verificar os parametros da cela unitaria, o seu contetdo e a simetria do

cristal, é possivel resolver a estrutura utilizando programas computacionais que
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empregam os metodos estatisticos. A estrutura € resolvida a partir da determinacao
das fases de cada reflexdo através dos métodos diretos, calculando, portanto, a
densidade eletronica da cela (GIACOVAZZO et al., 2011).

Para resolver a estrutura, utiliza-se de programas computacionais SHELXS
97 e/ou SIR, de programas WingGX, ou mesmo, Olex. A partir da resolucdo das
estruturas, obtém-se os mapas de densidade eletrdnica. Calculados a partir dos
melhores conjuntos de fases, 0s mapas sao obtidos pela sintese de Fourier, usa-se
coeficientes da série os fatores de estrutura normalizados. A partir do mapa de
densidade eletrdnica, inicia-se a determinacdo da estrutura através da interpretacao

dos mapas obtendo as posi¢cdes aproximadas dos atomos (ALMEIDA et al., 2014).

Figura 5- Representacdo da construcdo de um mapa de densidade eletrénica

Fonte: (ALMEIDA et al., 2014).

O refinamento é o procedimento de minimizacdo da discordancia entre os
modulos dos fatores de estrutura observado e calculado, que realiza pequenas
modificacdes nos parametros atbmicos determinados, portanto, das fases calculadas,
para a estrutura aproximada. Uma vez obtida a estrutura molecular aproximada, as
posicBes atbmicas deverao ser refinadas pelo uso da técnica dos minimos quadrados
até obter a melhor convergéncia entre os dados de intensidade observados e os
calculados de acordo com o modelo da estrutura preliminar. Os minimos quadrados
sdo principios, em que a soma dos erros ao quadrado € minimizada por meio da
funcdo M, descrita pela Equacgédo 5 (GLUSKER; TRUEBLOOD, 2010; MULLER et al.,
2006):
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M = Y Wi [lF(h)lgbs - |F(h)|gal]2’ (5)

cujo w é o peso atribuido a cada reflexdo, uma vez que o melhor modelo é aquele que

minimiza M.

Por fim, concluido o processo de constru¢cdo do modelo estrutural de um
composto, todas as informacgfes cristalograficas devem ser armazenadas em um
arquivo-texto comum, de acordo com o padréo Crystallographic Information File (CIF),
estabelecido pela International Union of Crystallography (IUCR) (ALMEIDA et al.,
2014; STOUT; JENSEN, 1989).

Para validar o modelo estrutural, a inicio, € necessario analisar os possiveis
erros e garantir a veracidade dos resultados das estruturas resolvidas. Existem dois
tipos de erros: os sistematicos, esses sao identificados e corrigidos, e os randémicos,
gue, por sua vez, nao podem ser corrigidos, pois ocorrem em variaveis nao
controlaveis. A qualidade de uma estrutura cristalografica pode ser obtida pela
comparacao entre os fatores medidos experimentalmente e fatores calculados. Esses
indices sao avaliados estatisticamente pelas Figuras de Mérito, que sdo o Goodness
of Fit (GOOF), que € o grau com que a distribuicdo das diferencas entre 0s conjuntos
se ajusta aos valores esperados, afetados pelos erros randémicos, e o indice de
discordancia, R, esse compreende ao grau de precisdo do modelo cristalografico
construido (GIACOVAZZO et al., 2011; MULLER et al., 2006).



22

3 RESULTADOS E DISCUSSOES

Esse trabalho realizou o estudo comparativo de duas chalconas (uma
inédita e outra retirada do banco de dados do CCDC), com o intuito de compreender
como a substituicdo dos halogénios cloro por bromo influenciam na estrutura
molecular da chalcona. Também foram realizados estudos das propriedades épticas
ndo lineares e calculos de mecéanica quantica em colaboragdo com o Prof. Dr.
Clodoaldo Valverde (Universidade Estadual de Goias) e com o Prof. Dr. Ademir J.

Camargo (Universidade Estadual de Goiés).

3.1 CARACTERIZACAO CRISTALOGRAFICA

As moléculas de CLC e BRC cristalizaram no sistema cristalino
monoclinico, no grupo espacial P2:;/c, os dados de coleta e refinamento estdo

presentes na Tabela 1.

Tabela 1. Dados de coleta e refinamento para as moléculas de CLC e BRC.

Crystal data CLC BRC

Chemical formula CisH1.CIO Ci1sH11Bro

M, 242.69 287.15

Crystal system, space group P2i/c P2i/c
Temperature (K) 296 100

a, b, c(A) 14.100(3), 7.4948(16), 11.230(3) 14.3238(2), 7.4913(1), 11.2786(2)
a, B, v(°) 90, 101.009(4), 90 90, 100.325(1), 90
V (A% 1164.9(5) 1190.64(3)

z 4 4

u (mm1) 0.306 3.43

R[F?> 26(F?)] 0.0428 0.030

S 1.026 1.10

No. of reflections 2852 7339

No. of parameters 154 154

As estruturas moleculares das chalconas estudadas estédo representadas
na Figura 6, consistem em chalconas simples como mostrado na Figura 1 com um
substituinte na posi¢cao meta ligado ao anel B da chalcona, cloro na molécula de CLC

(Figura 6a) e um substituinte bromo na molécula BRC (figura 6b).
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Figura 6- Representacéo Ortep com 75% de probabilidade para as moléculas de (a) CLC e (b) BRC

(b)

As interacOes intramoleculares e intermoleculares presentes sao do tipo
CH ... O (Figura 7), C-H ... Cl (Figura 8 a), C-H ... Br (Figura 8 b), C-H ... H-C (Figura
9), C-H ... T e ... 1 todas essas intera¢cbes mantem o arranjo cristalino, a Tabela 2

mostra as interacdes e as distancias de ligacao.

Figura 7- Arranjo molecular para mostrar interagdes C—H...O para CLC (a) e BRC (b)
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Figura 8- Arranjo molecular para mostrar interacdes (a) C—H...Cl para CLC e (b) C-H...Br para
molécula BRC

Figura 9- Arranjo molecular para mostrar interagbes C—H...H-C para (a) CLC e (b) BRC
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Table 2. Hydrogen-bond geometry (4, °) for CLC and BRC.

D H-A D_-H H“A DA D_H"A fg(;r;metry
C11-H11-01 093 249 3399 165 X,1/2-y,1/2+2
C13-H13-CIl1 093 299 3.905 167 X,y 1z
C5-H5-01 093 249 3399 164 X,1/2-y,1/2+z
e C8-Hg 01 093 278 3684 166 X,1/2-y,1/2+2
C2-H2"H3-C3 093 251 4111 146 2-X,1-y,1-Z
C3-H3"H2-C2 993 251 4111 154 2-X,1-y,1-Z
C11-H11-01 093 250 3.411 166 X,1/2-y,1/2+2
C13-H13-Brl 093  3.09 4.000 164 X,y 1z
- C5-H5-01 093 279 3717 172 X,1/2-y,1/2+z
C8-Hg-01 093 279 3700 165 X,1/2-y,1/2+2
C2-H2"H3-C3 093 262 4221 143 2-x,1-y,1-Z
C3-H3"H2-C2 993 262 4221 155 2-x,1-y,1-Z

As interacdes encontradas na molécula CLC também foram encontradas
na molécula BRC, com pequenas diferencas nas distancias de ligagdo, como
mostrado nos dados da Tabela 2, a sobreposicdo das moléculas (Figura 10) e o
empacotamento molecular (Figura 11) mostram que a troca dos substituintes

cloro/bromo néo provocou alteracdo na estrutura molecular.

Figura 10- Sobreposi¢éo das estruturas moleculares CLC (verde) e BRC (marrom)




26

Figura 11- Empacotamento cristalino (a) para a molécula de CLC, (b) para a molécula de BRC

A Superficie de Hirshfeld dnorm (Figura 12) as interacdes H...O presentes
nas moléculas, a area azul da superficie representa a auséncia de interacdes e 0s
pontos vermelhos sé@o as areas com interacdes, a Figura 12 (a) mostra a interacdo
C11-H11...01 para o CLC e a Figura 12 (b) a interacdo C11-H11...01 para o BRC.

Figura 12- Superficie de Hirshfeld dnorm (a) CLC e (b) BRC

(a) (b)

Interac®es hidrofébicas do tipo 11 ... m e C-H ... ™ s@o mostradas no shape
index, a regido vermelha é uma regido aceptora de elétrons enquanto a regido azul é
uma regido doadora de elétrons, na Figura 13 a e b pode-se ver as superficies para
as interacdes C-H...Cl e C-H...Br respectivamente, as figuras 13 c, d, e e f mostram
interagdes do tipo C-H ... m, a interagdo Cis-His...Cg2 para o CLC (c) e para o BRC
(d), a interagdo Ci2-Hi12...Cgl para o CLC (e) e para o BRC (f). As interagbes ...
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podem ser identificadas na superficie por uma regido de encontro de dois triangulos,

um vermelho e outro azul (Figura 13 g para o CLC e h para o BRC).

Figura 13- Superficie de Hirshfeld Shape Index para as interagdes (a) C-H...Cl, (b) C-H...Br, (c) C15-
H15...Cg2 para o CLC, (d) C15-H15...Cg2 para o BRC, (e) C12-H12...Cg1 para o CLC, (f) C12-
H12...Cg1 para o BRC, (g) m...1r para o CLC, e (h) m...1r para o BRC.
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(9) (h)

Os célculos tedricos mostraram que a troca dos &tomos de halogénios nao
causam grandes mudancas na estrutura molecular. Ademais, foi possivel determinar
gue ambas as estruturas sdo apropriadas para uso como material éptico nao linear.
Todos os resultados obtidos estdo no artigo “A new isostructural halogenated chalcone

with optical properties” publicado no Journal of Molecular Modeling, mostrado a seguir.
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4 CONSIDERACOES FINAIS

A cristalografia € uma metodologia que nos permite determinar
a composicao da estrutura molecular e as posi¢cdes atbmicas na cela
unitaria, assim como, o arranjo cristalino empregado a difracao de raios X
e programas computacionais, os dados cristalograficos obtidos podem,
nesse contexto, ser utilizados para estudar as propriedades fisico-
guimicas e bioquimicas dessa molécula para encontrar aplicabilidade

para esse composto.

Nesse trabalho, realizou-se a elucidacdo estrutural de um
derivado de chalcona inédito, a 3- (3-chlorophenyl) -1-phenylprop-2-en-1-
one, foram avaliados o0s parametros estruturais e geometricos e
comparados com uma chalcona bromo substituida encontrada na
literatura a 3- (3-bromophenyl) -1-phenylprop-2-en-1-one, a partir desta
comparacao foi possivel identificar um caso de isoestruturalidade, em que

as estruturas sao muito semelhantes.

Desse modo, as interacbes intermoleculares que contribuem
energeticamente para a estabilidade dos cristais foram interacées néo
covalentes “fracas” do tipo T...11, C-H...1T € intera¢des de hidrogénio n&o
classicas C-H...O. Também foram encontradas interacdes do tipo C-H...Cl
ou C-H...Br e C-H...H-C, as duas estruturas cristalizaram no grupo
espacial monoclinico P2i/c, os parametros de cela unitaria sao
semelhantes e todas as interacdes identificadas em uma molécula
também estdo presentes na outra, a sobreposicdo das moléculas
comprova essa sSimilaridade. Todos esses fatores validam a
Isoestruturalidade dessas chalconas, apesar das diferencas existentes
entre os atomos de cloro e bromo (bromo possui 18 elétrons a mais que
o cloro além de ser mais eletronegativo). Todos os dados desse estudo

juntamente com célculos de mecanica quantica (realizados pelo Prof. Dr.
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Ademir J Camargo) e calculos de propriedades épticas nao lineares
(realizados pelo Prof. Dr. Clodoaldo Valverde) foram publicados em um
artigo presente no capitulo 3 (Resultados e Discussdes) no Journal of
Molecular Modeling.
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Abstract

Chalcones are organic compounds that present a number of properties. This study presents a comprehensive structural description
of a new derivative of a chlorine-substituted chalcone in comparison with a bromine chalcone. Also, supermolecule and sum-
over-state approach were used to describe the optical properties of these structures regarding the substitution of the bromine by
the chlorine atom. In addition, the electrical properties, dipole moment, linear polarizability, and second IDRI hyperpolarizability
were calculated. The linear refractive index and the third-order nonlinear macroscopic susceptibility were evaluated as a function
of the applied electric field frequency. Furthermore, the quantum mechanics calculations that were implemented at the M06-2X/
6-311++G(d,p) level of the theory for these isostructural chalcones indicate that the change in halogen atoms does not cause
meaningful changes in their conformation. Finally, we can postulate that side-to-side and the antiparallel interactions are the
interaction forces that drive the crystal growth for new isostructural chalcones. The NLO properties showed title compounds that
are good candidates for use as NLO materials.

Keywords Isostructural chalcones - X-ray diffraction - NLO properties - Sum-over-state

Introduction

Chalcones are a group of organic compounds derived from
natural products, which can be obtained synthetically. They
consist of two aromatic rings linked by an «, (3 unsaturated
carbonyl system [1-3]. Chalcones have many biological ac-
tivities, such as anticancer, anti-inflammatory, antioxidant,
antifungal, and antidiabetic activities [4—9]. There is a close
relationship between their activities and the substituents
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present on their aromatic rings. Additionally, halogen substit-
uents can promote changes in biological activities without
causing structural changes [10, 11]. Given the recent develop-
ment of photonics and discoveries in molecular modeling,
there has been a growing interest in materials exhibiting non-
linear optical (NLO) properties.

In this context, organic molecules have been the focus of a
great deal of research because of the ease in manipulating their
structures and as a result obtaining structures offering impor-
tant NLO properties [12, 13]. Thus, organic crystals have
attracted great interest for their application in photonics [14,
15] as well as spectroscopy [16, 17], frequency modulators
[18], and data transmission [19]. Organic crystals generally
have high nonlinear characteristics and a versatile synthetic
route, thus allowing us the production of materials with high
nonlinearity. The chalcone derivatives, being organic com-
pounds, are easy to handle, allowing the improvement of
NLO properties. Compounds with similar or even the same
crystalline packing are known as isostructures, and the rela-
tionship between the similarity and the NLO properties is
important in developing new isostructural materials [20].
Also, studies show that halogen atoms like chlorine and bro-
mine are very suitable substitutes for isostructures [3, 20].

Due to the importance of the substituents in the physico-
chemical and biological properties of organic molecules and
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to better understand the influence of halogens as substituents
in chalcones, this paper conducts the study of a new chalcone
derivative, 3-(3-chlorophenyl) -1-phenylprop-2-en-1-one
(CLC) compared to 3-(3-bromophenyl) -1-phenylprop-2-en-
I-one (BRC) [21], by structural elucidation, supramolecular
arrangement, and optical properties. Molecular structure was
characterized by monocrystalline X-ray diffraction and supra-
molecular arrangement by Hirshfeld Surface. The DFT/CAM-
B3LYP/6-311++G(d,p) supermolecule (SM) approach and
sum-over-state method were used to analyze NLO properties
in a crystalline equivalent environment.

Experimental and computational procedures
Synthesis and crystallization

The chalcone CLC was synthesized using a volumetric flask
reactor of 50 mL size, to which was added 10 mL of methanol,
acetophenone (2.5 mM), and 3-chlorobenzaldehyde (2.5 mM)
with a high purity rate. Then, five drops of 20% aqueous
potassium hydroxide solution were added into the reaction
medium. The reaction mixture was shaken for 30 minutes at
room temperature. At the end of the reaction time, the mixture
was treated with HCI solution (10%) and washed with water,
and then, dichloromethane was added to the separation funnel
to drag out the organic phase (the average yield was 75%).
Dichloromethane was evaporated at room temperature for 24
h, and then, isopropyl alcohol was added for compound re-
crystallization, as shown in Scheme 1. The synthesis process
was accompanied by thin-layer chromatography. The Claisen-
Schmidt methodology was used in the experimental protocol.
Infrared spectra (IR) were recorded on a PerkinElmer Frontier
in the range of 4000400 cm™ using the attenuated total re-
flection (ATR) technique (Fig. 1). Nuclear magnetic reso-
nance (NMR) spectra were recorded on a Bruker Avance 111,
operating at 500.13 MHz for 'H and 125.77 MHz for "°C,
equipped with a 5 mm TBI probe ('H, '*C and XBB). The
frequency of radio frequency radiation absorbed by a given
nucleus is strongly affected by its chemical environment [22]
(electrons and near nucleus). The spectrum shows increased
chemical displacement expressed in parts per million (ppm) of
the right to left [23].

Yellow solid, 75% yield. IR vmax: 3538 (C-spz), 3066
(C=C, sp2, alkene), 1664 (C=0, ketone), 1605 (C=C, aromatic

ring), 1446, 1421,1304, 1221, 1079, 1021, 970, 904, 861 (Ar-
C, off plan), 770 (C-CI), 702. "H NMR [500 MHz, 5 (ppm),
DMSO-d6]: 8.09 (ddd, J = 1,7; 1,6; 0,5, H-15), 7,80 (d, J =
15,7 Hz, H-9), 7.68 (m, H-2 e H-4), 7,42 (t, ] = 7.8 Hz, H-12),
7.52 (ddd, H-13), 7.60 (m,H-1, H-5), 7.44 (t, H-3), 7,39 (ddd,
H-11), 7,26 (d, J = 16,0, H-8). '3C NMR [125,77 MHz,
DMSO0-d6]190.1 (C-7), 143.1 (C-9), 137.9 (C-6), 136,7
(C-14), 135.0 (C-10), 133.3 (C-12), 133.0 (C-13),
123.3(C-8), 128,7 (C-1, C-5), 130.2 (C-2, C-4), 130.4 (C-3),
128.6 (C-15), 126,8 (C-11).

Crystallographic characterization

A CLC single crystal was chosen for the X-ray diffraction
experiment, which was undertaken on a Bruker APEX-II
CCD diffractometer with MoK radiation at a tempera-
ture of 296 K. The structure was solved by direct methods
using the SHELXS [24] program and substituents using
the SHELXL [25] program on the OLEX2 platform [26].
Packing and interactions were analyzed using the Mercury
program [27], and the structure data was deposited in the
Cambridge Crystallography Data Center (CCDC) with
code 2019801. The crystallographic data of BRC is avail-
able on code 601146. The Hirshfeld surface (HS) is an
important tool to understand the contacts between atoms,
the packing of the molecules in the crystal, and the nature
of the interactions [28]. Using the Crystal Explorer soft-
ware, HS and fingerprint analysis of CLC and BRC mol-
ecules were performed. The dhom, de, and d; allow us to
analyze the strong N-H...O, O-H....O, and O-H....N and
weak C-H....O hydrogen interactions, whereas the shape
index shows the hydrophobic interactions involving con-
jugated 7t systems C—H...7t and 7t...7t [29]. Also, the HS
calculates a weight function w, (r) for each atom of the
molecule [30]; Equation 1 shows this function.

wa(r) =pg'(r)) ¥ pi(r) (1)

ie molecule

where p?(r) are electron densities of atoms. These atomic
densities are used to calculate the density of the molecule
in the crystal through a weight function (W),

i€ mg:ecule p?t(r)
YO @

i€ crystal

o) O 0
Cl Cl
+ H)k©/ KOH =
—>
CH;0H

Scheme 1 Chemical scheme of the synthesis of chalcone CLC
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Fig. 1 Infrared graphic to
characterize the CLC
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which simply means the ratio of the sum of the atom’s
density of the molecule to the sum of the atom's densities of
the crystal [31].

Theoretical and computational procedures

The quantum mechanics calculations were carried out at the
MO06-2X/6-311++G(d,p) level of the theory using Gaussian16
[32] program package for BRC and CLC compounds. The
MO06-2X is a hybrid meta-exchange correlation functional,
and with the basis set 6-311++G(d,p), good geometric struc-
tures were taken [33]. Twice the nonlocal exchange (2X) is
applied in the noncovalent interactions and parametrized for
long-range interactions [34]. The input used in the calcula-
tions (atom coordinates) was taken from the X-ray data. For
each compound, only the hydrogen atom geometric

5, 20

.IJ_ %, 59 ‘?' ,‘/"1“".‘
o v 2500
. it

.
»
%

Fig. 2 Bulk scheme for the synthesis of chalcone CLC

parameters were optimized. The basis set superposition errors
(BSSE) for the interaction energies were corrected using the
counterpoise [35, 36] procedure implemented in the gl6 pro-
gram. The quantum theory of atoms in molecules (QTAIM)
[37] was analyzed by the Multiwfn program (version 3.7)
[38], and it is a powerful tool to better understand the nature
of the dimer interaction energies.

Nonlinear optical properties

The SM method was used to simulate the polarization effect of
the crystalline environment around the asymmetric unit [39].
For this purpose, a bulk was created (see scheme in Fig. 2) for
the two compounds, both with 13,500 molecules and each
molecule with 28 atoms totalizing 378,000 atoms.

6.3
| errerEnens
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Fig. 3 Graph of dipole moment evolution with the iteration numbers
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Table 1 Crystallographic and
refinement data for CLC and
BRC

Crystal data CLC BRC
Chemical formula C,sH;;CIO C,sH;BrO
M, 242.69 287.15
Crystal system, space group P2,/c P2y/c
Temperature (K) 296 100

a, b, c (A)

o, B,y ()
V(A3

Z

W (mm™)

R[F* > 20(F%)]

S

No. of reflections
No. of parameters

14.100(3), 7.4948(16), 11.230(3)
90, 101.009(4), 90

14.3238(2), 7.4913(1), 11.2786(2)
90, 100.325(1), 90

1164.9(5) 1190.64(3)
4 4

0.306 343
0.0428 0.030
1.026 1.10

2852 7339

154 154

The SM approach consists of considering the atoms around
the colored molecule, in the present case green, as punctual
charges, and thus, the dominant intermolecular interactions
present are calculated. The SM method is an iterative DFT
computed process with functional CAM-B3LYP/6-311++
G(d,p) which ends with the convergence of the total dipole
[40-42]; see Fig. 3.

The iterative process of the SM approach is carried out in
several steps: initially we determine the electrical charge of

each atom of the asymmetric unit using the Chelpg method,
which is made by adjusting the molecular electrostatic poten-
tial. The partial atomic electric charges of each atom of the
asymmetric unit are then placed on each atom of the bulk. This
iterative procedure is done until the convergence of the total
dipole moment is reached. The theoretical method of SM pre-
sented results close to those of experiments according to ref-
erences [39, 43, 44]. In this way, for the total dipole moment,
we have,

Fig. 4 The ORTEP
representation with 75%
probability of a CLC and b BRC
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Table 2 Hydrogen-bond

geometry (A, °) for CLC and D-H"A D-H H™A DA D-H"A Symmetry code

BRE CLC C11-H1101 0.93 2.49 3399 165 129,12 +z
CI3-HI13Cll 0.93 2.99 3.905 167 Xy, 1z
C5-H501 0.93 2.49 3399 164 129,12 +z
C8-H801 0.93 278 3.684 166 129,12 +z
C2-H2"H3-C3 0.93 251 4111 146 2-x,1-y,1z
C3-H3""H2-C2 0.93 251 4111 154 2-x,1-y,1z

BRC C11-H11-01 0.93 2.50 3411 166 X 129,12 +7

C13-H13Brl 0.93 3.09 4.000 164 Xy, lz
C5-H501 0.93 2.79 3717 172 X 129,12 +7
C8-H801 0.93 2.79 3.700 165 129,12 +7
C2-H2"“H3-C3 093 2.62 4221 143 2-x,1-y,1z
C3-H3"'H2-C2 0.93 2.62 4221 155 2:x,1-y,1z

Fig.5 Crystal packaging a for the
molecule of CLC, b for the
molecule of BRC. The
crystallographic arrangement
grows in direction c, sustained by
C-H...O and 7t.. .7t interactions,
showing that just like
intermolecular interactions the
topography follows the same
pattern

1 - Qlxy + ayy + azz
p= (e i), () o=t @
where the values of the average linear polarizability can be whereas the average linear polarizability (o) can be related
defined as, to the linear refractive index (n¢) of the crystal by the Clausius-

Mossotti formula [45],

Fig. 6 Molecular arrangement to
show interactions a CLC C11-
HI1...01, C5-H5...01, C8—
HS8...01 and b BRC C11-HI1...
Ol, C5-H5...01, C8-HS...01;
these interactions grow in the ¢
direction
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Fig. 7 Molecular arrangement to
show interactions a CLC C13—
H13...Cll and b BRC C13—
H13...Brl; these interactions
grow in direction a

Fig. 8 Molecular arrangement to
show interactions a CLC C2-H2
... C3-H3, C3-H3... C2-H2 and
b BRC C2-H2... C3-H3, C3-
H3... C2-H2; these interactions
grow in direction a

Fig. 9 Overlap of CLC and BRC
structures relative to the aromatic
ring of chalcone, where CLC is
represented in green and BRC in
brown
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Fig. 10 The d,,p, for a CLC; b
BRC, where the blue area
represents the absence of
interactions, and the red dots are
areas with interactions, that is, the
region where electrons are
exchanged

no2—1 47N
n?+2 3

(@),

(5)

where N is the number of molecules per unit volume of the
unit cell. Here we will not study the first molecular
hyperpolarizability due to crystal symmetry, because the
second-order nonlinear macroscopic susceptibility is null.
The value of the second hyperpolarizability [46] is obtained

in the form,

Fig. 11 HS shape index for a C—
H...Cl interaction (compound
CLC) and b C—H.. .Br interaction
(compound BRC); in shape
index, the red region is an electron
acceptor region while the blue
region is an electron donor region

1
(v) > (’Yig,“ + Yy T ’Yy'ji)- (6)

15 Lj=xY,2

The second static average hyperpolarizability can be sim-
plified using the symmetry relation Yy, = Ve = Yagyne =
Yyxnas proposed by Kleinman [47],

(7(0;0,0,0)) = é [mm + Yoy + Yoz T 2(’Yw T Yoz + Mz)] - ()

(b)
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The average second hyperpolarizability {(y(—w; w, w, —w))
is related to the intensity-dependent refractive index (IDRI)
for small frequencies [48], given by

<7(_W; w, W, _w)>52<7(_W; w,0, 0)>_<7(O’ 0,0, O)> (8)

The sum-over-state (SOS) approach will be used to calcu-
late the second hyperpolarizability. The SOS approach has
been widely used to calculate the second molecular
hyperpolarizability in organic compounds [49-59]. The ben-
efit of the SOS approach is that it truncates the sum of states,
as the significant contribution occurs in only a few excited
states. Furthermore, the excitation energies linked to the di-
pole moment transitions between the ground state and excited
states wave functions depend on the precision of the theoret-
ical method used in the SOS approach. The equations used in
the SOS approach for calculating the second
hyperpolarizability are defined as,

'nyzw(_ws; Wi, W, ‘U3)

= Plx(—wy), y(w1), 2(w2), w(ws )] (=), )

Fig. 12 HS shape index for 7.t
interactions a CLC; b BRC

x Vo, w
Foilbij KMo

(eiwy) (e/~wr—w3) (Er—w3)

=YX

#0 j#0 20

792

_ 1163t 530145 M0
i#0 j70 | (eiws)(ew2) (51'_“’3)

where wy = 3 w;, and w is frequency of external fields, 1
i

= (il1"1j), 15 = pj—115095, X, y» z denote the directions; &;
is the excitation energy of the excited state 7 in relation to the
ground state. Pis permutation operator, for +. 4 is x compo-

nent of transition dipole moment between state 7 and ;.
Third-order nonlinear susceptibility x> [45-47, 60] is relat-
ed to the second hyperpolarizability as follows

_ 4 N<’Y(_W; w, W, _w)>
=/ v ;

(10)

where N is the number of molecules per unit volume of the unit
cell, while fis the Lorentz field correction factor, defined as

(I’loz + 2)
—

f= (11)

@ Springer
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All computational calculations related to the linear
and nonlinear electrical parameters of the compounds
were performed using the Gaussian-09 [61] software
package.

Results and discussion
Isostructural solid-state

Both molecules crystallized in the P2,/c monoclinic space
group with unit cell parameters a = 14,100 (3) A, b =
7.4948 (16) A, ¢ = 11,230 (3) A, and 3 = 101,009 (4) for
CLC and a = 14,3238 (2) A, b =7,4913 (1) A, ¢ = 11.2786
(2) A, and 3 = 100.325 (1) for BRC. Crystallographic and
refinement data are shown in Table 1 and the molecular struc-
ture in Fig. 4. These molecules are composed of two aromatic
rings linked by an unsaturated carbonyl chain with a chlorine
substituent at the meta position attached to one ring of the
CLC molecule (Fig. 4a) and a bromine substituent at the same
position on the BRC molecule (Fig. 4b), which make com-
pression a way to achieve insights on supra molecular topog-
raphy and NLO properties.

Both crystalline arrangements (Fig. 5) are maintained by
the interactions C—H...O (Figs. 6a and b), dimers of C-H...Cl
(Fig. 7a) or C-H...Br (Fig. 7b), besides contacts of type C—
H...7t and 7t...71. C—H...H-C interactions are also present
(Fig. 8). For both solid-state systems, the intermolecular inter-
actions and topography follow the same pattern [2, 21, 62].
Table 2 shows the non-classical interactions of CLC and BRC
crystals, as well as the distances of the bonds.

All interactions observed in CLC are also present in BRC,
with slight differences in donor-acceptor distance, such as for
CH...O, where the distance H...A of C11-H11...01 (CLC) is
2.49 A similar to the BRC distance from C11-H11...01 (2.50
A). This example shows no change in the parameters of inter-
actions when chlorine replaces bromine. The packing (Fig. 5)
follows the same pattern, since the observed interactions are
similar. The overlay (Fig. 9) shows the replacement of bro-
mine substituent with chlorine does not change the molecular
structure.

The d,orm 1s shown in Fig. 10, and the red dot on the surface
represents a H...O interaction, as in Fig. 10a which shows the
interaction C11-H11...01 of CLC and in Fig. 10b which
shows the interaction C11-H11... O1 for BRC. The HS shape
index is used to identify C—H...7t, 7t...71, and other hydropho-
bic interactions. In Fig. 11, H...CL and H...Br interactions
are represented; the red concave region represents an electron
acceptor region and the blue convex region is an electron
donor area. The C13—H13...Cl1 and C13-H13...Brl interac-
tions form dimers that provide more stability for the CLC and
BRC compounds.

The 7t...7t interactions for the CLC and BRC molecules are
a dimer that also contributes to packaging stability and are
shown in Fig. 12a (Cgl...Cg2 and Cg2...Cgl) and 12b
(Cgl...Cg2 and Cg2...Cgl); these interactions can be identi-
fied in the HS shape index by a meeting region of two trian-
gles, one red and the other blue. Figure 13a, b, ¢, and d show
C—H...7t interactions that in HS shape index can be seen in a
red concave region. Figure 13a shows the C12-H12...Cgl

(®)

(d)

Fig. 13 HS shape index for C—H...7t interactions a C—H...Cg1 for CLC;
b C-H...Cgl for BRC; e C-H...Cg2 for CLC and f C-H...Cg2 for BRC
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Fig. 14 Complexation energies BRC CLC
obtained at M06-2X/6-311++ , ; e , ° 9 ? ; 9 2 2 @ o
G(d,p) level of theory. The heavy |4 1;”‘ a‘w“q/ ,?,J @’ s Yo "1’ > 4 2 ‘\_I"S‘J o\,ﬁ‘\ 2 95° )
atom coordinates were taken from Mg, 0 S P . o w,‘ 2,9 - a‘v ‘ @& o9 Y > o Jo s o I i
X-ray data, and the hydrogen ? ° . o ° : R 4 ,‘ ? J \ff *
atoms were optimized at the same Head-to-Head dimer Head-to-Head dimer
level of theory. The basis set su- Interaction energy: -0.91 kcal/mol Interaction energy: -1.07 kcal/mol
perposition errors were corrected 2 v = :
using the counterpoise procedure )J W ” " b %}ﬁﬂg ﬁm ‘M
®%222,6900009 WP B 20 IV
Antiparallel dimer #& e)
Interaction energy: -12.89 kcal/mol Antiparallel dimer
Interaction energy: -12.67 kcal/mol
F] ?
) i’ ‘/‘ ? 9 ‘/)‘ ‘/J 9 y‘ ‘,J 5 ‘/ " -
x‘a"i*r‘a* "‘): 9999,
,;) o ‘ : ’; JJ ‘) { 3
Side-to- Slde dimer Side-to-Slde dlmer
Interaction energy: -7.06 kcal/mol Interaction energy: -6.88 kcal/mol
9 9
) 9 2 < ? @ 9 ’ 2 D0 2 ‘
poyo o %9’ ,3: 1Yy | Tttty Tl Y
Q@ 'J\ N / A ¥ =y D B, ] LR 20"
? f 9 > f 2 ¥ f { ’ f "\. ’ 5 ¥ t 5 : s 5 O
Tail-to-Tail dimer Tail-to-Tail dimer
Interaction energy: 0.45 kcal/mol Interaction energy: 0.65 kcal/mol

interaction in the CLC molecule and Fig. 13b shows the
equivalent interaction of this in the BRC molecule (C4—
H3...Cgl). The interactions C—H...Cg2 are shown in Figs.
13c for the molecule CLC (C15-H15...Cg2) and 13d for the
molecule BRC (C1-H1...Cg2).

Theoretical analysis and isostructures

With the aim of explaining the experimental observations in
which both structures, BRC and CLC have the same crystal-
lographic parameters; quantum mechanics calculations were
carried out at the M06-2X/6-311++G(d,p) [34] level of the
theory for both compounds. The atom coordinates used as
input in the calculations were taken from the X-ray data, and
only the hydrogen atom geometric parameters were optimized
for each dimer. Figure 14 shows that there are four types of
interaction for each molecule in the solid-state, which we call
here the head-to-head, antiparallel, side-to-side, and tail-to-tail
dimers. The basis set superposition errors (BSSE) for the in-
teraction energies were corrected using the counterpoise [35,
36] procedure implemented in the g16 program.

Figure 14 shows that the head-to-head interaction energies
for both BRC and CLC dimers are — 0.91 kcal/mole and —
1.07 kcal/mole, respectively. It is worth noting that the

@ Springer

Table 3  Topological parameters of chalcones describing contacts and
intermolecular interactions (electron density at BCP (p(r)), Laplacian
(Vzp(r)), the potential electron energy density (V(r)). All values are
given in atomic units (au)

BCP Types p(r)? V2p(r)?* V(r)*

1 CI3-H13"Cll 0.01409 0.04169 ~0.00582
2 CI3-HI13Cll 0.02071 0.04934 —0.00895
3 CI13-H13Brl 0.01488 0.03061 ~0.00765
4 C13-H13"Brl 0.01492 0.03908 —0.00865
5 C5-H501 0.04417 0.06580 ~0.02203
6 C8-H8 01 0.04500 0.08020 ~0.02378
7 Cl1-H11°01 0.07774 0.09789 —0.05783
8 C5-H501 0.05173 0.06476 —0.02497
9 C8-H8 01 0.03796 0.05125 ~0.02221
10 Cl1-H11"°01 0.03604 0.06036 -0.02555
11 C2-H2 "H3-C3 0.02328 0.08186 ~0.01996
12 C3-H3H2-C2 0.04913 0.16120 ~0.03174
13 C2-H2"H3-C3 0.03035 0.12910 -0.01979
14 C3-H3 "H2-C2 0.04280 - 0.0058 ~0.01500
15 o 0.04856 0.01207 ~0.01315
16 o 0.05431 0.04038 -0.01614
17 o 0.04480 0.02034 ~0.01232
18 o 0.03758 0.02956 ~0.01098
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Fig. 15 The molecular graphs,
head-to-head interaction, showing
the bond critical points (BCP) in
yellow, a in CLC, b in BRC

interaction energies are small and similar for both dimers.
These results are interesting because we replaced the chlorine
atom with a bromine atom that has 18 more electrons, and the
interaction energies did not change much. Furthermore, the
interaction energies for BRC and CLC antiparallel dimers
are — 12.89 kcal/mole and — 12.67 kcal/mole.

On the other hand, the antiparallel interaction energy
is about 14 times greater than head-to-head for BRC
and about 12 times greater for CLC. The side-to-side
dimer interaction energies are also powerful. These are
about 8 times greater than head-to-head dimer interac-
tion energy for BRC and about 6 times greater for CLC.
The tail-to-tail interaction energies are small and repul-
sive for both dimers. Based on the interaction energies
for the different dimers found in the solid-state, we can
postulate that the side-to-side and the antiparallel inter-
actions are the interaction forces that drive the crystal
growth. In this sense, the head-to-head interaction,
where chlorine replaces bromine, is not energetically
significant in the crystal growth process, which explains

Fig. 16 The molecular graphs,
side-to-side interaction, showing
the bond critical points (BCP) in
yellow, a in CLC, b in BRC

the fact that the two compounds show the same crystal-
lographic parameters.

In order to better understand the nature of the dimer
interactions energies, the QTAIM analysis was
employed as a powerful tool to study the nature of
intermolecular interactions. According to Boyd et al
(2007) [63], the interactions with p(r)>0.2 a.u. and
V2p(r)<0 at the bond critical point (BCP) are predom-
inantly covalent, and those with p(r)<0.1 a.u. and
V2p(r)>0 at BCP are classified as closed-shell interac-
tions such as hydrogen bonds, van der Waals interac-
tions, and ionic bonds.

Figures 15, 16, 17, and 18 show the BCP in yellow. Table 3
shows that the electro density (p(r)) at BCP is less than 0.1 a.u.
and the Laplacian (Vzp(r)) values for all BCP are positive,
except for BCP 16 that has a negative value. However, the
Laplacian value for BCP 16 is remarkably close to zero. From
the QTAM analysis, we can conclude that the interactions for
all dimers can be classified as van der Waals or closed-shell
interactions.
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Fig. 177 The molecular graphs,
tail-to-tail interaction, showing
the bond critical points (BCP) in
yellow, a in CLC, b in BRC

Supermolecule scheme analysis

The NLO properties of crystals CLC and BRC were
obtained from the SM model using the functional
DFT/CAM-B3LYP together with the base function 6-
311++G(d,p) and discussed as a function of the applied
electric field frequency. Table 4 shows the increase in

Fig. 18 The molecular graphs,
antiparallel interaction, showing
the bond critical points (BCP) in
yellow, a in CLC, b in BRC

cen

Cp12

(a)

CP13

CP14

(b)

average linear polarizability (a(—w,w)yof crystals CLC
and BRC. When the frequency goes from the static case
(w = 0) to the dynamic case (w = 0.1 a.u.), we can see
an increase of 18.37% for compound CLC and 19.13%
for compound BRC. The average second
hyperpolarizability IDRI (y(-w;w, w, —w)) of crystals
CLC and BRC showed an increase of 382.39% and
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Table 4 Results of linear polarizability {(c(—w, w)), second average
hyperpolarizability IDRI {(y(-w; w, w, —w)), of the compounds CLC and
BRC using the SM approach

CLC BRC CLC BRC

w (aCww) (a(ww) Hwwww) GCwww—w)
0.000 28.439 30.084 54.241 60.372
0.003  28.442 30.087 54.608 60.861
0.004  28.444 30.090 54.667 60.928
0.006  28.452 30.098 54.835 61.118
0.007  28.456 30.103 54.945 61.243
0.008  28.462 30.109 55.072 61.386
0.009  28.468 30.116 55.216 61.549
0.010 28.475 30.123 55.377 61.732
0.024  28.649 30313 59.510 66.418
0.043  29.141 30.850 71.980 80.599
0.050 29.416 31.151 79.514 89.194
0.060  29.897 31.677 93.708 105.446
0.070  30.515 32.354 113.967 128.768
0.072  30.657 32511 119.000 134.584
0.080 31.304 33.222 143.582 163.118
0.086  31.846 33.821 166.553 189.966
0.090 32.323 34.348 188.675 215.982
0.095 32.945 35.038 220.475 253.646
0.100  33.664 35.838 261.653 302.856

401.64%, respectively, when the comparison concerns
the frequency range w = 0 to w = 0.1 a.u., as displayed
in Table 4.

The analysis of electric charge transfer can be used to ex-
plain one of the causes for the nonlinear optical properties of
compound BRC to be better than compound CLC. In Fig. 19,
we highlight the rings A, B, and C and the details are shown in
Table 5. Ring A shows a positive electric charge increase of
131.23% over the isolated structure of compound CLC,
whereas in compound BRC, this increase is 177.97%. On
the other hand, when analyzing ring B, we noticed a 36.73%
increase in negative electric charge when the analysis was
made between the isolated and embedded structures of com-
pound CLC. Meanwhile, for the same ring B in BRC com-
pound, the increase of negative electric charge is 38.93% be-
tween the isolated and embedded structures. In the case of ring
C, we have an increase of positive electric charge of 24.04%
for compound CLC and 32.40% for compound BRC when we
compare the isolated structure with the involved one.

In both compounds, we have the following structure D-A-
D: electron donor-acceptor-donor. The chlorine and bromine
isostructures have an increase in electric charge transfers of
24.43% and 38.06%, respectively (when we look at the iso-
lated and embedded structure). This change caused by the
exchange of chlorine for bromine improves the nonlinear op-
tical properties of the BRC compound.

Sum-over-states scheme

Figure 20 shows the results of the second static and dynamic
average hyperpolarizability (A=532 nm) for the isolated BRC
and CLC molecules as a function of the number of excited
states, using the SOS method. Considering the BRC com-
pound, the value of the static second hyperpolarizability using
this same method (y(0; 0, 0, 0))sos is —37.7 x 10 >%esu while
using the SM method, the value of (y(0;0,0, 0))sa is
60.372 x 10 ®esu, showing that the SM method is 1.6 times
greater than SOS one (considering only values in module).
Next, when we compare the average second
hyperpolarizability IDRI of the BRC compound, we find that
(Y(—w; w, w, —w))sos is 49,969 x 10 >%su while the value
of (y(—w; w, w, —w))sy, is 189.97 x 10> esu, showing that
the SOS method is 263.04 times greater than the SM one. In
the case of the CLC compound, the value of the second static
hyperpolarizability (y(0; 0, 0, 0))sos is —19.11 x 10 *®esu and
(v(0; 0,0, 0))sas is 54.24 x 10 >%esu and for the case of aver-
age second hyperpolarizability IDRI, the values of
(Y(—w; w, w, —w))sos are 8,478.32 x 10 >®esu whereas for
(Y(—w; w, w, —w))sur is 166.55 x 10> esu, showing that the
SOS method furnishes values 50.90 times greater than those
using the SM method for (y(—w; w, w, —w)).

The greatest increases in hyperpolarizability observed in
the results of SOS are consistent with previous studies [53,
54, 56] and, in the current study, may mean that in the crys-
talline phase the values are even greater, indicating that the
non-linear properties BRC and CLC compounds are good for
application in optical devices. The SOS method confirms that
the BRC structure has better NLO properties than CLC.

Refractive index and third-order nonlinear
susceptibility

The linear refractive index (n() of the CLC and BRC crystals
shown in Table 6 obtained through the Equation 5 showed an
increase of 11.35% for compound CLC and 12.46% for com-
pound BRC when comparing the static case (w = 0) with the
dynamic case (w = 0.1 au). According to Equation 10, we
obtain the third-order macroscopic susceptibility
X(3)(—w; w, w, —w); this susceptibility also increases with the
frequency applied to both compounds, as shown in Table 6.
The increase, when comparing the static (w = 0) and dynamic
(w = 0.1 a.u.) cases of compounds CLC and BRC, was
382.39% for CLC and 401.65% for BRC, coinciding with
the result obtained for the average second hyperpolarizability
IDRL

Table 7 shows the linear refractive index (n¢) and the third-
order macroscopic susceptibility of CLC and BRC crystals
and other structures already studied in the literature. The re-
sults show that the property values displayed by CLC and
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Table 5 Partial charges in

isolated and embedded molecules CLC BRC
of CLC and BRC
Atom Isolated Embedded A% Atom Isolated Embedded A%
1 Ccln —0.1549 —0.1928 2443 Brl —-0.1059 —0.1461 38.06
2 0Ol —0.5389 -0.6127 13.69 (0] —0.5409 -0.6171 14.09
3 C1 —-0.0339 —0.0368 8.65 Cl —0.0407 —0.0464 13.92
4 H1 0.0958 0.0821 14.29 H1 0.0986 0.0870 11.75
5 Cc2 —0.1134 —0.1326 16.88 C2 —0.1098 —0.1248 13.60
6 H2 0.1045 0.1080 3.36 H2 0.1038 0.1062 2.31
7 C3 —0.0682 —0.0347 49.12 C3 —0.0693 —0.0404 41.68
8 H3 0.0960 0.0972 1.21 H3 0.0942 0.0942 0.04
9 C4 —0.0805 —0.0929 15.42 C4 —0.0831 —0.0914 9.96
10 H4 0.0939 0.0996 6.12 H4 0.0932 0.0965 3.51
11 C5 —0.1531 —0.1647 7.57 (05} —0.1392 —0.1517 9.00
12 HS 0.1255 0.1629 29.82 HS 0.1174 0.1562 33.07
13 C6 —0.0580 —0.0682 17.65 C6 —0.0581 —0.0659 13.43
14 Cc7 0.5664 0.6178 9.08 Cc7 0.5624 0.6134 9.06
15 C8 -0.3039 -0.3128 2.94 C8 -0.3201 —-0.3300 3.10
16 HS8 0.1176 0.1191 1.34 HS8 0.1302 0.1322 1.54
17 Cc9 —0.0331 —0.0254 23.33 C9 —0.0251 —0.0154 38.76
18 HO9 0.1240 0.1211 2.35 H9 0.1283 0.1264 1.49
19 C10 0.1211 0.1396 15.32 C10 0.1200 0.1376 14.63
20 Cl1 —0.1818 —0.2121 16.67 Cl11 -0.1972 —0.2232 13.15
21 HI1 0.1439 0.2042 41.92 HI11 0.1476 0.2062 39.67
22 Cl12 —0.1148 —0.1252 9.06 C12 —0.0841 —0.0943 12.13
23 HI2 0.1205 0.1200 0.37 HI12 0.1120 0.1119 0.06
24 C13 —0.0664 —0.0696 4.81 C13 —0.0776 —0.0868 11.98
25 HI13 0.1034 0.1147 10.96 HI13 0.0945 0.1074 13.55
26 Cl4 0.1177 0.1537 30.56 Cl4 0.0742 0.1198 61.45
27 Cl5 —0.1611 —0.1868 15.93 Cl15 —-0.1315 —0.1633 24.18
28 H15 0.1320 0.1273 3.52 H15 0.1059 0.1018 3.91
Ring A 0.0086 0.0199 131.23 Ring C 0.0070 0.0196 177.97
Ring B —0.0678 —0.0928 36.73 Ring B —0.0652 —0.0905 38.93
Ring C 0.2142 0.2657 24.04 Ring A 0.1640 0.2171 32.40
BRC compounds outperform all structures operating at ~ Conclusions

532 nm wavelength.

A comparison of the theoretical values of compounds CLC
and BRC with the experimental values of other crystalline
compounds, in Table 7, shows that the value obtained for
the third-order nonlinear macroscopic susceptibility,
(X(”(fw; w, w, —w)), for the 532 nm wavelength of the CLC
and (BRC) crystals, resulted in a value that was 329 (404.96)
times larger when compared to (2E)-1-(3-bromophenyl)-
3-[4(methylsulfanyl)phenyl|prop-2-en-1-one [69] and 2.36
(2.91) times larger than crystal (2E)-3-(3-methylphenyl)-
1-(4-nitrophenyl)prop-2-en-1-one [64]. The exchange of chlo-
rine (Cl) for bromine (Br) improved third-order macroscopic
susceptibility by 23.09% when analyzed at the wavelength
532 nm.

@ Springer

Both molecules crystallized in centrosymmetric space group
P2,/c stabilized by the interactions C—H...O, C-H...C1 OR C—
H...Br, C-H...m AND 7t ... 7t. Analysis of the HS showed that
the interactions in the CLC and BRC molecules are the same
as those observed in overlapping (Fig. 9). The head-to-head
interaction energies, where chlorine is replaced by bromine,
for both CLC and BRC dimers are — 1.07 kcal/mole and —
0.91 kcal/mole, respectively. Thus, it is not energetically sig-
nificant in the crystal growth process, which explains the fact
that the two compounds show the same crystallographic pa-
rameters. Also, the SM method associated with DFT/CAM-
B3LYP/6-311++G(d,p) and sum-over-state method were used
to calculate nonlinear electrical properties: second average
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Compound I

Fig. 19 Molecular structure of CLC and BRC with detached rings and

numbered atoms

Fig. 20 (4(0;0, 0, 0))sos and
((w; w, w, —w))sos (A=532 nm)
calculated via SOS scheme, in
units of 10> 6esu, for the BRC and
CLC isolated molecules

(y(0;0,0,0))

(y(—w; w, 0, —w))

Table 6 Results of refractive index g, and third-order macroscopic
susceptibility, x*(—w; w, w, —w), of the compounds CLC and BRC using

the SM approach

CLC BRC CLC BRC
w in a.u. no no X(3 (~w;w,w, —w) X(3)(—w;w, w,—w)
0.000 1754 1790  213.217 256.108
0.003 1754 1790  214.660 258.183
0.004 1754 1790  214.892 258.465
0.006 1754 1790  215.553 259.275
0.007 1755 1790  215.985 259.801
0.008 1755 1790  216.483 260411
0.009 1755 1791 217.049 261.103
0.010 1755 1791  217.683 261.878
0.024 1761 1.798  233.927 281.758
0.043 1779  1.817  282.948 341916
0.050 1789  1.828  312.563 378378
0.060 1.806  1.847  368.359 447318
0.070 1.829  1.873  447.995 546.254
0.072 1.835  1.879  467.778 570.927
0.080 1.859  1.906  564.410 691.976
0.086 1.880 1930  654.708 805.870
0.090 1.899 1951  741.668 916.234
0.095 1924 1979  866.671 1076.011
0.100 1953 2013  1028.539 1284.769
Isolated Molecule
30 . : : : ; . ; ;
5] o BRC a) | 30, ,' CLC b)]
H —~ A _
i .:\ I & 20 :?.
ode | I o 104 8
L (=) .
10 {1 & 0de ]
-201 M 1 :é 101 |
ol T, _ 'I-"c»w
\ -204
401, : . : ; : . ; : ; ; ;
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Number of excited states Number of excited states
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Table 7 Comparison of results of the third-order nonlinear susceptibility ) (>< 1022 (”—‘})2> for wavelength 532 nm using the SM approach

ny X (wiw,w,—w)

BRC (this work) 1.930 805.870
CLC (this work) 1.880 654.708
(2E)-3-(3-methylphenyl)-1-(4-nitrophenyl)prop-2-en-1-one [64] 1.418 277.100
4,6-dichloro-2-(methylsulfonyl)pyrimidine [41] 1.613 56.740
(E)-3-(2-bromophenyl)-1-(2-((phenylsulfonyl)amine)-phenyl)prop-2-en-1-one [40] 1.680 25.700
1-(5-chlorothiophen-2-yl)-3-(2,3-dimethoxyphenyl)prop-2-en-1-one [64, 65] 1.594 23.830
1-(5-chlorothiophen-2-yl)-3-(2,3-dichlorophenyl)prop-2-en-1-one [66] - 16.210
2-(4-methylphenoxy)-NO-[(1E)-(4-nitrophenyl)methylene]acetohydrazide [67] - 10.240
1-(4-aminophenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one [68] - 8.700
(2E)-3 [4 (methylsulfanyl)phenyl]-1-(4-nitrophenyl)prop-2-en-1-one [69] 1.363 2.370
(2E)-1-(4-bromophenyl)-3-[4-methylsulfanyl phenyl]prop-2-en-1-one [69] 1.365 2.300
(2E)-1-(3-bromophenyl)-3-[4 (methylsulfanyl) phenyl]prop-2-en-1-one [69] 1.360 1.990

hyperpolarizability static ((0; 0, 0, 0)) and IDRI {(y(—w; w, w,
—w)) and including the calculations of the linear refractive
index (no) and the third-order macroscopic susceptibility
X3(—w; w, w, w) of two crystalline isostructures (CLC and
BRO).

The difference between compounds CLC and BRC is
the exchange of chlorine (CLC) for bromine (BRC); this
exchange causes a 23.09% increase in the nonlinear
third-order property of the Bromo compound. Both stud-
ied structures present better values in third-order macro-
scopic susceptibility than experimental results presented
in the literature [39-41, 64-69]. The y*(—w;w,w, —w)
of CLC exhibited an increase of 2.36 to 329 times
greater than experimental results presented in the litera-
ture, while BRC showed an increase of 2.91 to 404.96.
Therefore, isostructural crystals CLC and BRC are well
suited for use as materials in applications involving
NLO properties.
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