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Resumo

A quimica computacional utiliza recursos de computagao para a resoluciao de equagoes
matematicas de elevado grau de complexidade que dao informacoes sobre as propriedades
fisico-quimicas de sistemas multieletronicos. Estas equagoes podem ser originadas da
mecanica classica, método chamado de mecanica molecular, ou da mecanica quantica,
métodos ab initio e teoria do funcional da densidade (DFT). Este ultimo foi escolhido
para desenvolvimento do presente trabalho. A teoria DFT foi desenvolvida para calculos
de propriedades do estado fundamental e para calculos envolvendo estados excitados
se utilizada a sua extensao, a teoria do funcional da densidade dependente do tempo
(TD-DFT). Estas técnicas computacionais permitem melhorar a compreensao da relagao
estrutura-propriedade do sistema estudado, como é o caso dos complexos de lantanideos que
sao discutidos neste trabalho. Os complexos de lantanideos possuem diversas aplicagoes,
desde farmacos a dispositivos conversores de luz, por isso existe um grande interesse nestes
materiais. Neste trabalho foram estudados cinco complexos de lantanideos, um formado pelo
fon gadolinio(IIT) com o ligante usnato, dois formados pelo ligante 3,5-dimetoxibenzoato
monocarboxilato com os ions lantanio(III) e cério(IIl), um complexo de eurépio(Ill) com
fenantrolina e 2-tenoiltrifluoroacetona e um complexo analogo com a fenantrolina sililada.
Os calculos foram feitos utilizando os programas Gaussianl6 e ORCA 4.0.1, o funcional
hibrido de troca e correlagdo eletronica B3LYP e as bases def2-SVP para os atomos leves.
Ja para os lantanideos foi empregada a base def2-TZVP em conjunto com o potencial
efetivo de caroco adequado. Foram realizados calculos de otimizacao de energia, calculos
de obtencgao do espectros infravermelho e de absor¢ao na regiao do ultravioleta-visivel
para todos os complexos. Também foram obtidas representacdes dos orbitais moleculares
de fronteira para analisar e fazer a atribuicdo do espectro eletrénico. Para os cinco
compostos estudados, o espectro tedrico de infravermelho condiz com seu respectivo espectro
experimental, o espectro de absorcao apresenta um pequeno deslocamento comparados
aos espectros experimentais, mas o formato das bandas sao correspondentes. Os dados
tedricos apresentaram boa concordancia com os dados experimentais comprovando que
os métodos computacionais podem ser utilizados para o entendimento da geometria, da

estrutura eletronica e na elucidagao dos espectros de absorcao.

Palavras-chave: DF'T; TD-DFT; lantanideos; espectroscopia






Abstract

Computational chemistry uses computational resources to solve highly complex mathemat-
ical equations to give information about the physicochemical properties of multielectronic
systems. These equations originated from classical mechanics, a method called molecular
mechanics, or from quantum mechanics, ab initio methods and density functional the-
ory (DFT). The latter was chosen to develop the present work. DFT was developed for
calculations of fundamental state properties and for those calculations involving excited
states one uses its extension, the time-dependent density functional theory (TD-DFT).
These computational techniques allow us to improve our understanding of the structure-
property relationship, as in the case of the lanthanide complexes discussed in the present
work. Lanthanide complexes have several applications, from drugs to light-converting
devices, therefore there is great interest in such materials. In this work, five lanthanide
complexes were studied, one formed by the gadolinium(III) ion with the usnate ligand,
and two of them formed by the 3,5-dimethoxy benzoate monocarboxylate ligand with
the lanthanum(I1I) and cerium(III) ions, a europium(III) complex with phenanthroline
and 2-thenoyltrifluoroacetone and a similar complex but silylated phenanthroline. The
calculations were performed using the Gaussian16 and ORCA 4.0.1 programs, the B3LYP
exchange-correlation hybrid functional, and the def2-SVP basis set for light atoms. For
lanthanides, the def2-TZVP basis set was used with the effective core potential. Geometry
optimization and calculations for obtaining the infrared spectra and absorption of the
ultraviolet-visible region were carried out for all complexes. Frontier molecular orbital
diagrams were also obtained to analyze and assign the electronic spectrum. For the five
studied compounds, the theoretical infrared spectra agree with the experimental spectra,
the absorption spectra present a small displacement compared to the experimental spectra,
but the structure of the bands matches. The theoretical data showed good agreement with
the experimental data, proving that the computational methods can be used to understand

the geometry and electronic structure and elucidate the absorption spectra.

Keywords: DFT; TD-DFT; lanthanides; spectroscopy
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21

1 Introducao

1.1 Teoria do funcional da densidade

A quimica computacional tornou-se uma importante ferramenta para o estudo de
fendmenos fisico-quimicos e na analise e determinacao de propriedades moleculares, tais
como: energia eletronica do estado fundamental e estados excitados [1], determinacao de
estrutura [2], propriedades vibracionais [3], polarizagdo magnética e elétrica [4], energia de
ionizacao [5], afinidade eletrénica, entre outras [6]. Ela se baseia no uso de computadores
para resolver equagoes mateméaticas com elevado grau de complexidade, com aproximagoes
para a resolucdo da equacao de Schrodinger, que descrevem um sistema eletronico, como
atomos, moléculas ou cristais e assim acessar informacgoes comparaveis aos resultados
obtidos através de técnicas experimentais e mesmo aquelas que seriam inacessiveis de outra
forma. Nos ultimos 30 anos, a teoria do funcional da densidade (DFT, sigla em inglés)
vem se destacando como o método mais usado nesta area [7, 8. O desenvolvimento de
softwares e hardwares mais avancados facilitou seu acesso e permitiu o estudo de sistemas
cada vez mais complexos. As aplicagoes do DFT incluem: design de diodos emissores de
luz (LED) [9], auxilio na racionalizagdo de reagoes quimicas [10], estudo de mudanga de

fase [I1], estudo de catalisadores [12], e desenvolvimento de células solares [13].

As metodologias computacionais de primeiros principios (ab initio) utilizam uma
funcao de onda para obter a energia do sistema. A teoria DFT, porém, propde obter a
energia do sistema através da densidade eletronica. Esta teoria é fundamentada em dois
teoremas propostos por Hohenberg e Kohn (1964) [14]. O primeiro teorema propoe que
as propriedades de um sistema multi-eletronico no estado fundamental depende apenas
da densidade eletronica n(z,y,z). Entao, conhecendo a densidade eletrénica qualquer
propriedade pode ser obtida a partir desta. Com isso, uma grande vantagem da teoria
DFT é reducao da dimensionalidade do sistema. Para resolver a equacao de Schrodinger
empregando outros métodos, cada elétron do sistema terd trés dimensoes independentes,
desta forma, para um calculo da molécula de CO,, por exemplo, seria necessario um
calculo envolvendo 66 dimensoes. Ou ainda, para um composto metalico como o complexo
[Eu(phen)s(tta)] seriam necessarias 1470 dimensoes. Usando a densidade, ao invés da

funcao de onda, o cdlculo pode ser reduzido para um sistema tridimensional.

O segundo teorema de Hohenberg e Kohn diz que a densidade eletronica correta
para um sistema no estado fundamental é aquela que minimiza sua energia total quando a
energia é calculada em termos de um funcional da densidade eletronica E[n(x,y,z)]. Este
funcional descreve como a densidade varia com a energia do sistema. Este termo é obtido

na formulagao da teoria do funcional da densidade a partir da equacao de Schrodinger.
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EV = V[T (r) + Ve (r) + J(1)] (1.1)

onde T'(r) é o termo de energia cinética, V,,(r) é a energia de atracao elétron-niicleo e
J(r) é a energia de repulsao elétron-elétron e r é a variavel espacial. Com a formulacao de

Hohenberg e Kohn, a energia total do sistema pode ser equacionada como:

Ee[p(r)] = Tlp(r)] + Venlp(r)] + J[p(r)] + Qlo(r)] (1.2)

onde Q[p(r)] é a energia de interacdo quéntica elétron-elétron devido ao principio da
exclusao de Pauli, também chamada de energia de troca. Importante ressaltar que todos

os termos sao dependentes da densidade eletronica total, p(r).

O calculo das energias de atragao elétron-ntcleo (V,,) e a energia classica para
atracao elétron-elétron (/) ja eram conhecidas. Kohn e Sham [I5] usaram um modelo de gas
de elétrons, onde os elétrons nao interagiam, para determinar T'[p(r)]. A energia cinética
obtida, entao, nao considerava a interagao entre elétrons, mas pode ser determinada de
maneira exata e um termo de correcdo passa a ser necessario. A combinagao deste termo de
correcao da energia cinética, chamado de energia de correlagao, com a interagao quantica

elétron-elétron Q[p(r)] da origem ao funcional de troca e correlagio eletrdnica [16]:

Eve = [T1p(r)] = Ts[p(r)]] + Qp(r)] (1.3)

E a equacao final fica:

Eelp(r)] = Tlp(r)] + Venlp(r)] + Jp(r)] + Exc (1.4)

Porém, a forma exata de E,. nao é conhecida, ou seja, ndo sabemos qual equagao o
representa. Desta maneira, uma série de funcionais de troca e correlagao eletronica foram
e tém sido criados visando uma boa aproximagao das propriedades calculadas quando
comparadas as propriedades obtidas experimentalmente. A escolha do funcional depende
do sistema a ser estudado e é auxiliada pela literatura, ja que ainda nao existe um funcional
versatil o suficiente que funcione para todas as situagoes. Para realizar um calculo baseado
na teoria DFT, primeiramente devemos escolher um programa computacional. Existem
varios disponiveis, por exemplo: ORCA, NWChem, ADF, Gaussian, Psik, Molcas, Molpro
e muitos outros, tanto livres quanto comerciais. Com o programa definido, sao fornecidas

as informacoes basicas necessarias para que este possa realizar os calculos:

« estrutura inicial da molécula — composta pela localizacao espacial de cada atomo,

podendo ser simplesmente pontos no espago cartesiano (x,y,z)
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o funcional de troca e correlagao eletronica, solicitado através de um cédigo, por
exemplo: BLYP, B3LYP, PBE, M06

« funcdo de base (basis set), a qual descreve os orbitais atdémicos, por exemplo: def2-

SVP, 6-311G, cc-pVTZ
» carga e multiplicidade do composto

o propriedade a ser calculada

Um exemplo de input, arquivo de entrada contendo as informacoes necessarias
para o inicio do cédlculo, para o programa ORCA estd representado na Figura [I] Mais
comandos podem ser fornecidos, como aumentar a precisdo do calculo ou até mesmo
diminuir a precisao, se o calculo inicial nao obter éxito na convergéncia dos parametros
estabelecidos. No inicio do célculo o programa ird executar a otimizacao da geometria, ou a
minimizagao da energia. Esta etapa é necessaria para a determinacao da estrutura quimica
do estado fundamental. Sera calculada a energia eletronica da estrutura fornecida e entao
pequenas modificagdes nas posigoes dos atomos serao feitas por um algoritmo e a energia
sera calculada novamente, quando se obter uma estrutura de menor energia esta é salva e
0 processo se repete até a minimizacao da energia total do sistema. A Figura [2] mostra um
grafico obtido a partir deste processo de otimizacao usando como exemplo a molécula de
fenol. Cada ponto do gréafico representa uma estrutura, ja o eixo y apresenta a variagao de
energia. A obtencao da estrutura do estado fundamental, porém, deve ser verificada ja que
existe a possibilidade de a estrutura encontrada ser um minimo local e ndo um minimo
global. Isto é feito com o calculo das frequéncias vibracionais (espectro de infravermelho),
em que pelo menos uma frequéncia negativa indica um estado transitorio ou virtual. Se
isto acontecer, é necessario realizar pequenas modificagoes na ultima estrutura obtida até

que seja possivel determinar o minimo global.

1.2 Teoria do funcional da densidade dependente do tempo

A teoria DFT s6 pode ser usada para calculos no estado fundamental, mas ela pode
ser estendida para a teoria do funcional da densidade dependente do tempo (TD-DFT, sigla
em inglés), a qual permite o estudo de estados excitados. Com célculos baseados na teoria
TD-DFT é possivel fazer determinacao da geometria de estados excitados, acoplamento
vibronico, estrutura de transicdo de uma reacao quimica, transferéncia de cargas, de
espectros de absor¢ao no ultravioleta-visivel, infravermelho, raman, ressonancia magnética

nuclear e outros [17].

O uso mais comum da teoria TD-DFT ¢é a modelagem do espectro de absor¢ao
molecular [I8]. A utilizagdo de métodos computacionais nos permite uma melhor compre-

ensao da relagdo estrutura-propriedade ao analisar como a energia dos orbitais e a forma
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sp Funcional

defz-5VE Funcio de base

opt Otimizacio

xyz 0 1 Carga e multiplicidade

C —-0.98861 4.46424 —0.00000
C -2.2245%9 3.80874 —0.00000
C 0.15706 3.721&60 —0.00000
C -2 .274%80 2.410&0 —0.00000
C 0.14675 2.32346 —0.00000
C -1.08923 1.66796 -0.00000 » Estrutura
H -3.14185 4,38327 —0.00000
H -3.2310%9 1.50348 —0.00000
H 1.06401 1.748493 —0.00000
H -1.12816 0.58632 —0.00000
O —-0.94968 5.54588 O.00000
H 1.15325 4,.22871 O.00000
H -1.74378 6.04325 000000

Figura 1 — Exemplo de input com os parametros basicos para o calculo de otimizagao da
estrutura de uma molécula de fenol.

»

L L
1.01.52.02.53.03.54.04.55.05.5

Figura 2 — Exemplo de grafico de energia versus niimero de interacdes obtido a partir da
otimizacao de geometria de uma molécula de fenol. Cada interagao representa
um ciclo do processo de otimizagcao.

do espectro muda em relacao a pequenas alteracoes na estrutura molecular. Como por
exemplo, determinando a localizacao do orbital HOMO (highest occupied molecular orbital)
e do orbital LUMO (lowest unoccupied molecular orbital) pode-se pensar na inclusao de
grupos doadores ou receptores de elétrons e determinar como eles irdo afetar o formato do

espectro e a energia dos orbitais de fronteira.

As diferentes transicoes eletronicas de interesse em calculos de absorc¢ao estao
esquematizadas na Figura[3] A excitacdo de um elétron no minimo do estado fundamental
(na auséncia de vibragoes) para um estado excitado é chamada de uma absorcao vertical

(AFyert). A transicdo adiabatica, AF,q, é a transi¢do entre os dois estados em seus
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respectivos minimos. J4 a transigdo 00 (zero-zero) é a transi¢ao do elétron entre os pontos
de minimo vibracional, energia de ponto 0 (AE%P), entre os dois estados. O espectro de
absor¢ao pode ser descrito somente pelas energias de transi¢ao vertical ou pelas transi¢oes

00, que inclui a transigao adiabatica [I§]:

AEy = AE,q + AE*" (1.5)

\\ Estado ew

~—

AEad
AEvert

| \EZP \ / [~ Estado fundamental

Figura 3 — Esquema representando o processo de absorc¢ao na regiao do ultravioleta-visivel.

O espectro obtido pela energia 00 fornece uma melhor comparacao com o experi-
mento ja que nao existe um experimento equivalente a obtencao da energia vertical, mas
devido a erros numéricos e dificuldades da implementacao deste método em TD-DFT, a
energia vertical ainda é muito usada e fornece bons resultados, principalmente quando a
intencao é a comparacao de estruturas semelhantes em busca de tendéncias na alteracao
estrutural [17].

O primeiro passo para se executar um calculo baseado na teoria TD-DFT ¢é ter
a estrutura tedrica do estado fundamental obtida por calculos DFT no mesmo nivel de
teoria, com o mesmo funcional de troca e correlagao eletronica, mesma funcao de base e

parametros de correcao.

A seguir serd apresentada a classe de compostos objeto de estudo no presente
trabalho.

1.3 Lantanideos

Compostos de lantanideos apresentam propriedades espectroscopicas tnicas, as

quais sdo provenientes das transi¢oes f-f, tais como: alto deslocamentos de Stokes, emissoes
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finas, que podem ir do ultravioleta ao infravermelho préximo e longo tempo de vida [19] 20].
Estas propriedades sao explicadas pela distribuicao radial dos orbitais 4f em relagao aos
orbitais Hs e 5p, e suas densidades eletronicas se estendem mais pelo espago resultando na
blindagem dos orbitais 4f em elacao ao ambiente quimico, mesmo eles sendo os orbitais
de valéncia. Uma grande dificuldade neste tipo de composto é encontrar uma forma de
aumentar a intensidade da emissao dos ions de lantanideos ja que as transigoes f-f sao
proibidas pela regra de sele¢ao de paridade de LaPorte [21] 22]. Uma forma de contornar
este problema é utilizar o efeito antena, em que um cromoéforo é usado para absorver
radiagao e transferir a energia para um estado excitado do lantanideo o que tornaré a
emissdao parcialmente permitida [23]. Conforme demonstrado na Figura |4 o ligante é
excitado para o nivel singleto (S;), e neste nivel ele pode decair ao tripleto (T) ou transferir
energia para o nivel °D, do Eu®*, que posteriormente decai de forma nao radiativa para o
°D; e depois para o nivel 5Dy, onde finalmente o relaxamento radiativo (emissao de féton)

pode ocorrer.

----------------- 5Dy

[P ——

----------------- D4
sDo

‘-

Fo

Ligante Eud*

Figura 4 — Diagrama que representa os niveis de energia de um complexo de Eu** demons-
trando o efeito antena.
Fonte: Adaptado de [19].

Estas caracteristicas conferem aos lantanideos diversas possibilidades de aplicagoes
como sensores, sondas biolégicas, em telecomunicagoes e outras [22]. Complexos de lanta-
nideos também sdo candidatos promissores para serem usados como LED: Shi et al. [24]
sintetizou complexos de Nd3*, com 4cidos amino-carboxilicos, para serem usados como
LEDs. O acido octanoico foi modificado com aminos acidos, DL-fenilalanina, DL-alanina
e DL-serina resultando em trés complexos: Nd(octo-fen), Nd(octo-ala) e Nd(octo-ser),
respectivamente. Através dos espectros de emissao com excitacao em 380 nm, o complexo

Nd(octo-fen) foi o que apresentou maior intensidade. A andlise de estabilidade térmica
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avaliou a mudanca da intensidade da luminescéncia em funcao da temperatura, avaliacao
importante para o uso como LEDs ja que a temperatura de uso pode chegar a 150°C. Os
trés complexos apresentaram um comportamento satisfatorio, sendo observado inclusive
aumento de intensidade com o aumento da temperatura. Por fim, os autores identificaram

o Nd(octo-fen) com um grande potencial para ser usado como diodo emissor de luz.

Outra area promissora é a conversao de energia solar. A eficiéncia da conversao
de luz solar em energia nas células solares usadas atualmente fica em torno de 24%, isto
ocorre por que o material utilizado absorve apenas parte da radiacdo emitida pelo sol. A
funcao dos complexos de lantanideos é de absorver essa radia¢cao nao aproveitada pelas
células convencionais e converté-la, através do processo de emissao, em radiagao com um

comprimento de onda que possa ser aproveitada na conversao de energia [24, 25].

Quando usados como sondas bioldgicas, os complexos de lantanideos apresentam
vantagens sobre moléculas organicas se aplicados como sensores quimicos em matriz
biolégica. Por apresentarem maiores deslocamento de Stokes, evitam sua auto-excitacao;
fendmeno comum nas moléculas organicas [26]. Outra vantagem é a rapida transferéncia
de energia do ligante para o fon lantanideo evitando o foto-branqueamento, fenomeno onde
ocorre a degradacao do fluor6foro pela ac¢ao da luz [27]. Como o meio biol6gico também é
luminescente ele pode causar interferéncia na medida. Muitas vezes é dificil diferenciar a
emissao da sonda e do proprio meio, por possuirem maior tempo de vida, os complexos de
lantanideos ajudam a contornar este problema. Um intervalo de tempo pode ser definido
entre o pulso de excitagao e a leitura do sinal obtido, ja que o tempo de vida da emissao
das moléculas organicas é pequeno, e quando a leitura é feita, as moléculas organicas ja
voltaram para o estado fundamental. Estes sensores luminescentes podem ser usados em
detecgoes de cdtions como AI¥T Zn?T Hg?T Pb?*, e Co** [28, 29], anions (I~, C1~, Br™,)

[30H33] e moléculas organicas complexas (como os acidos nucleicos) [26].

Diversos trabalhos tém sido reportados na literatura com a utilizagao da quimica
computacional no estudo de complexos de lantanideos, alguns deles serdao discutidos a
seguir. Shurygin et al. [34] estudaram uma série de complexos dos lantanideos Ce(III),
Nd(III), Eu(Ill) e Er(III) de férmula geral [Ln(NOj3)s(phen)s], onde phen representa o
ligante 1,10-fenantrolina. Os complexos foram sintetizados e caracterizados por difracao
de raios-X e espectroscopia de absor¢ao. A estrutura determinada foi usada como ponto
de partida para os calculos de otimizacao de geometria com a teoria DFT, que entao
foi submetida a calculos baseados na teoria TD-DFT para a determinacio da estrutura
eletronica para auxiliar na interpretacao dos dados espectroscépicos. A partir dos dados
obtidos, os autores previram que o inico complexo que apresentara luminescéncia era o
[Eu(NO3)s(phen)s], por apresentar o estado de tripleto dos ligantes proximos a regiao
do estado °Dy_3, para os quais a energia é transferida no efeito antena. O efeito antena

também é favorecido pelo aumento do ntimero de estados excitados devido a ligagao com
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o ligante 1,10-fenantrolina. O complexo de cério nao apresenta luminescéncia uma vez que
seus niveis de energia estao distantes dos estados excitados dos ligantes. E os complexos
de érbio e neodimio tem a energia do estado excitado dissipada por miiltiplas transicoes

nao radiativas.

Shurygin et al. [35] estudaram a influéncia da modificagdo estrutural de ligantes
na estrutura eletronica de complexos de eurdépio. Os complexos [Eu(acac)s(phen)] e
[Eu(hfac)s(phen)] foram comparados. A diferenga entre as estruturas se da pela substituigao
do grupo acetilacetonato (acac) por hexafluoroacetilacetonato (hfac). A substituicdo do
grupo CH3 em acac por CF3 em hfac resulta em um decréscimo das energias dos orbitais
moleculares do ligante 1,10-fenantrolina (phen), e um aumento da energia dos orbitais
moleculares delocalizados nos sitios de complexacao. Outra diferenga é a energia do HOMO
dos dois complexos, 5,28 eV para o [Eu(acac)s(phen)] e 7,40 eV para o [Eu(hfac)s(phen)].
Isto é explicado através dos dados de composicao dos orbitais moleculares: para o complexo
[Eu(hfac)s(phen)] hé a participacao tanto de phen e de hfac para a formagao do HOMO,
enquanto que para o complexo [Eu(acac)s(phen)] ndo hé a participagdo de acac para a
formagao deste orbital molecular. A formacao dos complexos também diminui a diferenca

HOMO-LUMO de phen, este decréscimo contribui para o fendmeno da luminescéncia.

Raymond e colaboradores [36] analisaram os complexos de Sm(III) e Eu(III)
com 3.4,3-tetraazatetradecano(1,2-hidroxipiridinona) com o objetivo de estudar os es-
tados excitados dos dois croméforos deste ligante, (NH-1,2-hidroxipiridinona) e (N-1,2-
hidroxipiridinona). Ao comparar os espectros de absorgao e excita¢do experimentais com
os calculos tedricos, foi verificado que o cromoéforo que absorve em regiao de maiores
comprimentos de onda é melhor para a sensibiliza¢do do fon Eu(III). Através da andlise dos
orbitais moleculares é possivel determinar quais deles estao envolvidos em cada transicao
eletronica e entao agrupa-los de acordo com os comprimentos de onda envolvidos na

absorc¢ao de radiacao.
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2 Objetivos

2.1 Objetivo geral

Este trabalho tem como objetivo geral o estudo tedrico de complexos de lanta-
nideos correlacionando a estrutura com as propriedades espectroscépicas para melhor

entendimento dos resultados experimentais.

2.2 Objetivos especificos

Sendo assim, os objetivos especificos deste trabalho sao:

o Estudar um complexo de gadolinio com o anion usnato para determinagao estru-
tural e para auxiliar na interpretacao do espectro de infravermelho e de absorc¢ao,

correlacionando as bandas com as transi¢oes eletronicas envolvidas

o Estudar complexos de lantanio e de cério com o anion 3,5-dimetoxibenzoato para
determinacao da estrutura otimizada, com comparacao com a estrutura obtida pela
técnica de difracao de raios-X e refinada pelo método de Rietveld, e estudo dos

espectros de infravermelho e de absorc¢ao

« Estudar complexos de eurdpio com os ligantes fenantrolina e 2-tenoiltrifluoroacetona
e um complexo analogo com a fenantrolina sililada. Realizar comparacoes entre os

espectros de absorcao tedricos e analisar as transi¢oes eletronicas
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3 Metodologia

Os calculos apresentados neste trabalho foram realizados em computadores do
Centro Nacional de Processamento de Alto Desempenho em Sao Paulo (CENAPAD-SP)
localizado em Campinas/SP. Os célculos foram realizados com os programas ORCA 4.0.1
[37] e Gaussian16 [38] e foram analisados utilizando os programas de visualiza¢ido Avogadro
(versao 1.2.0) [39] e Gabedit (versao 2.5.1) [40]. A sugestao inicial das estruturas foi
desenhada no Avogadro e, entao, esta estrutura foi submetida a um célculo de otimizacao
de geometria. Com o éxito deste passo, a estrutura obtida era usada para calculos de
frequéncia (espectro de infravermelho), absorgao, e obtencao das imagens dos orbitais

importantes para as transicoes eletronicas.

3.1 Complexos de acido dsnico e gadolinio

Os célculos foram realizados utilizando o funcional hibrido de troca e correlagao
eletronica B3LYP [41], 42]. Este funcional é um dos mais populares para célculos baseados
na teoria DFT e apresenta resultados satisfatorios para diversos sistemas. Para os atomos
leves (C, H e O) optou-se pela funcao de base def2-SVP [43] e para o dtomo de Gd
foi escolhida a funcdo de base def2-TZVP [43], em conjunto com o potencial efetivo de
caroco (ECP/MBW53) [44]. Levando em consideragdo que os orbitais 4 f nao participam
significativamente das ligagcdes quimicas, o método ECP trata explicitamente somente os
oito elétrons mais difusos, enquanto o restante é tratado como um nicleo i6nico (carogo)
paralisado. A frequéncia e as energias verticais de transicao foram calculadas por TD-DFT

no mesmo nivel de teoria.

3.2 Complexos de 3,5-dimetoxibenzdico monocarboxilato de cério

e lantanio

Complexos de cério e lantdnio com o ligante carboxilado 3,5-dimetilbenzoato
(DMBz) foram obtidos e caracterizados pelo Grupo do Professor Claudio Teodoro de
Carvalho (UFGD). A partir de estruturas resolvidas pelo método Rietveld, calculos
baseados na teoria DFT de otimizacdo de geometria, infravermelho e absorcao foram
realizados. O funcional de troca e correla¢ao eletronica escolhido foi o funcional hibrido
B3LYP em conjunto com a fungao de base def2-SVP para os dtomos leves (C, O, e H) e a
fungao de base def2-TZVP para os lantanideos, com o ECP (MBW28) para o La [44] e

(MBW47) para o Ce [44], [45]. Apés as otimizacoes, as estruturas foram confirmadas através
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do célculo vibracional. Os calculos de otimizagao de infravermelho foram realizados no

pacote Gaussianl6 e os calculos de absor¢ao foram realizados no pacote ORCA 4.0.1.

3.3 Complexos de fenantrolina e fenantrolina sililada

A metodologia utilizada é a mesma apresentada na secao Os célculos de ambos
os complexos foram realizados utilizando o funcional de troca e correlacao eletronica
hibrido B3LYP. Para os atomos leves (C, H O, N, F e Si) foi utilizada a fungao de base
def2-SVP e para o lantanideo, Eu, foi utilizada a funcao de base def2-TZVP em conjunto
com o potencial efetivo de carogo (ECP/MBW53). A frequéncia e as energias verticais de

transicao foram calculadas por TD-DFT no mesmo nivel de teoria.
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4 Resultados e discussao

4.1 Complexos de acido dsnico e gadolinio

Nesta secao é apresentado o estudo publicado no periddico Inorganica Chimica
Acta, intitulado New complexes of usnate with lanthanides ions: La(III), Nd(III), Tb(III),
Gd(111), synthesis, characterization, and investigation of cytotoxic properties in MCF-7
cells. O artigo pode ser encontrado nos ANEXOS.

Um complexo de lantanideo do isdmero (R+) de cido tsnico foi estudado a fim
de se obter a estrutura teorica, assim como os espectros de infravermelho e absorcao,
e as respectivas transigoes eletrdnicas envolvidas. O 4cido tsnico (ver representacao na
Figura [5)) é uma substancia extraida de liquens. Este acido e os fons lantanideos tém sido
reportados como compostos que apresentam atividade anticancerigena [46]. Uma série de
complexos do dnion usnato (L) com lantanideos foram sintetizados experimentalmente
e o complexo de gadolinio foi escolhido para ser estudado com o emprego de métodos

computacionais. Ao longo do trabalho seréd utilizada a letra “L” para designar os ligantes.

Figura 5 — Representagdo bidimensional da estrutura do écido tsnico.

A geometria otimizada mostra que o ion de gadolinio é coordenado por seis atomos
de oxigénio do ligante (O,) e dois dtomos de oxigénio de duas moléculas de dgua (O,). A
distancia média da ligacio Gd—O, é de 2,36 A e Gd—0, é de 2,540 A. A Figura @ mostra

a estrutura do otimizada obtida para o complexo [GdLs(H20),].

A estrutura tedrica foi comparada com poliedros ideais que representam as seguintes
geometrias: bicapped prisma trigonal, dodecaedro trigonal e anti-prisma quadrado no
software SHAPE 2.1. Com este programa é possivel fazer uma comparagao da estrutura
fornecida com poliedros ideais e, desta forma, ¢ gerado o desvio médio para cada geometria.

Esta anédlise revelou que a geometria mais provavel para o complexo [GdL3(H20)s] é o
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Figura 6 — Estrutura otimizada do complexo [GdLs(H30)s].
Legenda: laranja (gadolinio); rosa (carbono); azul (hidrogénio); e vermelho (oxigénio).

anti-prisma quadrado distorcido. A Tabela [I] apresenta algumas distancias de ligagao e

angulos selecionados para a estrutura otimizada do complexo.

Tabela 1 — Comprimentos e dngulos de ligacao selecionados da estrutura tedrica do com-
plexo [Gdg(HgO)g]

comprimento de ligacio (A)

O(1)— Gd(III) 2,346
0(2)—Gd(I11) 2,380
0(3)—Gd(I11) 2,322
O(4)—Gd(III) 2,430
O(5)—Gd(III) 2,362
0(6)—Gd(I1I) 2,311
angulo de ligacao (graus)
O(1)—Gd(II)—0(2) 684
O(3)—Gd(IIT)—0(4) 68,1
O(5)—Gd(IIT)—0O(6) 69,2

Os espectros de infravermelho tedrico e experimental sdo mostrados na Figura[7] e
as atribuicoes estao presentes na Tabela 2l Os espectros experimental e teérico tém boa
correspondéncia (considerado dentro do erro esperado para a metodologia empregada)
com a maior diferenca sendo na regido de 4000 a 2800 cm~!. No espectro experimental

essa regiao apresenta uma banda larga enquanto no espectro tedrico se observa seis bandas
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finas e bem resolvidas. Isto ocorre porque no espectro teérico o calculo é feito baseado em
apenas uma molécula de complexo no estado gasoso, nao estando presentes entao efeitos
intermoleculares como as ligacdes de hidrogénio, o que também explica a diferenca de

energia de uma das bandas do grupo OH.

1O Ty

06
<04-
3 N
~02-

0,0

LA L L X [ I L N L B B

4000 3600 3200 2800 2400 2000 1600 1200 800 400
] Experimental
1,0

0,8
0,6 -
£04-
0,2
0,0 -

ntensidade Normalizad

T T T N B T T I T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
NUmero de onda (cm™)

Figura 7 — Comparagao dos espectros de infravermelho teérico e experimental do complexo
[GdL3(H0)4].

Tabela 2 — Atribuicdo dos espectros de infravermelho experimental e tedrico para o com-
plexo {Gdg(HgO)Q]

atribuicao  experimental (cm™') tedrico (cm™!)

OH (agua) 3448 3854
OH 3189 3223
OH 2731 3802
C=0 1064 1062
C=0 1700 1703
C=0 1631 1629
C=0 1557 1780
Gd—0 - 405

A Figura [§] mostra os espectros tedrico e experimental de absorcao para o com-

plexo [GdL3(H0),]. Novamente, no espectro tedrico, as bandas sdo bem mais resolvidas,
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permitindo ter uma melhor clareza das transicoes que ocorrem. Enquanto o espectro expe-
rimental apresenta uma banda larga, no espectro teérico quatro bandas sao perceptiveis.
Isto ocorre porque no céalculo do espectro tedrico cada transicao é tratada individualmente.
Na Tabela 3| sao apresentadas as atribuigoes das transicoes eletronicas envolvidas neste

espectro de absorcao.
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Figura 8 — Comparacao do espectro de absorcao tedrico e experimental do complexo
[GdL3(H0),].

A Tabela [3] apresenta as principais transicoes eletronicas para a formacao do
estado excitado. A Figura [9 representa os principais orbitais moleculares envolvidos na
espectroscopia de absorgao do complexo. Na Figura [J] o ligante usnato é referido como
fragmento de acordo com a sua posicao. Observando-se as diferencas nas densidades
eletronicas dos orbitais do estado fundamental e do estado excitado correspondente,
pode-se determinar o carater da transicao. A banda centrada em 259 nm é composta
majoritariamente pela transicio de H—08—L+05 (H: HOMO; L: LUMO) envolvendo os
trés fragmentos: a densidade eletronica do fragmento 3 é transferida para os fragmentos 1
e 2. Somente o fragmento 1 é responsavel pela transicao de H—01—L+-04. Na transicao
H—04—L+04, a densidade eletronica é transferida da parte terminal do fragmento 1 para
o sitio de coordenacgao deste mesmo fragmento e para o fragmento 2 envolvendo um carater
de transferéncia de carga do ligante para o metal (LMCT, sigla em inglés). Em 314 nm, a
principal transicao envolve a transferéncia de carga dos trés fragmentos para o fragmento 3.

Na transicaco H—07—LUMO, a densidade eletronica permanece concentrada no fragmento
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3. Em 357 nm ocorre a transicio H—04—1L4-01 onde a transferéncia de carga ocorre da
parte terminal do fragmento 1 para seu sitio de coordenacao, transferéncia semelhante a

que acorre em 382 nm.

Tabela 3 — Atribuigbes das transigoes eletronicas, for¢a do oscilador (f) e principais con-
tribui¢oes no espectro de absorgao do complexo [GdL3(H20)s].

Amae (DM) f principais contribuigoes
259 0,278 H—-08—L+05 (36%), H—09—L+05 (17%)
H—01—-L+07 (12,5%), H—10—L+01 (11%),

282 0031 0151405 (10,5%)
205 0,018 H—04—L+04 (63%), H-04—L+05 (16%)
314 0,050 H—08—LUMO (17%), H—08—L+01 (15%)
325 0,062 H—07—LUMO (77%), H—03—L+03 (10%)
357 0,165 H—04—L-+01 (79%)
382 0,082 H—-01—-L+01 (78%), H-03—LUMO (11%)

H: HOMO; L: LUMO

(3 259nm

Ho1
Figura 9 — Principais transi¢oes eletronicas no espectro de absor¢ao para o complexo
[GdL3(H20)4].

Verde indica a fase positiva da fungdo de onda e vermelho indica a fase negativa.
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Este trabalho auxiliou na caracterizacao estrutural e espectroscopica de um com-
plexo de gadolinio com o anion usnato. Dentro do erro esperado pela técnica utilizada,
considera-se uma boa correspondéncia entre os dados obtidos teoricamente e os dados
experimentais, e assim, pode-se levar em conta que os outros complexos de lantanideo-
usnato sintetizados tém a mesma estrutura devido as semelhangas apresentadas por estes
elementos. Esta série de compostos esta sendo estudada para atividade antitumoral e
mais estudos teodricos serao realizados para a avaliacao da estrutura eletronica e possivel
luminescéncia onde os resultados ja obtidos, principalmente o espectro de absor¢ao, servirao

como ponto de partida.

4.2 Complexos policristalinos de cério e lantanio

Nesta secao sao apresentados os resultados publicados no periédico Thermochimica
Acta, intitulado: Thermal analysis combined with X-ray diffraction/Rietveld method, FT-IR
and UV-vis spectroscopy: Structural characterization of the lanthanum and cerium (III)

polycrystalline complexes. O artigo pode ser encontrado nos ANEXOS.

Complexos de lantanideos com ligantes carboxilados podem ser utilizados na pro-
dugdo de estruturas organometalicas (MOF) que possuem diversas aplicagbes. Porém, este
tipo de composto é de dificil caracterizacao devido a dificuldade de se formar monocristais
[47]. Este trabalho ajudou na caracterizagao de complexos de cério e lantanio com o ligante

3,5-dimetilbenzoato (DMBz) através de calculos tedricos.

A Tabela [ apresenta os comprimentos e angulos de ligacao da esfera de co-
ordenacao obtidos apds a otimizacao da geometria dos complexos de lantanio e cério,
[Ln(DMBz)3(H50)]. Como esperado, devido a semelhanca entre os fons, os complexos de
La e Ce possuem comprimentos e angulos de ligacao muito préximos. Os comprimentos de
ligacio Ln—O variam de 2,453 A & 2,587 A.

Os complexos sintetizados foram obtidos experimentalmente através da reagao de
um sal de s6dio do DMBz com os lantanideos. Para o estudo de infravermelho, somente o

espectro tedrico do lantanio foi usado devido a sua similaridade com o complexo de cério.

As bandas do espectro de infravermelho teérico apresentam boa concordancia com
o espectro experimental (ver Tabela 5| e Figura . Esses resultados sugerem que as
estruturas propostas estdo muito préximas da estrutura real. Em 1645 e 1363 cm ™! sao
observadas as bandas caracteristicas de estiramento C=C do anel benzénico. As bandas em
1211 e 1170 cm ™! correspondem & deformacdo no plano da ligacio C—Hj e ao estiramento
C—OCH;. Em 1542 e em 1399 cm ™! estdo as bandas de estiramento simétrico e assimétrico

COO™, respectivamente.

Os espectros tedricos e experimentais de absor¢ao sao mostrados na Figura [11]
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Tabela 4 — Comprimentos e angulos de ligacao selecionados da estrutura teodrica dos
complexos de La e Ce.

comprimento de ligacao (A)

La Ce
O(1)—Ln(III) 2,497 2,453
O(2)—Ln(III) 2,561 2,515
O(3)—Ln(III) 2,516 2,509
O(4)—Ln(III) 2,587 2,544
O(5)—Ln(III) 2,543 2,464
O(6)—Ln(III) 2573 2,547

angulo de ligacao (graus)

La Ce
O(1)—Ln(Il)—0(2) 51,9 52,7
O(3)-Ln(Il)-O(4) 51,3 51,7
O(5)—Ln(III)-O(6) 51,0 52,3

Tabela 5 — Atribuicao dos espectros de infravermelho experimental e tedérico para os
complexos DMBz-s6dio e [La(DMBz)3(H,0)].

atribuicao experimental teodrico experimental teodrico

(cm ) (cm ™) (cm ) (cm™)
DMBz-sédio [La(DMBz)3(H20)]

v C=C (anel) 1653, 1340 1645, 1363 1610, 1331 1646, 1317

0 XHz + ¢

C—H (anel) + 1205, 1148 1211, 1170 1202, 1148 1211, 1174

v C—OH3

Vsim COO™ 1561 1542 1526 1527

Vassim COO™ 1385 1399 1381 1412

Os espectros experimentais apresentam uma banda larga centrada em 298 nm, ja nos
espectros tedricos ha duas bandas, uma centrada em 300 nm e outra de maior energia em
255 nm. Esta diferenca pode vir das condi¢oes experimentais, como a presenca de solvente,
o que nao foi incluido nos calculos aqui reportados. Além disso, pode ocorrer de as bandas

nos espectros experimentais estarem sobrepostas.

A Figura[l12| representa as principais transi¢oes eletronicas observadas nos espectros
de absorcao. Pode-se dividir o espectro tedrico em trés regides principais de acordo com as
localizacoes das transigoes. Por volta de 225 nm observa-se as transicoes H—02—L+03
(98%) e H-01—L+03 (93%). Préximo de 258 nm tem-se as transicoes H—05—LUMO
(86%) e H-04—LUMO (93%). E, em cerca de 302 nm vé-se as transi¢oes mais intensas
H—-02—LUMO (88%) e H-01—LUMO (69%). As porcentagens se referem a contribuigao

de cada transi¢ao para a formacao do estado excitado.

Os estudos tedricos permitiram uma melhor compreensao da estrutura eletronica e
dos processos de excitagao das moléculas estudadas e podem ser usados para estudar o

processo de luminescéncia do complexo de cério.
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Figura 10 — Espectros de infravermelho experimentais e teéricos do complexo do ligante
DMBz e seu sal de sodio.
a espectro experimental DMBz-s6dio; b espectro experimental complexo com lantinio; a*
espectro tedrico DMBz-s6dio; b* espectro tedrico complexo com lantanio.

e J ~
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>
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Absorbancia

Figura 11 — Espectros de absorbéncia tedrico (vermelho) e experimental (preto) dos com-
plexos de La e Ce com o ligante DMBz.
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226 nm
256 nm
260 nm
301 nm
303 nm

Figura 12 — Principais transigoes eletronicas no espectro de absor¢ao do complexo de Ce
com o ligante DMBz.

4.3 Complexos de fenantrolina e fenantrolina sililada

Silica mesoporosa incorporada com complexos luminescentes de lantanideos apre-
sentam potencial para ser aplicada como sonda bioldgica, para o diagndstico e tratamento
de céncer, entre outros usos [48]. Comumente a silica mesoporosa ¢ sintetizada e depois é
realizada a incorporacao de um complexo em sua superficie. Ao se sintetizar um complexo

com o ligante modificado incluindo um grupo sililado a incorporacao se torna mais eficiente.

O complexo de eur6pio com os ligantes fenantrolina e 2-tenoiltrifluoroacetona (tta),
[Eu(phen)(tta)s], foi comparado com a sua versao sililada, o complexo de eurépio com
fenantrolina sililada e tta, [Eu(phensi)(tta)s]. A Tabela [f] lista os comprimentos e dngulos

de ligacao da esfera de coordenacao para a estrutura teérica de ambos os complexos.

Os comprimentos e angulos de ligacdo na esfera de coordenacao apresentam poucas
diferencas entre os dois complexos. Estes valores estao compativeis com experimentos de
difracao de raios-X apresentados na literatura [49]. Ambos os complexos sdo octacoordena-
dos e apresentam comprimentos de ligacdo para Eu—O entre 2,328 A ¢ 2,402 A e entre
2,658 A e 2,687 A para Eu—N. Os angulos da ligacio O—Eu—O0 ficam em torno de 71°.
Para a ligagdo N—Eu—N o angulo calculado para o complexo sililado tem um decréscimo

de 0,1°.

A partir da Tabela[7] e da Figura [I3]é possivel comparar os dados de infravermelho
calculados com dados obtidos experimentalmente. O espectro tedrico do [Eu(phen)(tta)s]

exibe uma banda com o méximo em 1659 cm™! referente ao estiramento assimétrico da
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Tabela 6 — Comprimentos e angulos de ligacao selecionados da estrutura teodrica dos
complexos [Eu(phen)(tta)s] e [Eu(phensi)(tta)s].

comprimento de ligacio (A)
phen phensi

O(1)—Eu(III) 2,398 2,373
O(2)—Eu(III) 2,359 2,354
O(3)—Eu(III) 2,391 2,330
O(4)—Eu(III) 2,326 2,389
O(5)—Eu(III) 2,373 2,360
O(6)—Eu(III) 2,353 2,402
N(1)—Eu(III) 2,687 2,658
N(2)—Eu(III) 2,661 2,678
angulo de ligacao (graus)
phen phensi
O(1)=Eu(Il1)-0(2) 71,0 71,3
0(3)—Eu(Il)-0O(4) 71,8  7L7
0(5)—Eu(Il)-0(6) 71,2 70,9
N(1)-Eu(Il[)-N(2) 618 61,7

ligacao C=0. Na regido de 1580 cm~! é observada a banda de estiramento assimétrico

L' o estiramento simétrico C=C do

1

do anel tenoil, em seguida observa-se em 1618 cm™
anel benzénico presente na fenantrolina e em 1471 cm™" o estiramento simétrico C=C
do anel tenoil. A banda em 1201 cm™! corresponde ao estiramento assimétrico C—F. As
bandas em 1468 cm~! e em 1311 cm™! correspondem ao estiramento simétrico C=N, em
seguida, a banda com maximo em 1352 cm ™! refere-se ao estiramento simétrico C=0.
Entre 1055 cm™! e 900 cm ™! existe uma série de bandas de intensidade muito baixa que sao
referentes a deformacao no plano do anel tenoil, estiramento simétrico C—F e deformacao
no plano C=CH—C. As bandas em 860 cm~! e 740 cm ™! correspondem & deformacao fora
do plano C—H do anel tenoil. Em 716 cm™! observa-se uma banda de intensidade muito
baixa que corresponde & deformacao C—H. Por fim, a banda em 479 cm™! corresponde ao
estiramento simétrico Eu—0O. Em comparagao, o espectro do [Eu(phensi)(tta)s] apresenta
uma boa correspondéncia, com bandas deslocadas para a direita e a presenca de bandas

! referente ao estiramento simétrico,

do grupo trietoxisiloxano: entre 3122 em ™! e 2990 cm ™
em 1501 cm™! e 1315 em ™! para a deformacao no plano, em 1550 cm ™! para o estiramento

assimétrico C—O—Si e entre 494 cm™! e 397 cm™! para a rotacao C—O—Si.

Os espectros de absorgao estao presentes na Figura A partir da anélise popula-
cional de Mulliken foi realizado um estudo de transferéncia de estrutura eletronica e de
transferéncia de energia. Os resultados estao apresentados na Tabela [§ e nas Figuras [15] e
161

A Figura [15| representa as principais transigoes eletronicas no espectro de absor¢ao

do complexo [Eu(phen)(tta)s]. Em 251 nm observa-se uma banda intensa cuja principal
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Tabela 7 — Atribuicdo dos espectros de infravermelho experimental e tedrico para os
complexos [Eu(phen)(tta)s] e [Eu(phensi)(tta)s].

atribuicio experimental tedrico experimental tedrico

: (cm™') 8] (m™)  (em™!) @8] (cm™)
[Eu(phen)(tta)s] [Eu(phensi)(tta)s]

Vassim C=0 1618 1659 - 1613

Vassim

C=C—C 1528, 1418 1580 - 1589

(anel tenoil)

v C=C 1618, 1508 1661, 1471 - 1523, 1449

Vassim CF 1279 1201 - 1199

v C=N 1440, 1385 1468, 1311 - 1431, 1336

v C=0 1355 1352 - 1418

o C=CH-C 850 900 - 892

(phen)

v CF3 1030 961 - 1068

0 C—H (ancl 981 1055 - 1075

tenoil)

O O H (anel g60 749 828, 713 - 865, 726

tenoil )

§ C—H 716 762 - 778

v Eu—0 581 479 — 494

14

Si—O—CH,—CH,@ - 3000-2800 3122-2990

§

Si—O—CH,—CH, - 1500-1200 1501, 1315

Vassim

oo s 1200-1000 1150

v C—0-Si - - 1000-600 939, 778

p C—O—Si - - <500 494-397

contribuicdo vem da transicao H—10—L+07. Como o orbital H—10 é constituido majori-
tariamente pelo ligante tta e o orbital L4+07 é composto majoritariamente pelos orbitais
f do eurdpio, 89,2% de acordo com andlise populacional de Mulliken, esta transicao é
do tipo LMCT. A banda com o maximo em 277 nm é constituida principalmente pela
transicao H—07—L+03. O orbital H—07 é composto pelos grupos tiofeno dos trés ligantes
tta, enquanto o orbital L+03 esta localizado predominantemente em um dos ligantes tta,
assim, esta transi¢ao apresenta carater de transferéncia de carga ligante-ligante (LLCT,
sigla em inglés) e de transferéncia de carga intra-ligante (ILCT, sigla em inglés). O orbital
H—08 é composto pelos grupos dicarbonil dos ligantes tta e o orbital L4+05 é composto
principalmente pelos orbitais f do eurdpio, com 90,8% de contribuicdo em sua composicao.
O orbital H—06 ¢ composto principalmente pelos grupos dicarbonil dos ligantes tta e em
menor grau pela fenantrolina, enquanto o LUMO é composto majoritariamente pela fenan-

trolina. Entdo, a transicaio H—06—LUMO, principal componente da banda em 306 nm,
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Figura 13 — Comparacao dos espectros de infravermelho tedricos dos complexos
[Eu(phen)(tta)s] e [Eu(phensi)(tta)s).

Tabela 8 — Atribuigoes das transicoes eletronicas, forca do oscilador (f) e principais
contribuigdes no espectro de absor¢ao dos complexos [Eu(phen)(tta)s] e

[Eu(phensi)(tta)s].
[Eu(phen)(tta)s]
Amaz (nm)  f principais contribuigoes
251 0,119 H—10—L+07 (55,5%)
277 0,041 H—07—L+03 (17%), H—09—L+01 (16%), H—3—L+4 (14%)
204 0,085 H—08—L+05 (14%), H—06—L-+05 (11%)
306 0,254 H—-06—LUMO (23%), H—05—LUMO (10%)
312 0,191 H—-03—LUMO (19%)
[Eu(phensi)(tta)s]
Amaz (nm)  f principais contribuigoes
249 0,080 H—16—L+05 (26%)
255 0,156 H—17—L+02 (11%)
276 0,025 H—-10—L+01 (58%), H—11—L+01 (19%)
203 0,070 H—08—L+05 (31%), H—06—L+05 (18%)
306 0,167 H—04—LUMO (57%)

313 0,226 H—02—L+08 (21%), H—02—L+07 (11%), H—02—L+01 (11%)
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Figura 14 — Espectros de absor¢ao dos complexos [Eu(phen)(tta)s] e [Eu(phensi)(tta)s).

tem carater ILCT e LLCT. Por fim, na banda em 312 nm ocorre a transferéncia de carga

dos ligantes tta para a fenantrolina, LLCT, na principal transicao que a forma.

A Figura [16] representa as principais transi¢oes eletronicas no espectro de absor¢ao
do complexo [Eu(phensi)(tta)s]. A banda com o maximo em 249 nm ¢é constituida princi-
palmente pela transi¢io H-16—L+5 (25,92%). O orbital H—16 é composto principalmente
pelos grupos dicarnoil dos trés ligantes tta e pelo grupo trimetiltrietoxisilano. J& o orbital
L+05 é composto majoritariamente pelos orbitais f do eurdépio, 91,5%, desta forma, esta
transigao é do tipo LMCT. A transicaio H—17—L+02 é a principal responsavel pela banda
em 255 nm. O orbital H-17 tem contribuicao de todos os ligantes e o orbital L+02 é
composto majoritariamente pela fenantrolina, assim, esta transi¢ao apresenta carater de
transferéncia dos tipos LLCT e ILCT. O orbital H—10 é composto principalmente pelo anel
tiofeno e o orbital L401 pela fenantrolina, com a transicaio H—10—L+01 sendo caracteri-
zada como LLCT e é a principal transicao da banda localizada em 276 nm. O orbital H—08
é composto majoritariamente pelo grupo trimetiltrietoxisilano e a transferéncia ocorre dele
para o L+05, sendo a banda em 293 nm composta por esta transi¢ao do tipo LMCT. A
banda em 306 nm tem a principal contribui¢ao vindo da transicado H—04—LUMO. Aqui
ocorre a transferéncia de carga do grupo trimetiltrietoxisilano para a fenantrolina, uma
transicao do tipo LLCT. Por fim, a banda em 313 nm ¢é caracterizada principalmente
por uma transicao LMCT. O orbital H-02 é composto pela fenantrolina e pelo grupo

tiofeno e o orbital L+08 onde os orbitais f do eurdpio sao responsaveis por 83.5% de sua
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¢
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Figura 15 — Principais transi¢oes eletronicas no espectro de absorcao do complexo
[Eu(phen)(tta)s].

€OomMposicao.
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Figura 16 — Principais transi¢oes eletronicas no espectro de absor¢cdo do complexo
[Eu(phensi)(tta)s).
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5 Conclusao

O estudo tedrico do complexo [GdL3(H20)s] indicou a geometria mais provavel
sendo o anti-prisma quadrado distorcido através do célculo tedrico de sua estrutura. O
espectro de absorcao na regiao do ultravioleta-visivel apresenta uma banda mais intensa
em torno de 250 nm e mais trés bandas de menor intensidade em torno de 300 nm, 350 nm
e 375 nm. As principais transi¢oes eletronicas foram analisadas e todas elas envolvem
mudanca de densidade eletronica do ligante, com a transi¢cao em 290 nm apresentando um
carater LMCT. O espectro tedrico de infravermelho apresenta boa correspondéncia com o
experimental indicando que a estrutura obtida pelo cédlculo de otimizacao de geometria

deve apresentar também uma boa correspondéncia com o complexo sintetizado.

Os complexos de lantanio e de cério possuem comprimentos e angulos de ligacao
muito proximos, o que ja era esperado. A semelhanca dos espectros tedricos com os
experimentais também sao um bom indicativo de que a estrutura obtida a partir dos
calculos se aproxima da estrutura real. O espectro tedrico de UV-vis apresenta uma banda
intensa centrada em torno de 250 nm e uma banda de menor intensidade em 300 nm
para ambos os complexos. As transi¢oes de H—01 e H—02 para L+03 apresentam carater
LMCT e as restantes envolvem transferéncias de carga no ligante. Os espectros teéricos de

infravermelho dos complexos apresentam boa concordancia com os espectros experimentais.

Os complexos [Eu(phen)(tta)s] e [Eu(phensi)(tta)s] possuem espectros de absorgao
na regiao do UV-vis semelhantes. Porém, a analise da estrutura eletronica revela que o
[Eu(phensi)(tta);] possui mais estados excitados, o que interfere nos orbitais moleculares
envolvidos nas transigoes eletronicas. Os espectros de infravermelho teéricos apresentam
diferengas, indicando a presenca do grupo sililado para o [Eu(phensi)(tta)s]. Os dados
também sdao comparaveis com os dados experimentos. A andlise das transicoes eletronicas
ajuda a entender a formacgao dos estados excitados e revelam que estao presentes as
transicoes do tipo LLCT, ILCT e LMCT.
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6 Perspectivas

Os resultados tedricos obtidos a partir dos calculos baseados na teoria DFT e TD-
DFT tiveram uma boa concordancia em comparacao com os estudos experimentais para os
complexos aqui apresentados. Assim, os métodos computacionais podem ser pensados para
a previsdo das propriedades de outros compostos semelhantes. E possivel fazer estudos no
estado tripleto destes complexos e com isso obter informagodes sobre possiveis processos
de emissao. A partir de todas essas informagoes, serd possivel propor mecanismos de
luminescéncia para complexos deste tipo. O complexo de fenantrolina e fenantrolina
sililada serdo posteriormente estudados com modificagoes nos grupos ligantes. O grupo tta
deverd ser gradualmente substituido por fenantrolina sililada até o complexo ser formado
somente por este ultimo ligante, resultando na série: [Eu(phensi)(tta)s], [Eu(phensi)s(tta)s],
[Eu(phen)s(tta)]. Além disso, podera ser feito o estudo teérico buscando determinar como
estas mudancas nos ligantes afetam suas propriedades espectroscopicas e os dados obtidos

serao comparados ao complexo j& estudado experimentalmente [Eu(phen)s(tta)l.
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ABSTRACT

New lanthanides ions complexes were synthesized from the reactions of aqueous — ethanolic solution of the sodium usnate with an aqueous solution of the lan-
thanides ions. DFT data, UV-VIS spectroscopy, IR, 'H NMR, *C NMR, HMBC, and elemental and thermal analyses, are consistent with the following general
coordination formula: [LnL3(H»0),], wherein L = C;1g8H;50,7, Ln = Gd(III), Tb(IIl), x = 2 and Ln = La(IIl), Nd(IIl), x = 3. The chelates presented higher cytotoxic
activity in breast cancer tumor cells (MCF-7) compared to organic and inorganic precursors. The two more potent compounds, complexes of La(III) and Gd(III), were
tested in non-tumorigenic breast cells MCF-10A, showing less cytotoxicity, which evidenced their selectivity towards tumor cells.

1. Introduction

The  usnic acid  (2,6-diacetyl-7,9-dihydroxy-8,9-dimethyl-
1,3(2H,9bH)-dibenzofurandione, is one of the most abundant sub-
stances extracted from lichens [1]. This molecule was first isolated in
1844 [2], and present R (+) S (—) isomers usnic acid [3] and keto-enol
tautomers, being the most stable enol form [4]. In this work, the R(+)
isomer was used, and the enolic tautomer was compatible with the data
obtained experimentally (Fig. 1).

Usnic acid has a broad biological activity such as antibacterial,
antiprotozoal, antiviral, anti-inflammatory, antipyretic and antitumor.
Several works present diverse modifications in the structure of the
molecule to potentiate these activities [2,5,6].

The antitumor activity of usnic acid was first reported in 1975 [7] in
lung carcinoma in rats, and currently has being described in several
types of cancers such as: leukemia (L1210) [8], cervix (HCT116) [9],
cervical (HeLa) [9], liver (HepG2) [10], melanoma (B16-F10) [11],
stomach (BGC823) [12], and breast (MCF-7) [13-16].

In order to increase water solubility and biological activity, the
usnic acid has been converted to potassium [17] or sodium [18] salt,
that are stable at a wide range of temperatures (40 °C - 70 °C) and pH (6

* Corresponding author. Tel.: +55 67 3345 3599.
E-mail address: adriana.duarte@ufms.br (A. Pereira Duarte).

https://doi.org/10.1016/j.ica.2020.119546

-9) [19].

In the literature there is no record of the investigation of transition
metals complexes (block d) and of lanthanides with usnate, however,
there are reports of the synthesis of metal ions complexes: Cu(Il), Pd(II),
Ni(II),Co(II), Mn(II) with usnic acid and nitrogen-containing deriva-
tives, in which we observe the formation of bidentade chelates with 1:2
(metal-ligand) stoichiometry of formulas: [Cu(UA),]l, [Cu(bpy)
(UA)CH30H]*, [Cu(bpy)(UA)NOs], [Pd(UA),], where UA is the usnic
acid [20], [CuLz], [Nle] (L = C18H15N06) [21], [CuLz], [NiLz],
[MnL;], (L. = Cy4H3NO;) [22], and tridentades of formulas:
[CULRCH3COCH,CH3] [23] L = C;gH;5N,0,, R = (CH,)sCHs,
[PdLRCHgCHQOH] (L = C18H15N207), R = (CHz)GCHg [23], being that
the complexes showed activities: antimutagenic, antibacterial, anti-
fungal [22] and cytotoxic in cervical carcinoma cells (HeLa) [23].

The lanthanides (elements that go from the lanthanum Z = 57 to
lutetium Z = 71, are characterized by filling the sub-level 4f, (except
the lanthanum) [24] form complexes that are cytotoxic in tumor cells.
They activate the tumor suppressor gene P53 [25], increase the con-
centration of reactive oxygen species [26], and their ions can interact
with DNA of tumor cells, leading to cell death [27].

Complexes: of La(III), Ce(III) and Nd(III) with coumarin derivatives
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OH 13 0 CH,

Fig. 1. Structural formula of usnic acid (R = OH) and sodium usnate
(R = ONa), used in this work.

[28,29], with 3,5-pyrazolicarboxylic acid [30], and of GA(III), Dy(III)
[31], Sm(II) [31], Eu(lll), Tb(III), Dy(Ill) [32] with 8-quinolinolate,
showed cytotoxic activity, respectively in the tumor cells: leukemia (K-
562) [28] and (P3HR1) [29], lymphoma (DOHH-2) [30], hepatoma
(BEL 7404) [31], breast cancer (MCF-7) [32], being that the complexes
of NA(III) with curcumin and terpyridine have shown selectivity in
MCF-7 tumor cells (breast cancer) comparing to normal breast tissue
cells (MCF-10A) [33].

Considering the cytotoxic activity of usnic acid in tumor cells and of
the lanthanides ions complexes described above, in the present study
we describe new synthetic complexes of ions: La(III), Nd(III), GA(IIl), Tb
(I1) with 1:3 lanthanide - ligand stoichiometry, aiming the improve-
ment of cytotoxic profile of these compounds in MCF-7 tumor cells.

2. Experimental
2.1. Equipment, materials and reagents

The usnic acid (98%), sodium carbonate (99.9%), hexahydrate
chlorides of lanthanides: Nd(III), Tb(III), GA(III) and heptahydrate of La
(II) (99.9%) as well as the solvents used in this work were purchased
from Sigma Aldrich. Elemental analysis were recorded on the CHNS/O
2400 series II Perkin Elmer analyzer. The thermogravimetric curves
were made in a TA Instruments Q 50 equipment with a heating rate of
20 °C/min, in an air atmosphere, of 25 °C — 900 °C using platinum
crucible and the DSC curves were performed under the same conditions
of the thermogravimetric curves, being made using crucible of alu-
minum in equipment TA Instruments, Q 20 with cooler TA 90. Infrared
spectra were collected in Perkin Elmer Frontier FT-IR equipment using
KBr inserts of 400 cm™' at 4000 cm™! and spectra in the ultra-
violet-visible region were recorded in Perkin Elmer spectrophotometer.
The NMR (*H, '3C, and HMBC) spectra were done in a Bruker DPX 300
NMR spectrometer, operating at the frequency of 300 MHz.

2.2. Computational details

DFT calculations were performed employing the hybrid functional
B3LYP [34,35] and the def2-SVP [36] basis set for the light atoms (C, O,
and H). Since the gadolinium 4f orbitals do not significantly participate
in chemical bonding in lanthanides complexes the Stuttgart-Dresden
Effective Core Potential (ECP/MBW53) [37] was used; 4f orbitals are
much less diffuse (due to their lower radial extension) as compared to
the 5d and 6s orbitals. The ECP method treats explicitly only the 8
outermost electrons while the inner electrons are treated as a single
core. The basis set for the Gd atom was def2-TZVP [38]. The structure
of the complex was optimized in the ground state without symmetry
constrains and them further confirmed by a frequency calculation in the
ORCA 4.0.1 package [39]. The vertical energies were calculated with
time-dependent density functional theory (TD-DFT).

Inorganica Chimica Acta 506 (2020) 119546

2.3. Synthesis

2.3.1. Synthesis of ligand

The sodium usnate was prepared as described in the literature [18]
from the reaction of ethanolic suspension of the usnic acid (3 mmol)
with sodium carbonate solution (1.5 mmol) under stirring at 40 °C for
4 h, followed by filtration and obtaining of yellow solid from eva-
poration of the solvent.

NaL.2.5H,0 color: yellow, yield: 81.8%, elemental analysis: found
(calc.) C, 52.75 (52.55); H, 4.86 (4.86). FTIR (KBr, cm ') 3458 (O-H,
water), 3235 (O-H, C,(), 2676 (O-H, Cg), 1700 (C;=0), 1631 (C;,=
0), 1568 (C,4=0), 1075 (C3-0). NMR 'H (DMSO0-de) § (ppm), 5.5 C(4),
14.2 C(8)OH, 13.4 C(10)0OH, 1.5 C (13), 2.2 C(15), 1.88 C(16), 2.5
C(18). NMR '3C (DMSO-ds) § (ppm), 197.3 C(1), 103.4 C(2), 186.4
C(3), 110.3 C(4), 172.4 C(5), 156.4 C(6), 100.8 C(7), 162.7 C(8), 106.8
C(9), 159.8 C(10), 105.9 C(11), 54.8 C(12), 7.9 C(13), 192.09 C(14),
33.1 C(15), 31.95 C(16), 200.9 C(17), 31.3 C(18).

2.3.2. Synthesis of complexes

Sodium usnate (0.3 mmol) was dissolved in a mixture of water—
ethanol (3:1) and 0.1 mmol of hexahydrate chlorides of lanthanides: Nd
(II1), Tb(IIl), GA(III) and heptahydrate of La(Ill) were added to this
solution under stirring for 8 h at 50 °C, occurring the formation of
yellow precipitate which was washed with ice water and dried in a
vacuum desiccator.

[LaL3(H50)3]. color: yellow, yield: 78.87%, elemental analysis:
found (calc.) C, 53.17 (53); H, 4,29 (4.17); thermal analysis (TGA):
found (calc.) La, 11.81 (11.36). FTIR (KBr, cm ™ !): 3443 (O-H, water),
3179 (0O-H,Cyp), 2702 (O-H, Cg), 1701 (C;=0), 1631 (C,,=0), 1557
(C14=0), 1064 (C3-0). NMR 'H (DMSO-dg) § (ppm), 5.5 C(4), 13.25
C(8)OH, 12.26 C(10)0OH, 1.47 C(13), 2.3 C(15), 1.85 C(16), 2.47 C(18).
NMR '3C (DMSO0-dg) § (ppm), 197 C(1), 102.7 C(2), 187.12 C(3), 110.4
C(4), 173.18 C(5), 156.01 C(6), 100.9 C(7), 162.8 C(8), 106.13 C(9),
158.3 C(10), 105.9 C(11), 55.8 C(12), 7.9 C(13), 196.9 C(14) HMBC,
32.5 C(15), 32.4 C(16), 200.8 C(17), 31.2 C(18).

[NdL3(H>0)3]. color: yellow, yield: 85.46%, elemental analysis:
found (calc.) C, 52.72 (52.77), H, 4.28 (4.15), thermal analysis (TGA):
found (calc.) Nd, 12.6 (11.75). FTIR (KBr, cm ™) 3439 (O-H, water),
3209 (0-H,C,0), 2702 (O-H, Cg), 1700 (C;=0), 1631 (C;,=0), 1557
(C14=0), 1064 (C3-0).

[GdL3(H50),]. color: yellow, yield: 76.4%, elemental analysis:
found (calc.) C, 52.96 (52.99), H, 4.02 (4.0), thermal analysis (TGA):
found (calc.) Gd, 12.84 (12.86). FTIR (KBr, cm ™ ') 3448 (O-H, water),
3189 (0-H,C,p), 2731 (0O-H, Cg), 1700 (C;=0), 1631 (C,,=0), 1557
(C14=0), 1064 (C3-0).

[TbL3(H20),]. color: yellow, yield: 84.25%, elemental analysis:
found (calc.) C, 52.95 (53.15), H, 4.33 (4.02), thermal analysis (TGA):
found. (calc.) Tb, 12.58 (12.62). FTIR (KBr, cm ™ 1) 3441 (O-H, water),
3164 (0-H,C,o), 2740 (O-H, Cg), 1700 (C;=0), 1631 (C,,=0), 1557
(C14:O), 1065 (C3—O).

2.4. Biological assays

2.4.1. Cell lines and culture conditions

In this study the human breast adenocarcinoma cell line MCF-7 and
the non-tumorigenic epithelial cell line MCF-10A were used. MCF-7
cells were maintained in Dulbecco's Modified Eagle Medium (DMEM)
(Gibco®, Life Technologies, Grand Island, NY, Lot 1875499) supple-
mented with 10% fetal bovine serum (SBF) (Gibco ®, Lot SPBB2353V),
0.1% antibiotic (penicillin/streptomycin — 10.000u/mL/10.000 pg/mL;
LGC ©, Lot 150,317 TB). MCF-10A cells were cultured in DMEM-F12
supplemented with 5% of horse serum, insulin, EGF and hydrocortisone
Cells were cultured in 75 cm? flasks (Kasvi- Model K11-2250) con-
taining 10 mL of media in a 37 °C incubator and 5% CO-
(ThermoScientif®; Model 3111).
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Table 1
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Percentage calculated and determined of carbon, hydrogen, and lanthanide, L = C;gH;50,—, AE = elemental analysis, TGA = thermal analysis.

Compound formula C (calc.) C (found) AE C (found) TGA H (calc.) H (found) AE H (found) TGA M (calc.) M (found) TGA
NaL.2.5 H,O 52.55 52.75 52.48 4.86 4.86 4.70 5.6 6.03
[GdL3(H20)-] 52.99 52.96 52.99 4.00 4.02 4.01 12.86 12.84
[NdL3(H,0)5] 52.77 52.72 52.39 4.15 4.28 4.06 11.75 12.60
[LaL3(H50)5] 53.00 53.15 52.90 4.17 4.29 4.11 11.36 11.81
[TbL3(H20)2] 53.13 52.95 53.20 4.02 4.33 4.01 12.62 12.58

2.4.2. Cytotoxicity assay

The cytotoxicity assay for 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) was performed according to Navarro
et al. [40] and Oliveira et al. [41] with modifications. Cells were seeded
in 96-well plates (Kasvi®, Model K12-096) in a density of 2.5 X 10*
cells per well and incubated for 24 h for adhesion. After stabilization,
cells were treated with the compounds for 24, 48 or 72 h. The com-
pounds Nal-2.5H,O0, NdCl3-6H,O, LaCl37H,0, TbCl;36H,0,
GdC136H20, [GdL3 (Hzo)z] 5 [LaL:; (H20)3] , [NdLg(Hzo)g] and
[TbL3(H50),] were tested at concentrations of 1.56; 3.12; 6.25; 12.5;
25; 50; 100; 250; 500 and 1000 pg/mL in the MCF-7 cell line. The
compounds [GdL3;(H,0),] and [LaLs;(H,0)3] were also tested at con-
centrations of 1.95; 3.9; 7.81; 15.62; 31.25; 62.5; 125; 250; 500 and
1000 pg/mL in the MCF-10A cell line. Cisplatin (Faldicispla, 17A0660)
was employed as a positive control at a concentration of 1.72 pg/mL. At
the end of incubation times, MTT solution (Invitrogen® CAT No.
M6494, Lot MKBW9500V, 0.005 g MTT, 5 mL phosphate-buffered
saline, 10 mL. HDMEM medium, no SBF) was added to the cells for 4 h
in an greenhouse at 37 °C and 5% CO,. Thereafter, the supernatant was
removed and then 100 pL dimethylsulfoxide (DMSO) was added to each
well to dilute the formazan salt.

The reading was performed in a spectrophotometer with a 540 nm
filter (ELISA Plate Analyzer ROBONIK®). Cell viability (expressed as
percentage) was calculated according to the following formula:

(Mean Absorbance of the treated groupx100)

Cell Viability (%)=
(Mean Absorbance of the untreated group)

The experiments were performed in three independent experiments
with quadruplicates.

2.4.3. Calculation of the selectivity index (IS)

The selectivity index (IS) between the MCF-10A non-tumor line and
the MCF-7 tumor line was calculated according to the following for-
mula:

_ (ICsp of MCF - 10A)

IS =
(ICs of MCF - 7)

Samples with IS = 2.0 were considered selective, indicating that the
sample is twice more cytotoxic to the neoplastic line when compared to
non-tumor cells [42].

2.4.4. Statistical analysis
Cell viability results were expressed as mean * standard deviation.

Table 2

Statistical analysis were performed by ANOVA with Tukey's post-test
and paired t-student, where different letters and asterisks indicate sta-
tistical differences (p < 0.05; GraphPad InStat® version 3.10). For the
determination of ICso concentration values of the tested compounds,
the Graph-Pad Prism software (version 7; Graph-Pad Software Inc., San
Diego, CA, USA) was used through non-linear regression curve para-
meters based on cell viability values.

3. Results and discussion
3.1. Synthesis of ligand and complexes

The synthesis of sodium usnate was done as described in the lit-
erature [18] with yielding of 81.88%. The chemical reaction (com-
plexation) between the ligand (usnate) and the lanthanides ions: La(III),
Gd(IID), Tb(III), Nd(III) was evidenced by the formation of yellow pre-
cipitate resulting from the addition of aqueous solution of the lantha-
nide salt in an aqueous — ethanolic solution of sodium usnate. The
complexes presented similar chemical (precipitation reaction) and
physical (thermal, solubility) properties since the lanthanides ions
present the same oxidation number (III), similar ionic radius and the 4f
orbitals are internal with little participation in chemical bonds [43,24].

The complexes were insoluble in polar protic and nonpolar solvents,
but soluble in polar aprotic and coordinating solvents (DMSO, DMF).

The thermogravimetric behavior of sodium usnate (Fig. SI-1, Table
SI-1) was characterized by the loss of water in the first stage (24.36 °C —
170 °C), break of the metal-ligand bond and decomposition of the li-
gand (170 °C - 939 °C) with formation of sodium oxide (940 °C).

The thermogravimetric behavior of the complexes (Fig. SI-1, Table
SI-1) were similar to that of the sodium usnate, with the following steps:
loss of coordination water: GA(III) (29 °C — 146 °C), Tb(III) (29 °C —
152.24 °C), Nd(III) (24.36 °C — 213.5 °C), La(IIl) (24.36 °C - 204 °C),
break of the coordinated ligand and lanthanide - ligand bond: Gd(III)
(146 °C-651.29 °C), Tb(III) (152.24 °C - 674.38 °C), Nd(III) (213.5°C -
801.37 °C), La(IlI) (204 °C - 682 °C), and formation of oxide: Gd,O3
(651.29 °C), Tb40; (674.38 °C), Nd,O3 (801.37 °C) and La,0O3 (682 °C).

The DSC curves showed a broad endothermic peak (25 °C — 300 °C)
with high enthalpy values of dehydration compatible with coordinated
water molecules in the lanthanide ion [44,45] (Fig. SI-2, Table SI-1).

Based on the correlation of elemental and thermal analysis data
(Table 1) we can infer that the complexes present 1:3 lanthanide - li-
gand stoichiometry with coordinated water molecules.

Comparing the infrared spectra (Fig. SI-3) of the complexes and of

Vibration frequency (em™Y) in the infrared region of the ligand and of the synthesized complexes, L = C;gH;50,~ w = water.

Functional group NaL.2.5 H,0 (ecm™ 1) [GdLs(H20),] (cm ™)

[LaLs(H;0)3] (ecm™") [NdL3(H;0)3] (ecm™") [TbLs(H,0),] (cm ™)

OH (w) 3458 3448
OH (Cy0) 3235 3189
OH (Cg) 2676 2731
C3-0 1075 1064
C;=0 1700 1700
C17=0 1631 1631
C14=0 1568 1557
Ln-O + C-CH3 424

3443 3439 3441
3179 3209 3164
2702 2702 2740
1064 1065 1065
1701 1700 1700
1631 1631 1631
1557 1557 1557
431 429 422
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Table 3
Usnic acid complexes and nitrogen-containing derivatives (d) with transitions
metals found in the literature.

Coordination formula Coordination sites References
[Cu(UA),] C;=0 20
[Cu(bpy)(UA)CH;0H] * C14=0, C3=0 20
[Cu(bpy)(UA)NO;] C,;=0, C;4,=0, C3=0 20
[Pd(UA),] C;=0, C;4=0, C3=0 20
[CuL,] C3-0, N (d) 21
[NiLs] C5-0, N (d) 21
[CuL,] Cs-0O, N (d) 22
[CoL,] C3-0, N (d) 22
[MnL,] C5-0, N (d) 22
[NiL,] C3-0, N (d) 22
[CuLCH3;CH,0H] C3-0, N (d), O(d) 23
[PALCH3CH,0H] C3-0, N (d), O(d) 23

the ligand (Table 2) we observed that there was no significant change in
the frequency of carbonyls vibration (C;=0) and (C;,=0), indicating
that theses carbonyls do not bind to the lanthanide ion; however, there
was a reduction of approximately 11 cm ™! in the frequencies of car-
bonyl (C;4=0) and C3-O bond, indicating a reduction in the constant
of the force and the increase in the length of the carbon-oxygen bond,
compatible with bidentate bond of the lanthanide ion at these sites,
what are in agreement with the works found in the literature, Table 3,
(considering that the difference between sodium usnate and usnic acid,
consists of the removal of an enolic hydrogen atom) that indicate the
formation of bidentade [20,21] and tridentade [23] chelates.

The wide and intense OH bands of the complexes in the region
between 3430 and 3450 cm ™! are in accordance with the presence of
coordinated water molecules in the lanthanide ion. The wide and low
intensity of the OH bands of the complexes in the region between 2700
and 2740 cm ™! are consistent with the presence of intramolecular
hydrogen bonding of the OH (Cg) with C;,=0, while the bands in the
region between 3160 and 3210 cm ™! are suitable to the presence of
intramolecular hydrogen bonding of OH (C,,) with (C;=0) [46].

The bands in the region between 420 and 431 cm ™' are compatible
with Ln-O + C-CH; combination bands, consistent with lanthanide ion
binding to the ligand [47].

Both experimental and calculated spectra are in good agreement
(Fig. SI-4), the major difference is in the region 4000-2900 cm ™! (Table
SI-2) where there is a single broad O-H band in the experimental

Table 4
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spectrum while in the calculated spectrum there are six well-resolved
bands. The reason is that the calculation was done for a single molecule
in the gas phase, therefore intermolecular hydrogen bonds are not
considered.

Those bands in the calculated spectrum corresponds to O-H and
C-H vibrations, which are overlapped in the experimental spectrum.

The values of ¢ (transition probability) in M~ ! ecm ™! of the ligand
(10.10%) and of the complexes: Gd(III) 6.96.10%, Th(III) 8.55.10%, La(III)
9.49.10*, Nd(III) 13.1.10* are high, compatible with the high absorp-
tion of the organic ligand; however the f-f transitions of lanthanides
ions are prohibited by the Laporte rule (AL = 0), generating to small
values of €, no were bands detected in the visible region of the com-
plexes, in the ultraviolet and visible spectra (Fig. SI-5) [48,49].

Frontier molecular orbitals of the [GdL3;(H,0),] complex are shown
in the additional Supplementary material (Fig. SI-6). In the experi-
mental UV-vis spectrum, there is a broad band with a shoulder on the
right, while in the calculated spectrum this shoulder appears as a single
band and the rest of the broad band is resolved into six other bands (Fig.
SI-7). The calculated spectrum also indicates that the broad band found
in the experimental spectrum is an overlap of the six bands. Considering
the main excitation (higher values of f) of each absorption band the
assigned are listed in Table SI-3, all excitation corresponds to a it — n*
transition of usnate, except for H-4 — L + 4, where there is a charge
transfer from usnate to Gd>*.

Analysis of the data obtained from the hydrogen nuclear magnetic
resonance spectrum of the ligand (Fig. SI-8) and of complex of the
Lanthanum(III) (Fig. SI-9) demonstrates the absence of the peak of the
enolic hydroxyl of the C3 (6§ = 18 ppm) confirming the formation of
sodium usnate, which also agrees with the more acidic character of this
hydroxyl (pKa = 4,4) if compared to the phenolic hydroxyls of Cg
(pKa = 10,7) and of C;o (pKa = 8,8) [2], and also compatible with the
increasing of solubility in polar protic solvents (water and ethanol).

The integration (area) of the peaks in the 'H NMR spectrum is
consistent with the presence of 15 hydrogen atoms, with the relative
ratio of the peak areas (of carbon methyl hydrogens 13, 15, 16, 18
relative to carbon hydrogen 4) 3:1, consistent with the proposed co-
ordination and structural formulas for the La(III) complex with usnate.
Table 4 shows § values, in ppm, of the ligand and the La(IIl) complex.

Signals of the peaks found in '°C nuclear magnetic resonance
spectra of the sodium usnate (Fig. SI-10) and the complex La(Ill) —
usnate (Fig. SI-11) indicate that the carbon skeleton was preserved after
the conversion of the usnic acid into salt and also preserved after the

Values of § in ppm of 13¢C and 'H NMR, correlation (2)) and (°J) of HMBC, of the complex: [LaLz(H20)3].

Carbon atom Salt usnate (*3C) Lanthanum complex *30) Salt usnate (*H)

Lanthanum complex (‘H)

Lanthanum complex (HMBC) Lanthanum complex (HMBC)

& (ppm) & (ppm) 5 (ppm) 8 (ppm) Y 5

C 197.30 197.00

Cy 103.40 102.70

Cs 186.40 187.12

Cy 110.30 110.40 5.5 (1H) 5.5 (1H)

Cs 172.40 173.18

Ce 156.40 156.01

C; 100.80 100.90

Cs 162.70 162.80 14.2 (1H) 13.25 (1H) 162.8 (Cg) 106.1 (Co)
100.8 (Cy)

Co 106.80 106.13

Cio 159.80 158.30 13.4 (1H) 12.26 (1H)

Ciy 105.90 105.90

Cio 54.80 55.80

Ci3 7.90 7.90 1.5 (3H) 1.47 (3H) 55.8 (C12) 173.2 (Cs)
105.9 (Cy1)

Ciq 192.09 196.90

Cis 33.10 32.50 2.22 (3H) 2.3 (3H) 196.9 (Ci14)

Cis 31.95 32.40 1.88 (3H) 1.85 (3H) 106.1 (Co) 162.8 (Cg)
158.3 (Cy19)

Cy7 200.90 200.80

Cis 31.30 31.20 2.5 (3H) 2.47 (3H) 200.8 (Cy7)
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Fig. 2. Coordinating sphere of the [GdL3(H,0),] complex determined by DFT.

complexation with the lanthanum(III) ion, indicating that there was no
precipitation of hydroxides and carbonates but rather the precipitation
of the chelate.

Analyzing Table 4, we observe that the values of § (in ppm), of the
carbonyl carbons C;=0 (197.3) and C;,=0 (200.9) of the sodium
usnate practically do not displace with the formation of the complex,
suggesting that the metal ion does not bind to these sites.

The HMBC (Heteronuclear Multiple Bond Correlation) spectrum
was used to confirm the presence of carbonyl carbon peak signals,
usually not very intense due their long relaxation time [50]. From the
correlation of 'C nuclear magnetic resonance spectrum with the HMBC
spectrum (Fig. SI-12) we observed that the C;4,=0 carbonyl carbon of
the sodium usnate was shifted from 192.09 ppm to 196.9 ppm with the
formation of the complex, being that bond C3-O shifts from 186.4 ppm
to 187.12 ppm compatible with the La(Ill) ion binding at these sites
with bidentate chelate formation, since the lanthanide ion acts as a
Lewis acid removing electron density from the ligand causing un-
blocking at the atoms of carbons 14 and 3 [51].

The gadolinium ion is coordinated by six oxygens (O,) from three
usnate ligands and two oxygens (O,,) from water molecules (Fig. 2). The
average bond distance Gd - O, is 2,36 A and Gd - 0O,, is 2,540 A. The
bond lengths and angles are consistent with a distorted square anti-
prism (Table 5).

The calculated structure was compared with three ideal eight-co-
ordinated polyhedra: bicapped trigonal prism, trigonal dodecahedron
and square antiprism with the aid of the SHAPE 2.1 software. The
software compares a given structure with stored ideal polyhedral, re-
sulting in the mean deviation path for each. The results show that the
more suitable polyhedra for this complex is the distorted square anti-
prism. Based on our results and considering that lanthanides ions have
similar chemical properties (ionic radius, oxidation number III, solu-
bility, thermal properties) we can propose the following coordination
formulas for the synthesized complexes: [GdL;(H,0),] and
[TbL3(H20)>] with coordination number eight and [NdL3(H»0)s],
[LaL3(H20)3] with coordinating number nine.

Table 5
Lanthanide-ligand bond length and angles of the bidentate bonds of the
[GdL3(H»0).] complex, obtained from DFT calculations.

Bond Length A) Bond Angle ()
0(1) - Gd 2.346 0(1) - Gd - 0(2) 68.4
0(2) - Gd 2.380 0(3) - Gd - 0(4) 68.1
0(3) - Gd 2.322 0O(5) - Gd - 0(6) 69.2
0(4) - Gd 2.430

0(5) - Gd 2.362

0(6) - Gd 2.311
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3.2. Cytotoxic activity of sodium usnate in MCF-7 breast tumor cells

3.2.1. Effects of organic ligand, sodium usnate, NaL-:2.5H>0 on MCF-7 cells

Analysis of the organic ligand, NaL.2.5H,O on MCF-7 cells de-
monstrated that cytotoxicity may be time-dependent. For the incuba-
tion times of 24 and 48 h, significant alterations were observed at
concentrations higher than 250 pg/mL, however, after 72 h of in-
cubation, there was a significant decrease in cell viability at the con-
centrations of 25 pug/mL or higher. Moreover, it was observed that cy-
totoxicity effect of compounds was concentration-dependent (Fig. 3A).
Considering different concentrations of the ligand within a settled time,
the cytotoxicity was observed at concentrations higher than 25, 50 and
250 pg/mlL, for treatment times of 24, 48 and 72 h, respectively (Fig. SI-
13). ICso values determined for the three intervals were 440.1, 235.4
and 20.72, respectively.

3.2.2. Effects of salt GdCl36H,0 and complex [GdL3(H20).] on MCF-7
cells

GdCl36H,0 salt was cytotoxic at the concentrations of 500 and
1000 pg/mL for the 24, 48 and 72 h incubation times (Fig. SI-14A-C).
Additionally, the concentration of 50 ug/mL increased the cytotoxicity
in 72 h (Fig. SI-14C). On the other hand, the complex [GdL3;(H,0),] was
cytotoxic in the concentration range of 100 — 1000 pg/mL in 24 h. In 48
and 72 h experiments, this complex showed cytotoxicity at concentra-
tions of 1.56 pg/mL and higher (Fig. SI-14A-C). All tested concentra-
tions showed a more evident cytotoxicity effect in 48 and 72 h when
compared with 24 h treatment. Moreover, in 72 h conditions, cyto-
toxicity increased at concentrations of 6.25 — 50 pug/mL, compared to
48 h (Fig. 3B).

When comparing the salt GdCl36H,O and the complex
[GdL3(H20),], statistically significant differences were observed for
concentrations equal to and greater than 100 pug/mL in the 24 h ana-
lysis. In the 48 h assay, differences were found for the concentrations of
6.25, 25, 50, 100, 250, 500 and 1000 pg/mL and in the 72 h analysis,
all concentrations of the complex were more cytotoxic than the salt
(Fig. SI-14A-C).

3.2.3. Effects of LaCly7H,0 salt and [LaL3(H20)s] complex on MCF-7
cells

The LaCly7H,O was cytotoxic at concentrations of 500 and
1000 pg/mL in 24 h and 250, 500 and 1000 pg/mL in 48 h and 72 h
(Fig. SI-15A-C). Also, a significant increase in cell proliferation was
observed at concentrations from 1.56 to 25 pg/mL in 72 h when com-
pared to control (Fig. SI-15C). The [LaL3(H>0)3] complex showed cy-
totoxicity at concentrations of 100 — 1000 pg/mL in 24 h (p < 0.05),
whereas in 48 and 72 h, it showed cytotoxicity at concentrations equal
to and higher than 3.12 pg/mL (Fig. SI-15B, C). A higher cytotoxic ef-
fect was observed in 48 and 72 h for all the tested concentrations except
for the concentration of 1.56 pg/mL. The concentration of 3.12 pg/mL
caused the same effect in treatments of 48 and 72 h (Fig. 3C). Com-
parison between LaCl;7H,0 salt and [Lals(H,0)s] complex cytotoxic
profile revealed that in 24 h both compounds showed statistically sig-
nificant differences at concentrations equal to and higher than 100 pg/
mL (Fig. SI-15A). However, for the other incubation times (48 and
72 h), the complex showed a significant reduction of cell viability in all
tested concentrations, when compared with the salt LaCl37H,0 (Fig. SI-
15A-C).

3.2.4. Effects of NdCl36H,0 salt and [NdL3(H,0)3] complex on MCF-7
cells

Statistical analysis of the cellular viability of the different con-
centrations of the NdCl3-6H,O salt demonstrated significant cytotoxic
activity at concentrations equal to and greater than 100 pg/mL at 24,
48 and 72 h. On the other hand, the complex [NdL3;(H,0)3] presented
cytotoxicity at concentrations equal to and greater than 12.50 in 24 and
48 h, while in 72 h it decreased cell viability at concentration of
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Fig. 3. Cytotoxic activity (Cell viability (%) x pg/mL) of the ligand and of the lanthanides complexes in MCF-7 cells at times of 24 h, 48 h and 72 h.

6.25 pg/mL (Fig. SI-16A-C). Comparing the same concentrations at
different treatment times, it was observed that in 72 h the complex is
more cytotoxic for all concentrations except for the two lowest ones
(1.56 and 3.12 pg/mL). Comparing times of 24 and 48 h, concentrations
of 50 ug/mL and higher increased the cytotoxicity over time, except for
the concentration of 1000 pug/mL. For 48 and 72 h, all concentrations
increased cytotoxicity over time, with exception for the 1.56 and
3.12 pg/mL (Fig. 3D). Comparing the NdCly-6H,0 salt and the complex
[NdL3(H>0)s], a significant difference was observed between 12.50,
250, 500, and 1000 pg/mL in 24 h. At time 48 h, significant differences
were observed at concentrations equal to and higher than 12.5 pg/mL,
except for the concentration of 1000 pg/mL. For the time of 72 h,
significant differences were observed at concentrations equal to and
greater than 6.25 pg/mL (Fig. SI-16A-C).

3.2.5. Effects of the salt TbCl36H,0 and the complex [TbL3(H>0).] on
MCF-7 cells

The TbCl3-6H,0 salt showed cytotoxicity at concentrations equal to
or greater than 100 pg/mL in times 24 h and 72 h (Fig. SI-17A and C).

In 48 h, cytotoxicity was observed at concentrations of 25 pg/mlL or
higher and 6.25 pg/mL (Fig. SI-17B).

Statistical analysis of the cellular viability of the [TbL3(H>0),]
complex showed that there was cytotoxicity (p < 0.05) at con-
centrations of 50 — 1000 ug/mL in 24 h. In 48 and 72 h, the complex
was cytotoxic at all concentrations tested (p < 0.05) (Fig. SI-17B, C).
In the statistical analysis of concentrations between 24 h, 48 h, and
72 h, significant differences (p < 0.05) were observed at concentra-
tions of 1.56 — 100 pg/mL. At higher concentrations, the cell viability
reached zero in the three times tested, thus without statistical differ-
ences between them (p > 0.05).

Comparing times the 48 and 72 h, a significant difference was ob-
served only at the concentration of 50 ug/mL (Fig. 3E).

In the comparison between the salt TbCl3-6H,0 and [TbL3(H20),], a
statistical difference (p < 0.05) was observed in concentrations of 25 —
1000 pg/mL in 24 h (p < 0.05), 3,12 — 1000 pg/mL in 48 h
(p < 0.05) and at all concentrations in 72 h (Fig. SI-17A-C). In the
comparison between the salt TbCl3-6H,0 and the [TbL3(H50),] com-
plex, a statistical difference (p < 0.05) was observed in concentrations
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Fig. 4. Cytotoxic activity (Cell viability (%) X pg/mL) of the complexes [LaLz(H»0)3] and [GdL3(H,0),] in MCF-10 cells.

of 25 — 1000 pg/mL in 24 h (p < 0.05), 3.12 — 1000 pg/mL in 48 h
(p < 0.05) and at all concentrations in 72 h (Fig. SI-17A-C).

3.2.6. Effects of the [GdL3(H20),] and [LaL3(H20)s] in non-tumorigenic
cells

Considering the higher activity of [GdL;(H,0),] and [LaL3(H20)s]
complexes on tumor cells, they were selected for evaluation in healthy
breast cells MCF-10A in order to obtain the selectivity index (SI) for
these compounds.

The [GdL3(H»0)-] complex was more cytotoxic to MCF-10A cells at
concentrations of 125, 250 and 500 pug/mL in 24 h, 48 and 72 h ex-
periments (Fig. 4A). At the concentration of 1000, at the three times
tested, cell viability was close or equal to zero. The lower cytotoxic
concentrations for this complex were 500 pg/mL in 24 h, 62.5 pg/mL in
48 h and 125 pg/mL in 72 h (Fig. 4C).

A comparison between each concentration in the three treatment

times for the [LaL3(H50)3] complex showed differences for the con-
centrations of 250 and 500 pg/mL in 24, 48 and 72 h. For the con-
centration of 125 pg/mlL, there was a difference only in the comparison
of the 24 and 72 h (Fig. 4B). When the different concentrations were
evaluated at the same treatment time, an increase in cytotoxicity was
observed from concentration of 125 pg/mL (Fig. 4D).

3.2.7. Potency (ICsp) and selectivity index (SI) determination

From the results of the MTT assays, the ICso concentration values
were determined for the three incubation times 24, 48 and 72 h, see
Table 6.

The selectivity of complexes towards MCF-7 cells was obtained by
the determination of the selectivity index. This index was determined
from the ratio of ICsy values found in the MCF-10A and MCF-7 cells
(Table 7).

Both complexes showed selectivity indexes higher than 2, which
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Table 6
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ICsp values for complexes in tumorigenic MCF-7 and non-tumorigenic MCF-10A cell lines.

Incubation time Complexes

ICso — MCF-7 (ug/mL)

NaL.2.5 H,0 [GdL3(H20)1* [LaL3(H20)s]* [NdL3(H;0)s] [TbL3(H20),]
24 h 400.4 158.8 149.6 148.8 62.7
48 h 235.6 22.1 28.3 127.5 23.4
72h 20.8 9.04 11.5 29.47 17.1
ICso — MCF-10A (ug/mL)
[GdL3(H20).] [LaL3(H20)3]
24 h 467.9 434.2
48 h 135.8 144.0
72h 130.4 135.5

*Compounds selected for cytotoxicity test in healthy cells.

Table 7
Selectivity index of the lanthanides complexes.

Incubation time Selective index values (ICso MCF-10A/ICso, MCF-7)

[GdL3(H20)2] [LaL3(H20)s]
24 h 2.94 2.90
48 h 6.14 5.08
72 h 14.42 11.78

configures selectivity of the compounds in the tumor cells. Both, usnic
acid and lanthanides ions have antitumoral activity, which aroused
interest in our research group to investigate the complexation of this
acid (in the form of salt) with lanthanides ions to potentiate cytotoxic
activity in tumor cells (MCF-7). So far, there are no studies in literature
describing the cytotoxic activity of lanthanides ions complexes: La(III),
Tb(I1I), Nd(III), GA(III) in MCF-7 tumor cells, being this investigation a
pioneering work. Our results agree with the literature descriptions
about enhancement cytotoxic activity of chelated compounds in MCF-7
tumor cells when compared with their organic and inorganic pre-
cursors, especially in the four highest tested concentrations. Moreover,
complexation also decreases the toxicity of lanthanides ions, since the
ions will not be free but bound to the ligand [52].

We emphasize that the action of chelates is time-dependent since, in
general, cytotoxicity increases according increment on incubation
times. The complexes [GdL3(H>0),] and [Lal3(H,0)3] were chosen for
test in healthy cells and SI determination due to their smaller ICs, va-
lues. The cytotoxicity assays conducted on MCF-10A cells were very
promising and highlighted the a decreased ability of these compounds
in killing non-tumorigenic cells.

Our results show for the first time complexed usnic acid molecules
preferentially killing tumor cells MCF-7 towards the healthy corre-
spondent MCF-10A cells. Despite its antitumor activity, usnic acid is
known by its hepatotoxic effects in vitro, that are attenuated on in vivo
conditions. Based on our findings in this work we have as a future
perspective expand our investigations in order to evaluate whether the
complexation of usnic acid changes its hepatotoxic profile. Thus, we
believe the results presented so far can contribute significantly for de-
velopment of new antitumor classes of compounds based on usnate-
lanthanides ions complexes.

4. Conclusions

In this work, we synthesized and characterized new complexes of
usnate with lanthanides ions. The correlation of the elemental and
thermal analyses indicates that the chelates were precipitated with
lanthanide-ligand 1:3 stoichiometry, from the reaction of the aqueous-

ethanolic solution of the ligand (3:1) with an aqueous solution of the
ions: La(IIl), GA(III), Tb(III), NA(III). The correlation of the data of
UV-VIS, infrared spectroscopy, nuclear magnetic resonance of hy-
drogen and carbon 13 indicate the formation of bidentate chelates with
the following coordination formulas: [GdL3;(H»0)>], [NdL3(H»0)s],
[LaL3(H20)3], [TbL3(H20),], where L = C;gH;50,~. The cytotoxic ac-
tivity in MCF-7 tumor cells (breast cancer) of the complexes was higher
than activity of the sodium usnate (except for the neodymium complex)
and also higher than the activity of the inorganic precursors (lantha-
nides salts).

The complexes of La(IlI) and Gd(III) were more toxic in tumor cells
MCF-7 than in normal breast tissue cells (MCF-10A), demonstrating
selectivity.

As we modified the structure of the usnic acid, transforming it into
salt and chelates, future studies are necessary to evaluate cytotoxic
activity in MCF-7 and MCF-10A cells in vivo and the hepatoxicity in
vitro and in vivo, in order to consider these complexes as potential
candidates to chemotherapy.
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ABSTRACT

In this work, structural, spectroscopical and thermal studies of lanthanum(IIl) and cerium(III) complexes with
the 3,5-dimethoxybenzoate (DMBz) monocarboxylate ligand were performed. The metal-ligand minimum stoi-
chiometry and polymeric arrangement of the complexes were respectively defined by TGA-DSC and X-ray
powder diffraction as [M(DMBz);.n]x, wherein “M” represents the lanthanides, “n” the water molecules in the
lanthanum compound and “x” the basic unit of repetition in monoclinic polycrystalline system with space group
P2,/c. The products of the thermal decomposition of the material were also monitored by TGA-DSC/FT-IR both
in air and N, atmospheres in order to suggest the thermal decomposition mechanism. Theoretical calculations
based in experimental results were performed to assess the coordination mode and spectroscopic properties of
lanthanide complexes involving a monocarboxylate ligand. From theoretical calculations it was possible to
generate FT-IR theoretical vibrational spectra and relate the level of correspondence to the experimental data
inherent to the metal-ligand coordination mode. From the HOMO/LUMO orbitals obtained by TD-DFT calcu-
lations, the main electronic transitions responsible for the absorption and emission bands of the complexes were
determined.

o TGA/DSC/FT-IR analysis and refinement by Rietveld method
® Polymeric structure of monoclinic system with space group P21/c
o Elucidation of the type of carboxylate-metal coordination in the

complexes
e Computational calculations

dicarboxylate ligands to the lanthanides. Among the research groups
with an expressive number of scientific papers published on lanthanide
carboxylates, it is worth mentioning those of the researchers Ionashiro
and Ferenc and their collaborators, represented here by the references
[1-3], which can support some of the characterizations used in this

o HOMO - LUMO molecular orbital contributions study.

1. Introduction

In recent years, metal carboxylates, often referred to as coordinating
polymers [3], have attracted interest from the scientific community
around the world since they can be used to produce a fascinating class

Lanthanides complexes obtained with carboxylate ligands in their
structure have been extensively studied in the solid state.
Characterization of most of these compounds has been done using
thermal analysis techniques, mainly thermogravimetric, to establish the
dehydration grade, thermal stability, thermal behavior, stoichiometric
and purity, as well as infrared spectroscopy (FT-IR) technique to pro-
vide information concerning the coordination mode of mono or

* Corresponding author.
E-mail address: claudiocarvalho@ufgd.edu.br (C.T. Carvalho).

https://doi.org/10.1016/j.tca.2020.178662

of materials, the MOFs (Metal-Organic Frameworks), promising struc-
tures for application in catalysis, gas separation, gas storage, ion ex-
change, luminescence, among others [4,5]. For application of these
materials, it is equally interesting to know their structural arrangement,
however, in most cases they are difficult to be obtained due to the
absence of single crystals [1-4]. One way researchers have found to
overcome this is by adding a nitrogenous co-ligand in the synthesis
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process [6,7]. In such syntheses, the researchers Zheng and collabora-
tors and Ling-Yan and collaborators added the 2,2’-bipyridine and 1,10-
phenanthroline co-ligands respectively, so that through this metho-
dology they were able to obtain crystalline complexes. These materials
were then characterized using x-ray diffraction for single crystal,
thermal and spectroscopic techniques, as well as kinetic and lumines-
cence studies.

On the other hand, the synthesis of complexes using only carbox-
ylate ligands to obtain single crystals can also be found in the literature.
Those syntheses carried out under hydrothermal conditions are made
under high temperature and pressure, however it is not always easy to
obtain crystals through this method [8,9].

Finally, an elegant way of elucidating the structure of metallic
complexes obtained in powder form is using the Rietveld method for
analysis of crystalline parameters.To take full advantage of this method
in providing reliable information, though, it is important to make
previous use of an appropriate thermogravimetric characterization to
determine the stoichiometry of the material, especially carried out
under air atmosphere, so that the XRD theoretical and experimental
data obtained are convergent. In this sense, Katia and collaborators
[10] using the 3,5-dimethoxybenzoate ligand as complexing agent for
the praseodymium metal obtained this compound in the form of crys-
talline powder and resolved its structure combining theoretical calcu-
lations, TGA-DSC characterization techniques and powder X-ray dif-
fraction (XRD) analysis and refinement by the Rietveld method.

Another study can be cited to exemplify this application, which is
that of Roel and collaborators [5]. They synthesized lanthanide com-
plexes using two different types of dicarboxylate ligand so that one
compound was obtained in the form of monocrystal using hydrothermal
synthesis, while another four compounds were obtained in the form of
crystalline powder. The elucidation of the structures of the compounds,
obtained in powder form, was solved using the Rietveld method ac-
companied by thermal and spectroscopic characterizations, as well as
porosity analysis.

Based on the results presented in the literature and given the ab-
sence of studies on the elucidation of the crystalline structure of the 3,5
lanthanum(III) and cerium(IlI) dimethoxybenzoates in the literature,
we were motivated to synthesize and characterize them using thermal
and spectroscopic techniques as a basis for elucidation of the structure
of these materials using X-ray powder diffraction and refinement by the
Rietveld method. From the result obtained, other important theoretical-
experimental correlations were evaluated using experimental and the-
oretical FT-IR data and Time-Dependent Density Functional Theory
(TD-DFT) calculations in order to obtain insights related to the optical
properties of the materials, not found in the literature, for future ap-
plications.

2. Experimental
2.1. Synthesis of the complexes

The DMBz, 3,5-dimethoxybenzoic acid (CH30)>C¢H3CO-H 97 %
purity, was purchased from Sigma-Aldrich Brazil. For the synthesis, a
solution of 0.100 mol L.~ ! of sodium salt [NaDMBz] was prepared at the
pH of 8.0 from the DMBz acid using a 0.100 mol L.~ 'NaOH solution,
whereas the metal salts (chloride or nitrate) solutions were prepared
from lanthanum oxide with concentrated hydrochloric acid and from
cerium nitrate by direct dissolution, both at the pH adjusted between 5
and 6. The pH measurements were assisted by a pH-meter with glass
electrode [10]. Approximately 500 milligrams of each complex [M
(DMBz)3] in solid state, wherein M = lanthanum or cerium, were ob-
tained by mixing both solutions at 27 °C so that the slight excess of the
ligand aqueous solution was used until complete precipitation of the
rare earth ion. The precipitate obtained was washed with distilled water
for elimination of chloride or nitrate and sodium ions and filtered
through Whatman® quantitative filter paper (Grade 42). After washing,
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the precipitate was dried in an oven at 60 °C for 10h and then kept
stored in a desiccator until the moment of the analyses.

2.2. Instrumental analysis

FT-IR/ATR spectra of the [NaDMBz] salt and complexes were per-
formed using a Nicolet iS10 FT-IR spectrophotometer using ATR ac-
cessory with Ge window.

The TGA-DSC curves were obtained using a thermal analytical
system, model STA 449 F3 Jupiter® and the experimental data were
obtained by Proteus® Software. For the analysis of the samples, masses
near to 10 mg and alumina crucibles under purge gas flow (air or N,) of
50 ml min~! with heating rate optimized to 10 °C min™ were used.

The percentages of carbon, hydrogen, oxygen and metal were de-
termined by the mass losses data in TGA curves, since the decomposi-
tion of the complexes occurs with total thermal decomposition of the
organic content and further production of the respective metal oxides of
known stoichiometry, La,0O3 and CeO-.

The gaseous fragments of the thermal decomposition of the com-
plexes were monitored using a Mettler® TGA-DSC system coupled to a
Nicolet® FT-IR spectrophotometer equipped with gas cell and DTGS KBr
detector. The gas cell was kept at 250 °C and the 120 cm transfer line at
225 °C. The mass of the samples for the TGA-DSC curves recording were
about 10 mg with heating rate of 10 °C min ' in alumina crucibles. The
online FT-IR spectra were recorded at 4 cm ~ 'resolution.

The sample image (DSC video) was obtained by the Mettler-Toledo
DSC 1 Stare System equipment with a SC30 digital camera which in-
corporates a 3.3 Megapixel CMOS sensor, Navitar 1-6232D mechanical
optical subassembly with 6.5X zoom. The sample mass used was ap-

proximately 2 mg heated at the ratio of 10 °Cmin " ’.

2.3. Crystal structure

The [La(DMBz)3:2H,0] complex, before being analyzed by powder
X-ray diffraction, was dehydrated at 200 °C in a muffle furnace, tem-
perature selected according to TGA-DSC previous data. Then, the [La
(DMBz)3] and [Ce(DMBz)3] samples were carefully grounded in an
agate mortar and measured by powder diffraction methods, depositing
them on a glass sample-holder plate. The diffraction data were collected
by overnight scans in the 20 range of 5—105° with step of 0.02°, using a
Bruker AXS D8 Da Vinci Advanced diffraction equipped with Ni-filtered
CuK, radiation (A = 1.5418 A) and Lynxeye linear position-sensitive
detector (2.94°).The optical parameters were primary-beam Soller slits
(2.94°), fixed divergence slit (0.3°) and receiving slit 8.0 mm. The unit
cell parameters were checked using about 20 low-angle peaks, followed
by indexing through the single-value decomposition approach by
Coelho [11,12]. The space group P2, ,. was chosen for both complexes
and after checking the systematic absences and the cell parameters,
they were then refined using diffraction data up to the range of 55° (26)
using Pawley method [13]. In both cases, no higher symmetry trans-
formations were suggested by Spek [14]. The structure solution process
of each complex was performed by the simulated annealing technique
[15], also implemented in TOPAS. The 3,5-dimethoxybenzate ion rigid
body model based on single-crystal data [16] was defined by the Z-
matrix formalism, Fig. 1, as well as in previous works [17,18].

The optical and specimen parameters and angles of torsion, trans-
lation and rotation of the lanthanide ions and ligands were adjusted by
the Chebyshev polynomial function and refined by the Rietveld method
[19]. The crystal structure models found were treated by SA routine in
conjunction with new assays. The final Rietveld refinement plots of
both complexes are described as supplementary material, Fig. Sla and
S1b.

Absorption spectra in the ultraviolet/visible region were recorded
using a Digital UV/Visible scanning spectrophotometer, Model IL-592S-
BI - KASUAKI, in wavenumber range of 190-1000 nm and spectral
band width of 2 nm.
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Fig. 1. Sketch of the 3,5-dimethoxybenzate ion. The 5 torsion angles required
in the simulated annealing and refinement routines were defined as t; to 7s.

For the fluorescence studies, a Varian Cary Eclipse spectro-
fluorimeter was used applying an excitation scan in the range of
210 nm-600 nm at intervals of 10 nm. A xenon lamp with two mono-
chromators was used as excitation source, one of which was intended to
select the excitation wavelength and the other to select the wavelength
emitted by the sample, with fluorescence detection by a photo-
multiplier tube. Solutions containing 5 mg of each compound in N,N-
dimethylformamide (DMF) 99 % purity (J.T. Baker) were analyzed at
the temperature of 25 °C.

For the FT-IR theoretical calculation, the quantum chemical ap-
proach employed to determine the molecular structure was Becke's
three parameter hybrid exchange functional combined with Lee-Yang-
Par correlation functional (B3LYP) [20,21]. The molecular calculations
in this study were made using the Gaussian 09 routine [22] and the
theoretical infrared spectrum was calculated using a harmonic field
[23,24] based on Cl1 symmetry (electronic state 1A). The geometry
optimization was computed using the Berny's optimization algorithm
and the calculations of vibrational frequencies were also implemented
to determine whether the optimized geometry constitutes minimum or
saddle points. The principal assignments and descriptions of the in-
frared active fundamental mode were provided by Gauss View 5.0.2 W
graphic routines [25].

Absorption theoretical calculations were performed within TD-DFT
using the def2-SVP [26] basis set for the light atoms (C, O, and H), and
the def2-TZVP [26] for the lanthanides with the Stutttgart-Dresden ECP
(MBW28) for lanthanum [27] and (MBW47) for cerium [27,28] im-
plemented in the ORCA 4.0.1 package (Neese F 2012). Molecular or-
bital diagrams were reproduced using Avogadro (version 1.2.0)
[29,30].

3. Results and discussion
3.1. Thermal study

The TGA-DSC/DTG thermal analyses data, Fig. 2, under air and
inert (N,) atmospheres are shown in the summary form in Table 1 and
Table S1 in supplementary material, so that it is possible to make a
more accurate analysis of the material studied as follows. For the lan-
thanum complex under air atmosphere, a mass loss starting at 64 °C
(TGA/DTG) is observed, which is associated with a small endothermic
peak in the DSC at 91 °C. This event can be attributed to dehydration
that occurs in a single step and through a slow process. After this mass
loss step, the complex in the anhydrous form is thermally stable over a
wide temperature range.

Therefore, from this point onwards the description of the thermal
events for both complexes can be summarized in anhydrous form. Thus,
by examining the TGA-DSC/DTG curves in the air atmosphere it can be
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stated that the complexes in their anhydrous form are thermally stable
up to around 326 °C (La) and 315 °C (Ce). Above those temperatures,
the thermal decomposition of the ligand occurs basically in two stages
of mass loss. In these processes, a fact to be highlighted is that the
thermal decomposition of the cerium complex occurs in a temperature
range lower (315-381°C) than that for the lanthanum complex
(326-401 °C). Based on these experimental data, it can be suggested
that the result shown is intrinsically linked to the change of the oxi-
dation state of cerium metal from 3+ to 4+ during the thermal de-
composition. This exothermic process probably occurs simultaneously
with the decomposition of the organic matter (intense peak at 371 °C),
so that it helps raising the temperature inside the sample and con-
comitantly contributes to the thermal decomposition of the organic
matter occurring at a lower temperature and through a fast process
when compared to other lanthanide ions complexed with the same li-
gand. These data can be observed in other studies [2,31,32].

The last two steps of mass loss (TGA/DTG) for lanthanum complex,
which comprise a slow mass loss between 401 and 639 °C, is related to
thermal decomposition of the carbonized material without peak asso-
ciated with the DSC and DTG curves, while the mass loss between 639
and 700 °C, associated with an endothermic peak at 673 °C, is related to
carbonate decomposition from the dioxycarbonates (La;0,CO; —
La;O3; + CO,) mixture. In this reaction, as CO, is stable under oxidizing
atmosphere, it is concluded, based on thermodynamic laws, that the
absorbed energy (bond breaks) is greater than the energy released
(product formation), that is, with delta H > 0 for this system. This
thermal event at 673 °C can be better observed by the 5x magnified
image on the y-axis for the DSC curve inserted in Fig. 2. In addition,
dioxycarbonates formation, especially for the lanthanum metal co-
ordinated to carboxylate ligands, is common to occur, so that a quali-
tative test of the residue, obtained at this temperature with diluted HC]
solution was used to indicate the presence of carbonate [2,31]. For
cerium complex, the last step between 381 and 560 °C (TGA) occurs
associated with an exotherm (similar to an extended exothermic peak)
in DSC curve between 465 and 550 °C. Furthermore, similarly to the
slow stage of mass loss for lanthanum compound, the DTG curve also
does not peak in this region, because gradual changes are produced
without an inflection point. Lastly, considering the end of the steps for
each of the complexes, the residues formed were the La,O3; and CeO,
oxides, which at high temperatures and in an oxidizing atmosphere
(air) are obtained free of carbonaceous material. Therefore, from the
experimental results obtained using an oxidizing atmosphere in relation
to the percentages of water loss, ligand and oxide formation per step
(Table 1), when compared to the theoretical results (Table S1), it was
possible to establish the empirical formula of these compounds as fol-
lows: [La(DMBz)5-2H,0] and [Ce(DMBz)3].

TGA-DSC/DTG analysis (Fig. 2) in N, inert atmosphere for the
complexes shows a different profile of the curves when compared to
that presented in air atmosphere. This difference is due to the inter-
action of oxygen with the released volatiles, resulting in degradation
and/or combustion of the organic matter, while in nitrogen atmosphere
there is only energy transference (heat) to the substance with higher
production of volatile compounds at high temperatures. On the other
hand, the thermal events related to the hydration water will always
have similar profiles under both atmospheres. This observation ratifies
the explanation of the interaction between the atmosphere and the
volatile products, since the loss of hydration water only requires energy
absorption. In relation to the thermal events of the second step, the
differences in the decomposition profile of the organic matter (ligand)
are significant under air and N». Under air atmosphere, it is possible to
observe intense exothermic peaks, while in N, atmosphere; en-
dothermic peaks of low intensity are noticed.

Another interesting result observed only in N, inert atmosphere is
the sharp endothermic peak at 356 °C (La) in the DSC curve, Fig. 2, with
no corresponding mass losses in the TGA/DTG curves. This type of
event, identified as a physical one, is due to the phase transition of the
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Fig. 2. TGA-DSC/DTG curves in air (for stoichiometry) and N, (pyrolysis) atmospheres using a heating ratio of 10 °Cmin~
lanthanum and cerium complexes study. Peaks up (exo) and peaks down (endo).

lanthanum complex in its anhydrous form, as elucidated by DSC ana-
lysis coupled to a microscope shown in the video (supplementary ma-
terial). In addition, the endothermic peaks at 396 and 436 °C (DSC) are
probably related to the thermal decomposition/pyrolysis of the organic
matter, which occurs within a single rapid step according to DTG peak,
between 350 and 439 °C. Thus, examining the relationship between the
thermal events observed in the DTG and DSC curves, it can be suggested
that the rapid decomposition in this region seems to be favored by the
physical event. The last mass loss step, above 439 °C without DTG peak,
is related to the thermal decomposition of the pyrolyzed material
(carbonaceous material), which is signaled by simultaneous en-
dothermic events in the DSC curve between 670 and 943 °C.

Table 1
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! and initial mass near 10.0 mg for

Considering the first thermal decomposition step of the cerium
complex, between 262-416 °C (TGA), unlike lanthanum complex, it is
possible to observe three endothermic peaks in this region (DSC), being
the first two at 306 and 326 °C overlapped, which coincide with a small
mass loss in the TGA curve, as well as with the beginning of the opening
of two large overlapping DTG peaks, Fig. 2. Thus, it is possible that the
beginning of the thermal decomposition is associated with decarbox-
ylation in parallel to the mass losses of the methoxy groups of the li-
gand, while the adjacent step with DSC peak at 356 °C and overlapping
DTG peak (364 °C) can be possibly attributed to the thermal decom-
position/pyrolysis of the organic matter, remaining aromatic residue.
The last step, between 416 and 1000 °C (TGA) and without a defined

TGA-DSC/DTG thermoanalytical data of the lanthanum and cerium complexes performed in air and N, atmospheres, where the mass losses and metal oxides formed

in air were used for stoichiometric calculus.

Steps of Events [La(DMBz)3-2H,0] [La(DMBz)3-2H,0] [Ce(DMBz);] [Ce(DMBz);]
mass loss air N, air N,
1 0 °C 64—100 72-102 299-381 262—416
*mg (%) 0.45mg 0.41 mg 6.61 mg (66.10 %) 3.8mg (38.00 %)
(4.50 %) (4.10 %)
Tp (°C) 91| 91 3711 306|, 326,356
2ond 0 °C 326—-401 350—-439 381-560 416—-1000
*mg (%) 6.12mg 4.159 mg (41.59 %) 0.82mg (8.20 %) 3.61 mg (36.10 %)
(61.30 %)
Tp (°C) 3921 356\, 396, 436 465—550 exotherm 909
3rd 0 °C 401-639 439-943 - -
*mg (%) 0.855mg 3.101 mg (31.01 %) - -
(8.55 %)
Tp (°C) - - - -
4t 0°C 639—700 - - -
*mg (%) 0.315mg - - -
(3.15 %)
Tp (°C) 673 - - -
Residue *mg (%) Lay03 Lay03 CeO, CeO,+R

2.25mg (22.50 %)

2.33 mg (23.30 %)

2.57 mg (25.70 %)

2.59 mg (25.90 %)

Temperature range (6), *mass loss observed in TGA curves in milligrams (mg) and percentage (%), peak temperature (Tp) observed in DSC curves, exothermic event?,

endothermic event|, phase transition||. DMBz = 3,5-dimethoxybenzoate and R = carbonaceous residue.
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peak in the DTG, but with a wide and intense peak at 909 °C is due to
partial decomposition of the pyrolyzed material.

In summary, from the TGA-DSC/DTG data in both atmospheres it
was possible to observe physical and chemical events such as: thermal
behavior, stoichiometric ratio of the complexes, phase transition,
thermal stability, decomposition steps and stable residue formation
temperature. For the identification of the decomposition products re-
leased in each step, a TGA-DSC/FT-IR system was used. Specifically for
this analysis type, the nitrogen atmosphere is more efficient than the air
atmosphere, since in air the fragmentation of the organic matter leads
to an excessive production of carbon monoxide (CO) and carbon di-
oxide (CO,), so that these excess can overlap the bands of organic
fragments.

3.1.1. EGA - evolved gas analysis

In parallel with the thermal behavior study and stoichiometry de-
termination by TGA-DSC, we also monitored the gaseous products from
thermal decomposition in air and nitrogen atmospheres through a TGA-
DSC/FT-IR system, so that in both atmospheres the same products were
detected. However, as previously mentioned, the monitoring of gaseous
products is more advantageous in an inert atmosphere because the
amount of CO and CO, produced from the organic matter decomposi-
tion is lower, i.e., inherent only to the ligand decarboxylation. The
combination of these results now offers us the possibility of obtaining a
set of complementary information about the complexes that can be used
to evaluate the likely thermal decomposition mechanism those com-
plexes follow.

The gaseous products of the thermal decomposition of the com-
plexes [La(DMBz);] and [Ce(DMBz);3] in anhydrous form, Fig. 3 (a-d),
were continuously monitored between 30 and 1000 °C (TGA). The ex-
perimental FT-IR spectra obtained were compared with literature data
[33,34] as well as evaluated and compared through OMNIC® software
with a broad spectral library of gaseous products. The bands identified
in FT-IR spectra (numbered 1-6), Fig. 3(a-d), are also associated with
illustrations of the possible position of fragmentation in the molecule of
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the ligand (1%, 2*, 3* and 4*). Among the products monitored under air
atmosphere, observed in a relatively larger quantity, the fragments of
two groups released simultaneously in the first mass loss steps (TGA) up
to 360 °C stand out, which are methanol (CH30H), with peaks at 1008,
1033 e 1062 cm ™! originating from methoxy groups, and carbon di-
oxide (CO,), Fig. 3(a), with characteristic peaks in doublet form at
2360, 2400 cm™” and 666 cm™, assigned to the decarboxylation of the
carboxylate group. In addition to these two main fragments, there is
also the presence of peaks of very small intensity, inherent to fragments
of dimethoxybenzene (CgH;(0,) with bands at 1046, 1150, 1202, 1286,
1486 and 1594 cm™!, and methoxybenzene (C,HgO) with bands at 1054,
1254, 1498, 1602 cm ™! and 1062 cm™, as shown in Fig. 3 (b, ¢). From
360 °C, an increase in the proportion of CO, in relation to the other
products is observed, so that from the slow mass losses steps at 401 °C
(La) and 381 °C (Ce), Fig. 3(d), only methane (peaks at 2995 and 3018
cm™) and carbon dioxide (CO,) are observed in the FT-IR spectra.
Possibly, most of the gaseous products CH4 and CO, originate from the
fragmentation of the carbon skeleton.

The monitoring in nitrogen atmosphere, slightly different from that
observed in air atmosphere, initially shows methanol as the only pro-
duct released and, as mentioned earlier, it comes from the methoxy
group of the ligand. This process occurs almost simultaneously with
decarboxylation, Fig. 3(a), a coherent attribution because the atmo-
sphere used was inert (N,). Subsequently, with the increase in tem-
perature, intense peaks attributed to fragments of dimethoxybenzene
and methoxybenzene are observed, Fig. 3(b, c), which continue to be
released in decreasing proportion until the end of this step together
with fragments of methanol and carbon dioxide. The slow mass loss
steps, for both compounds, starting at 439 °C (La) and 416 °C (Ce), show
peaks for the fragments only in the 3000 cm ~ ! region, corresponding to
C—H group stretching that may indicate the presence of different sizes
of carbon chain. Furthermore, it is more likely that these fragments
originated from the aromatic skeleton, since it was not possible to ob-
serve bands related to benzene in the FT-IR spectra, considering the
monitoring between 30 and 1000 °C performed for both compounds.
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Fig. 3. a-d). FT-IR spectra of the main gaseous products monitored in air and N, atmospheres from the thermal decomposition of the complexes [La(DMBz)32H0]
and [Ce(DMBz);] at the temperatures (TGA): (a) > 310 °C (b and ¢) > 360 to 400 °C and (d) above 381 °C. DMBz: 3,5-dimethoxybenzoate.
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Fig. 4. Illustration based on the most products released, for the main path thermal decomposition follows in lanthanum and cerium 3,5-methoxybenzoate complexes,

monitored by TGA-DSC / FT-IR in air and nitrogen atmospheres.

This statement can be made due to the absence of characteristic bands
of benzene, located in 1802 and 1950 cm ™~ '. From these data, it was
possible to qualitatively suggest, based on the gaseous products re-
leased in greater quantity, the main way in which fragmentation occurs,
as shown in simplified form in Fig. 4.

3.2. Structural study

3.2.1. Infrared spectroscopy: theoretical and experimental

The experimental and theoretical FT-IR spectra for the ligand salt
and lanthanum complex, as representatives of both complexes, are
shown in Fig. 5 due to similarity of spectra. The optimized structures
used to generate the theoretical vibrational spectra are shown in the
supplementary material, Fig. S2. The identification of the main bands in
the FT-IR spectra, Table 2, was performed from the spectroscopic
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Fig. 5. Experimental FT-IR spectra of the 3,5-dimethoxybenzoate sodium salt
(a) and lanthanum complex (b), correlated to the FT-IR theoretical spectra of
3,5-dimethoxybenzoate sodium salt (a*) and lanthanum complex (b*). The
lanthanum complex was used as representative of cerium complex due to their
similarity.

Table 2

Experimental and theoretical FT-IR data assigned to the 3,5-dimethoxybenzoate
salt and lanthanum 3,5-dimethoxybenzoate complex as representative of all
complexes.

Assignment NaDMBz [La(DMBz)32H,0]
Exp. Theor. Exp. Theor.

v C = C (ring) 1653, 1645, 1610y, 1646, 1371
1340,, 1363 1331,

8 CH3 + 8 C-H (ring) + 1205, 1211, 1202, 1211, 1174

v C-OCH3 1148, 1170 1148,

Vasym COO— 1561, 1542 1526, 1527

Vsym COO— 1385, 1399 1381 1412

AV (Vasym = Vsym) 176 157 145 115

v: stretching vibration; §: bending vibration; asym: asymmetrical; sym: sym-
metrical; w: weak; m: medium; S: Strong; Theor.: Theoretical; Exp.:
Experimental; DMBz: 3,5-dimethoxybenzoate.

correlations by computational animations and by checking the level of
correspondence with the FT-IR experimental data. As it can be observed
in Fig. 5, the positions of the main bands between the theoretical (a*,
b*) and experimental (a, b) spectra are highly concordant, suggesting
that the proposed structures are very close to the real structure. How-
ever, due to the approximate nature of the computational technique,
small differences observed were expected, since the theoretical calcu-
lations do not include harmonic effects in the infrared vibrations, be-
sides the complexes have been considered in the gaseous phase for the
calculations [35]. In this work, as the experimental infrared spectra of
the complexes are very similar, that allows us to state that the co-
ordination occurs equally for both compounds.

In order to study the coordination mode of the carboxylate groups to
the metal centers, as indicated by the experimental and theoretical
calculation results, the methodology described by Deacon and Phillips
[36] was applied. The differences between the symmetric and asym-
metric stretching values for carboxylate groups of complexes and the
ionic compound (sodium salt) were compared. From the combined re-
sults, presented in Table 2, it can be suggested that the carboxylate
group is coordinated to the lanthanide ions by bidentate chelating mode
[33-35]. In addition to the complexation study by FT-IR data, further X-
ray powder diffraction is intended to provide accurate structural in-
formation on the crystalline structures.

3.3. Crystalline structure

In the absence of suitable single crystals, the complexes were pre-
viously characterized by thermogravimetry and simultaneous differ-
ential scanning calorimetry (TGA-DSC) to determine stoichiometric
ratio and thermal stability. From this data, the structural arrangement
was determined using X-ray powder diffraction after dehydration of
lanthanum compound at 200 °C.
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Table 3
Principal data of crystalline parameters obtained for [Ce(DMBz);] and [La
(DMBz)3] complexes.

[Ce(DMBz);] [La(DMBz)3]
Empirical formula Cy7H70:5Ce Ca7H37045La
Formula weight (gmol ~ ') 683.61 682.40

T(K) 298 298

ACuKa) (A) 1.5418 1.5418
Crystal system Monoclinic Monoclinic
Space group P2;/c P2;/c
a(A) 14.829(8) 14.790(1)
b, @A) 24.351(2) 24.294(3)
c(A) 7.7758(1) 7.836(2)
a=y () 90 90
B® 97.85(6) 98.16(1)
v (A% 2775.2(4) 2787.0(9)
Z 4 4
deare(g cm™3) 1.636(2) 1.626(5)
u (mm™1) 13.2(8) 12.4(4)
Number of parameters 78 73
Rpragg Rup 0.069 / 0.0106 0.0359 / 0.0827

Table 4

Main Ln-O bond lengths of oxygen atoms around lanthanide ions (Ln).
[Ce(DMBz)5]
Lengths//o\
011 2.420(2) 031 2.597(2)
012 2.618(3) 032 2.459(3)
021 2.466(2) 032 2.718(1)
022 2.629(3)
[La(DMBz);]
011 2.501(5) 031 2.541(2)
012 2.585(3) 032 2.394(3)
021 2.232(3) o1l 2.733(2)
022 2.648(3)

The crystal structure models of the [La(DMBz);] and [Ce(DMBz);]
complexes in anhydrous form were solved using state-of-the-art powder
diffraction data measured in conventional laboratory equipment. In
order to solve the present crystal structures, a rigid body for organic
moiety and a high number of parameters were extensively used. After a
long procedure as described before, very important crystallochemical
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information could be afforded and the crystallographic parameters of
both complexes were summarized in Table 3, while the eight oxigen-
lanthanides bond distances present in the coordination sphere of cerium
and lanthanum are given in Table 4. The molecular structure of both
complexes, drawn using OLEX2 [37], are shown in Fig. 6(a, b), as well
as the overall packing and hydrogen bond are presented in Figures S3
(a—d) and S4 (a—e) as supplementary material. The DMBz is a carbox-
ylate ligand and there are three coordination modes for carboxylate
ligands [16,17]. The bidentate chelating (mode a) is easily described as
both oxygen atoms bonded to the same lanthanide ion. Another co-
ordination mode is when a lanthanide ion carboxylate forms a
monoatomic bridge or p-oxo bridge (mode b). The third mode is when
each oxygen in a carboxylate group binds to a different lanthanide ion,
syn, syn-nl:m1l:u2 bidentate bridging fashion.

As described in Fig. 6(a, b), both structures show two ligands
bonded to lanthanide ions through the carboxylate group in mode a and
b only the other DMBz ligand is coordinated to lanthanide ion in mode
b. Besides the lanthanide-oxigen bond lengths, both complexes also
exhibit important and strong interaction, that is, 3.879 A and 3.944 /o\,
between Ce-Ce and La-La metal ions respectively.

In the supplementary material, Figures S3 and S4 show the main
hydrogen bonds for the [Ce(DMBz);] and [La(DMBz);] complexes, re-
spectively. For [La(DMBz)3], there are intramolecular H-bonds between
H11 and H21 with 021, H31 and H38b with 031 and 032 with H21
and two other intermolecular H-bonds between H33...064 and H13...
063. Similarly, H-bonds fashion are observed in [Ce(DMBz)3], where
the two intermolecular H-bonds are assembled by O31...H31 and
054...H18a and the intramolecular ones are located between O12...
H21 and 031...H31.

3.4. UV-vis absorption study

For both complexes studied, the electronic experimental spectra
recorded in DMF solution show a single absorption band that reaches its
maximum at 298 nm. For the DFT calculations, unfolding in two bands
of different intensities in the UV-vis spectra is observed; an intense
band at 255 nm and a lower intensity one at 300 nm, as shown in Fig. 7,
so that such differences may probably be due to experimental condi-
tions like complex-solvent interaction or even by limitation of the
monochromator system (bandpass limitation) in the equipment used. In
addition, for the theoretical calculations a single molecule, free of in-
teractions, is taken into account.

From HOMO — LUMO orbital transitions, Fig. S5, it is noticed that
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Fig. 6. (a, b). Asymmetric units and distorted pentagonal bipyramidal geometry around (a) La®>* and (b) Ce®* respectively. Ln-O bonds are represented in both

structures, whereas Ln represents La>* and Ce®* lanthanide ions.
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Fig. 7. Absorption spectra in UV-vis (experimental: black; theoretical: red) for
the [La(DMBz)3-2H,0] and [Ce(DMBz)s;] complexes. DMBz: 3,5-dimethox-
ybenzoate (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

the charge density on the organic part of the complex is due to n-n* and
n-m* transitions, the latter being usually of low intensity. According to
literature, m-r* transitions for organic ligands are recorded in the region
between 196 and 313nm and correspond to the C=C chromophore
group of aromatic ring [38]. The overlapped band in the UV-vis ex-
perimental data, apparent at 300 nm in the theoretical calculation, is
probably due to n-m* transitions. Regarding the charge transfer on the
metal complexes, the overlapping of oxygens p-orbital of the carbox-
ylate group (Fig. S5) should have favored the interligand charge
transfer like in HOMO + 1 — LUMO (74 %), HOMO + 2 — LUMO (89
%) for lanthanum and HOMO + 1 — LUMO (69 %), HOMO + 2 —
LUMO (89 %) for cerium. The main contributions of UV-vis radiation
absorption occur through the aromatic system and the carboxylate
group interactions, although singlet states of charge transfer of ligand-
metal can also contribute. Anyway, those contributions are discussed in
the fluorescence section.

3.5. Fluorescence study

The molecular orbitals (HOMO/LUMO) with the highest probability
of charge transfer on the 3,5-dimethoxybenzoate lanthanum and cerium

“i,,
223 nm
226 nm

256 nm
260 nm
301 nm
303 nm
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complexes were obtained by Time-Dependent Density Functional (TD-
DFT) Theory. However, lanthanum (III) ion, in contrast to other lan-
thanide ions, is theoretically non-fluorescent because of its 3d'°4f
electronic configuration, so only the fluorescence for the cerium com-
plex is discussed in this section. The emission (fluorescence) of the Ce
(III) results from 4f-5d optical transitions, which gives rise to much
more intense bands than intraconfiguration transitions of 4f-4f type and
the emission is generally observed in the ultraviolet region, although it
may also occur in the visible region [39].

In Fig. 8(a, b), the major HOMO —LUMO orbitals contributions and
experimental excitation and emission spectra are shown, which are
correlated with each other to identify the electronic transitions re-
sponsible for the system's fluorescence. The H-1(93 %) and H-2(98 %)
— L + 3 transitions (Fig. 8(a)) show that there is one ligand-metal
charge transfer (LMCT), as well as contributions of intraligand charge
transfer (ILCT and LMCT) originated from a mixture of transitions H-
1(69 %); H-2 (88 %); H-4 (93 %) and H-5 (86 %) — LUMO. The con-
tributions ILCT and LMCT, especially the LMCT, can be justified since
the orbital of the organic part of the molecule has also charge dis-
tribution on the metallic center. In addition, from the experimental and
theoretical data (Fig. 8(a,b)) and summary in Table S2), we have not
excluded the possibility of ligand-ligand charge transfer (LLCT) as a
function of this overlapping of orbitals on the metallic center.

The excitation and emission spectra, Fig. 8(b), were obtained re-
spectively by monitoring of Ap., at 310nm and A, emission at
355 nm. Hence, the emission band in the spectrum observed at 355 nm
is an overlapping (summation) of n-n* and m-m* transitions of the li-
gand, as well as LMCT contributions from the antenna effect, transitions
attributed to energy levels of the Ce(III) metal center 2F, /s —>2F5/2.

4. Conclusions

The lanthanum(IIl) and cerium(IlI) complexes using a mono-
carboxylate ligand, 3,5-methoxybenzoate, were synthesized in aqueous
medium and characterized in the solid state or solution by thermo-
analytical methods, X-ray diffraction, FT-IR and UV-vis.

Based on the thermoanalytical data from the TGA-DSC curves, it
was possible to define the stoichiometric ratio of the synthesized
complexes as M(DMBz)3, where M represents the lanthanides and DMBz
the 3,5-dimethoxybenzoate ligand. Among the complexes synthesized
and characterized, only that of lanthanum was obtained in hydrated
form. A probable explanation can be attributed to the lower lanthanide
contraction effect for lanthanum, which would make the coordination
sphere more available. Another relevant information from TGA-DSC/
DTG to the study of these materials was the thermal stability, decom-
position temperatures, as well as the temperature of formation of the
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Fig. 8. (a) Molecular orbitals for [Ce(DMBz)3] according to the TD-DFT calculations, (b) excitation and emission spectra in. UV-vis.
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final residue used in the calculation of stoichiometry and the mon-
itoring, by TGA/FT-IR, of the main volatile products related to thermal
decomposition and consequently the probable path thermal decom-
position follows.

From FT-IR spectroscopic data, it can be suggested that the 3,5-di-
methoxybenzoate monocarboxylate ligand coordinates with lanthanide
ions in chelating form, while by X-ray diffractograms with Rietveld
refinement, it was possible to establish that the monocarboxylate ligand
coordinates both in chelating and bridge forms. The result of this co-
ordination mixture generated polymeric and practically isomorphic
structures for the complexes, defined as [M(DMBz)3;]n with a mono-
clinic system of space group P2;,. For cerium(Ill) complex, through
UV-vis absorption calculations using the TD-DFT theory, it was possible
to suggest that the charge transfer orientations, according to HOMO
and LUMO orbitals, occur by antenna effect of the ligand for ?F,,, and
2F5,, energy levels of the metal ion.

In summary, it is concluded that monocarboxylate ligands can also
generate polymeric structures with lanthanide ions as shown in this
study. In this sense, it is possible that certain properties, such as those of
fluorescence, are altered depending on the type of coordination and/or
crystalline structure, as well as on the experimental conditions of
synthesis employed. However, this study limited itself to the synthesis,
elucidation of the stoichiometry and crystalline structure of the com-
plexes obtained in crystalline powder form.
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