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RESUMO

Desde a sua concep¢@o em 1994, o modelo SMLC, Sparkle Model for Lanthanide Complexes,
tem sido utilizado apenas para o cdlculo das geometrias do estado fundamental de complexos de
Eu(III). Neste trabalho, aperfeicoamos em muito este modelo para o ion Eu(Ill) e iniciamos o
procedimento de extensdo do mesmo para os outros ions lantanideos. Desenvolvemos também uma
versdo do modelo para actinideos, SMAC/AMI, em particular para o ion Th(IV).

No processo de parametrizagdo destes modelos, dois pontos sdo de fundamental importancia: (i)
a escolha de um conjunto de treinamento capaz de representar bem o nosso universo de estruturas de
complexos e (ii) a escolha de uma fungio resposta capaz de possibilitar a reprodugdo satisfatoria das
propriedades de interesse, que no nosso caso foram comprimentos e angulos de ligagdo envolvendo o
ion metalico.

Na primeira etapa, a escolha certa de um pequeno, mas representativo conjunto de treinamento
foi fundamental, pois no processo de parametrizacdo estas estruturas foram calculadas milhares de
vezes até que os parametros capazes de reproduzir mais exatamente as estruturas cristalograficas
fossem encontrados. Por este motivo, realizamos uma andlise de agrupamentos hierarquicos para
cada ion utilizando todas as estruturas disponiveis no CSD (Cambridge Structural Database 2003).
Esta andlise resultou, em geral, na classificacdo das estruturas em sete grupos distintos onde o
critério de separagdo foi o tipo de ligante presente no complexo. Assim, foi possivel, para todos os
ions parametrizados, escolher um conjunto de treinamento pequeno, mas capaz de representar
qualquer tipo de complexo contendo o ion em questio.

Na outra etapa, resolvemos adotar uma func¢do resposta em que as propriedades consideradas, no
nosso caso distdncias e angulos de ligacdo, estivessem intimamente relacionadas com os parametros
do ion que estavamos buscando. Esta nova fungdo resposta ¢ composta de duas parcelas: a primeira

exp

delas ¢ igual ao quadrado da diferenga entre as distdncias interatdmicas experimentais, R°" e

calculadas, R, que envolvem o ion metalico multiplicado por um peso w; e a segunda parcela é a
diferenca entre os angulos experimentais, 6 " ¢ os calculados, 6 ', em que o fon metalico
encontra-se no vértice, multiplicada por um peso w;.

Durante o procedimento de parametrizagdo para o ion Eu(Ill), o primeiro dos lantanideos a ser

parametrizado, inumeros testes foram realizados e cada termo da fungdo resposta foi exaustivamente

analisado até que conseguissemos encontrar um conjunto de pardmetros que tornasse o nosso método



realmente robusto. Com o mesmo procedimento utilizado na concep¢do dos pardmetros do ion
Eu(Ill), parametrizamos os ions Gd(III) e Tb(Ill) e estendemos a metodologia para actinideos -
Th(IV).

Os modelos foram validados de duas formas distintas. A primeira delas foi através de conjuntos
testes contendo varias estruturas para cada ion. A outra forma de validagdo, foi a realizagdo de
calculos ab initio RHF/STO-3G/ECP para sete estruturas representativas de cada um dos grupos
obtidos pela analise de agrupamentos.

A andlise dos resultados obtidos mostrou que para o ion Eu(Ill) esta nova versdo resolveu varios
problemas detectados na versdo anterior, SMLC II. Dentre os mais importantes estdo: (i) a
capacidade de predizer, muito bem, estruturas com qualquer tipo de ligante, ao contrario do SMLC II
que so era capaz de predizer muito bem estruturas com ligantes do tipo [3-dicetonas; (ii) correcdo dos
ligantes nitratos, que nas versdes anteriores coordenavam-se de forma monodentada ao ion Eu(Ill) e
que nesta nova versdo passaram a coordenar-se corretamente (ligante bidentado); (i) uma melhora
razoavel na descri¢do de ligantes pequenos, como dgua ou isotiocianato.

O avango do modelo SMLC/AMI1 para o ion Eu(Ill) foi de tal forma significativo que nos
possibilitou compara-lo com resultados obtidos a partir de metodologias ab initio. O mesmo foi feito
para os outros ions lantanideos e actnideos estudados. Para o ion eurdpio (III) o erro médio absoluto
obtido com o modelo SMLC/AMI foi de 0,115 A e a metodologia ab initio RHF/STO-3G/ECP
apresentou um erro médio absoluto de 0,123 A, ou seja, o modelo SMLC/AMI foi 6% mais exato.
Para os ions Gd(IIl) e Tb(Ill), o modelo SMLC/AMI1 foi, respectivamente, 16% e 31% mais exato
que a metodologia ab initio utilizada. No caso do ion actinideo Th(IV), o erro médio absoluto obtido
com o modelo SMAC/AMI1 foi de 0,126 A e a metodologia ab initio utilizada apresentou um erro de
0,113 A. Neste caso, 0 modelo SMAC/AM1 ficou a apenas 10% da metodologia RHF/STO-3G/ECP.
Com base nos resultados obtidos com este trabalho, podemos entdo afirmar que os modelos
SMLC/AM1 e SMAC/AMI1 apresentaram um nivel de exatiddo compardvel ou, em alguns casos,
superior ao da metodologia ab initio, RHF/STO-3G/ECP, na predi¢do, tanto das distincias entre o
ion Ln(Ill) ou Ac(IV) e os atomos que compdem o poliedro de coordenacdo, como também entre os

atomos do poliedro.



ABSTRACT

Since 1994, the SMLC model, Sparkle Model for Lanthanide Complexes, has been
used for the calculation of ground state geometries of only Eu(Ill) complexes. In the
present dissertation, we have improved this model for the Eu(Ill) ion and started a new
parametrization procedure for the inclusion of other lanthanide ions. We have also
developed a version of this model for actinide complexes, SMAC/AMI1, more specifically
for Th(IV) ion complexes.

Considering the parameterization procedure of these models, two aspects are
important: (i) the choice of a training set capable of representing our universe of
coordination complexes and (ii) the choice of a response function capable of reproducing
geometrical properties, such as bond lengths and bond angles involving the metallic ion.

In the first step, the correct choice of a small and representative training set was
very important because, in the parametrization procedure, these structures are calculated
many times until the parameters better capable of reproducing the crystallographic
structures are found. For this reason, for each ion, we carried out a cluster analysis of all
available structures in CSD (Cambridge Structural Database 2003). These analysis
classified the structures into seven distinct groups, where the separation criterion used was
the ligand type present in each complex. Thus, we were able to choose a small training set
for all parametrized ions, capable of representing any type of coordination complex.

In the second step, we decided to use a response function where distances and
angles, can be related with the ion parameters. This new response function is composed of
two terms: the first is equal to the sum of the square of the differences between the
experimental, R“?, and calculated, R, interatomic distances, both involving the metallic
ion, multiplied by a weight w; and the second term is the difference between the
experimental, 6,7, and the calculated, 6 “, bond angles, where the metallic ion is located
at the vertex, multiplied by a weight w;.

During the parametrization procedure for the Eu(Ill) ion, many tests were carried
out and each term of the response function has been exhaustively analyzed until we

obtained a really robust parameter set. With the same procedure used to arrive at the



parameters for the Eu(Ill) ion, we parametrized Gd(III) and Tb(Ill) ions, and, further,
extended the methodology for actinides, more specifically for Th(IV).

The models were validated in two distinct ways: (a) in the first one, for each ion, we
have used a test set with many complexes whose experimental geometries are known, and
(b) for the second, we have performed some RHF/STO-3G/ECP calculations for seven
representative complexes in order to make comparisons.

Our results showed that this new version of the sparkle model for the Eu(Ill) ion
corrected some problems found in the previous version, named SMLC II. The most relevant
are: (a) the capacity to predict very well structures with any type of ligand, in contrast with
SMLC II which was capable of predicting well only complexes with [-diketones ligands,
(b) nitrate ligands are coordinated to a central ion in the correct form (bidentate) in contrast
with the previous version, (c) finally, there is a satisfactory improvement in the description
of complexes with small ligands, such as water or isothiocyanatos.

The improvement of this parametrization for the Eu(Ill) ion has allowed us to make
some comparison with ab initio calculations for all parametrized ions. For the Eu(Ill)
complexes, the absolute mean errors for SMLC/AMI1 and for ab initio RHF/STO-3G/ECP
are 0,115 A and 0,123 A, respectively. This implies that our semiempirical model is 6%
more accurate than for the abovementioned ab initio one. For the Gd(III) and Tb(III) ions,
the SMLC/AM1 model was, respectively, 16% and 31% more accurate than the ab initio
RHF/STO-3G/ECP. However, for the Th(IV) complex, the absolute mean error calculated
for the ab initio methodologies (0,113 A ) was less than the sparkle model (0,126 A),
representing a difference of approximately 10%.

Accordingly, we can state that the SMLC/AM1 and SMAC/AMI1 models displayed
are of similar or superior accuracy to ab initio RHF/STO-3G/ECP for the Eu(Ill), Gd(III),
Tb(Ill) and Th(IV) in the prediction of the lanthanide-ligand distances, thorium-ligand
distances and, finally, for the distances involving any two atoms in the coordination

polyhedron of these complexes.
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1.1 — Introducao

Para os quimicos, o inicio do século XX foi marcado pelo desenvolvimento da
mecanica quantica, um conjunto de postulados que possibilitou a compreensio do
comportamento de particulas e 4tomos e permitiu o desenvolvimento de uma nova area da
quimica que ficou conhecida como “Quimica Quantica”.

Os métodos computacionais sdo as ferramentas utilizadas pela Quimica Quantica para
o calculo das propriedades fisicas e quimicas dos atomos e moléculas.

Existem na literatura métodos baseados na mecanica cldssica: mecanica molecular e
métodos baseados nos postulados da mecanica quantica: ab initio, funcional da densidade e
semi-empiricos.

Mesmo nos dias atuais, os métodos ab initio e funcional da densidade limitam-se a
tratar sistemas moleculares de pequeno porte devido o seu alto custo computacional. J& os
métodos semi-empiricos conseguem tratar quinticamente sistemas maiores € mais
complexos. Por este motivo, escolhemos esta metodologia para desenvolver o modelo
Sparkle': o primeiro tratamento quimico quintico para complexos de lantanideos com
ligantes organicos volumosos.

Atualmente, o Departamento de Quimica Fundamental da UFPE pode ser considerado
uma referéncia nacional e internacional quando pensamos na modelagem, sintese e
caracterizagdo de complexos de lantanideos com propriedades especiais, mais
especificamente, com propriedades espectroscopicas. O grupo de espectroscopia em Terras
Raras (BSTR), um dos pioneiros no pais, iniciou esse processo. Sua unido com o grupo de
quimica teérica deste mesmo departamento gerou uma rica colaboragdo no que diz respeito
ao desenvolvimento de modelos teoricos para o design de complexos de lantanideos.

O interesse continuo no design desses complexos advém da vasta area de aplicacdo
dos mesmos em diversos campos da quimica, fisica, bioquimica e medicina. Estes
complexos s3o bastante utilizados, por exemplo, no desenvolvimento de dispositivos
moleculares conversores de luz, DMCLs. A grande importancia dos DMCLs vem da sua
grande  aplicabilidade, por exemplo, como  marcadores luminescentes  em
fluoroimunoensaios*®, tomografia de emissdo de positron’® e como agentes de contrastes

em imagens de ressonancia magnética nuclear’'°.
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O marco inicial que consolidou uma produtiva integracdo entre teoria e experimento
no DQF foi a formulagdo do modelo sparkle ou Sparkle Model for Lanthanide Complexes
(SMLC)": um modelo semi-empirico para o célculo da geometria do estado fundamental de
complexos de lantanideos, primeiramente para o ion Eu(III).

Recentemente finalizamos uma extensdo desse modelo para o célculo de complexos
de actinideos, em particular para o Th(IV), denominado de Sparkle Model for Actinide
Complexes (SMAC)'".

O modelo SMLC tem sido amplamente aplicado pelo nosso grupo de pesquisa com o
objetivo de calcular a geometria do estado fundamental de complexos de Eu(Ill). Esta
geometria ¢ utilizada na predicdo de propriedades espectroscopicas desses complexos, tais
como posi¢cdes de niveis excitados singletos e tripletos, célculo de pardmetros do campo

ligante (B : 's), determinagdo de niveis Stark e calculo de espectros eletrénicos'> 2.

Indiretamente podemos também, utilizando estas propriedades preditas, construir equagdes
de taxas que envolvem mecanismos de transferéncia de energia na determinagdo de
rendimentos quanticos para estes complexos' 22

Quimicos tedricos de todo o mundo tém atualmente utilizado célculos ab initio para
prever as geometrias do estado fundamental destes complexos. O uso & potenciais efetivos
de caroco (ECP)**** que fazem o tratamento de efeitos relativisticos, torna possivel o
calculo da geometria do estado fundamental de complexos de lantanideos com alto grau de
precisdo. Contudo, o elevado custo computacional envolvido neste tipo de calculo € uma
desvantagem que muitas vezes nio pode ser superada.

A grande vantagem dos métodos semi-empiricos é que o tempo de CPU aumenta
com N? onde N ¢ o numero de fungdes de base, enquanto nos métodos Hartree-Fock ab
initio o tempo de CPU aumentara com N* ou N°. Dessa forma, os métodos semi-empiricos
podem ser mais facilmente linearizados através de técnicas de escalonamento linear como
MOZYME® ¢ LocalSCF*° que encontram-se implementadas no programa MOPAC2002°°.

Por este motivo, atualmente ¢ possivel o calculo quimico quantico completo de proteinas

contendo mais de 100 mil 4tomos, utilizando métodos semi-empiricos.
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Dessa forma, metodologias semi-empiricas sdo candidatas naturais ao estudo de
mecanismos de importantes reagdes enzimaticas, projeto de novos farmacos, estudo
conformacional de proteinas, emparelhamento de bases do DNA, etc., ou seja, estudos que
envolvem macro-biomoléculas.

Isso explica a nossa motivagdo em fazer com que o modelo sparkle possa tratar
sistemas complexos com muitos atomos (talvez mais de 1000 atomos) mantendo sempre o
compromisso entre a qualidade dos resultados obtidos e o baixo tempo computacional
envolvido. E, se alcangarmos esse objetivo, poderemos, além de disponibilizar um eficiente
método para calculo de complexos de lantanideos, possibilitando inclusive o design de
complexos que possam funcionar como marcadores de proteinas para serem empregados
em ensaios que diagnosticam varios tipos de tumores, tornar viavel a abordagem quimico
quantica de biomoléculas marcadas com complexos de lantanideos.

Neste trabalho, buscamos o desenvolvimento de um modelo sparkle que fosse capaz
de predizer com alto grau de exatiddo as geometrias dos estados fundamentais de
complexos contendo os principais ions lantanideos (Eu(Ill); Gd(IIl) e Tb(Ill)) e de

complexos contendo o fon Th(IV), utilizando o modelo semi-empirico AMI®’

como
método de calculo e buscando sempre manter baixo o custo computacional apresentado
pelas versdes anteriores.

No proximo capitulo, introduziremos os métodos semi-empiricos apresentando um
breve historico e destacando o estado da arte destes métodos. Apresentaremos também o
nosso modelo Sparkle desde sua concepgdo até a versdo que antecede esta que serd tema
desta dissertacdo.

No Cap. III apresentaremos a nova versio do modelo SMLC para os ions
lantanideos Eu(IIl), Gd(IlII) e Tb(IIl). No Cap. IV discorreremos sobre os avangos do
SMLC/AMI. No Cap. V estenderemos esta nova metodologia para actinideos (Th(IV)) e,

por fim, destacaremos as conclusdes obtidas com este trabalho.
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2.1 — Os métodos semi-empiricos

Percebemos claramente que os métodos semi-empiricos ocupam hoje um lugar bem
definido na predicdo de propriedades de sistemas atomicos e moleculares. Existem dois
fatores que limitam o uso de métodos ab initio para o tratamento completo de um dado
sistema. O primeiro deles ¢ o tamanho do sistema em questio e o segundo ¢ o tipo de
propriedade que queremos estudar, por exemplo: superficies de reacdo, propriedades
termodinamicas, deslocamento quimico, etc.

Na figura 2.1 apresentamos os casos onde métodos semi-empiricos podem e devem
ser utilizados. Estes casos sdo: quando queremos executar calculos de um determinado
sistema iniimeras vezes ou quando queremos estudar sistemas com um grande niimero de

atomos, como ¢ o caso do estudo de proteinas.

10 - g

(o]
1

61 Me¢étodos Semi-empiricos

Numero de moléculas (x 10")

—1p| M¢étodos ab initio

T T T T T T T T T 1
1 2 3 4 5

NUmero de atomos (x 10°)

Figura 2.1. Esquema representativo mostrando o campo de aplicacdo de métodos ab initio e
métodos semi-empiricos.

Por causa desta vasta area de aplicacdes, na ultima década, os métodos semi-
empiricos t€m sido amplamente utilizados por diversos grupos de pesquisa em todo o

mundo. Os métodos mais utilizados hoje sio AM1' até este momento com 9.703 citagdes e

o PM3%** com 7.269 citacdes.
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As metodologias semi-empiricas baseiam-se na resolu¢@o autoconsistente de formas
aproximadas das equacdes de Hartree-Fock-Roothaan. A utilizacdo de pardmetros obtidos a
partir de ajustes numéricos ou de dados experimentais ¢ o que torna possivel a resolugdo
das equagdes.

As primeiras metodologias semi-empiricas surgiram no inicio da década de 50.
Tratavam-se de métodos qualitativos e semi-quantitativos para orbitais moleculares ?. A
teoria PMO>'!, desenvolvida em 1952 por Dewar foi o método mais importante deles.
Nesta mesma época surgiu também a Teoria dos Orbitais de Fronteira desenvolvida por
Fukui'? que se fundamentava na descri¢io e calculos das densidades eletrnicas dos
orbitais moleculares ocupados de mais altas energias e desocupados de mais baixas
energias, dos compostos, para prever o curso das reacdes quimicas. Tempos depois foi a
vez de Hoffmann apresentar sua teoria baseada na conservagio da simetria dos orbitais'?
também com o objetivo de prever a reatividade dos compostos. O modelo PMO, os orbitais
de fronteira e a conservacdo da simetria dos orbitais formaram um conjunto que, na época,
constituiu-se em uma teoria completa para a quimica organica.

Ha 50 anos atras, os computadores estavam surgindo e era muito complicada a
execucdo de calculos quimico-quénticos extensos, mas apesar desta grande limitacdo a
teoria PMO foi um grande sucesso e pdde ser aplicada para um amplo grupo de sistemas. A
sua exatiddo era limitada. Contudo, apresentava resultados mais precisos do que outras
metodologias da época. Um exemplo ¢ o calculo do calor de atomizagdo para 20
hidrocarbonetos conjugados onde o erro médio encontrado em outros métodos era de 6.5
kcal.mol'! e para este método este erro caiu para 3.33 kcal.mol! '*. O sucesso da teoria
PMO convenceu Dewar de que a evolugdo dos computadores tornaria os métodos de
elétrons de valéncia mais praticos e eficientes.

Em 1965, Pople e colaboradores, desenvolveram uma serie de novos métodos que
utilizavam diferentes aproximagdes no seu formalismo. Seu método inicial, o CNDO'*'¢
(Complete Neglect of Differential Overlap), foi o primeiro método de orbitais de valéncia
com fungdo de onda eletronica antissimetrizada. O método CNDO utiliza a aproximacéo
ZDO que consiste em considerar como sendo nulo o produto de dois orbitais atdmicos
diferentes, simplificando consideravelmente as equagdes de Hartree-Fock-Roothaan. Trata-

se, sem davida, da aproximagdo que tem o maior impacto no custo computacional
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despendido num célculo semi-empirico, pois reduz a dependéncia com o numero de
fungdes de base de N° para N°.

A aproximacdo CNDO € certamente conhecida como a primeira de uma extensa
linha de aproximacdes que geraram importantes métodos semi-empiricos. Entretanto,
existem algumas limitagdes deste modelo. Uma séria deficiéncia desta primeira versdo do
CNDO, que ¢ conhecida como CNDO/1 '°'® ¢ que dois 4tomos neutros demonstram uma
significante (e incorreta) atracdo mesmo quando separados por muitos angstrons'’ . As
distancias de equilibrio para moléculas diatdmicas sdo também muito curtas e a energia de
dissociagdo muito extensa. Esses efeitos se devem ao fato de os orbitais de um atomo
poderem penetrar na camada de valéncia de um outro atomo, sofrendo assim uma atragdo
nuclear.

No ano seguinte, Pople e col. publicaram a segunda versio do CNDO, CNDO/2 '8,
Nesta, os efeitos de penetragdo, anteriormente mencionados, foram eliminados. Contudo,
tratava-se apenas do inicio da idealizacdo dos métodos semi-empiricos € assim o grupo de
Pople ainda propds outros métodos com diferentes niveis de aproximagdes como o INDO'
(Intermediate Neglect of Differential Overlap) e o NDDO?’ (Neglect of Diatomic
Differential Overlap).

Os métodos CNDO, INDO e NDDO foram de fundamental importancia para
mostrar como uma seqiiéncia de aproximagdes sistemdticas pdde ser utilizada para o
desenvolvimento de métodos de real aplicabilidade. Porém, estes métodos ndo produziram
resultados muito satisfatorios. Isto, em parte, se deve ao fato de que estes métodos foram
parametrizados tomando como base resultados obtidos a partir de calculos ab initio, que
ndo apresentavam muita concorddncia com os respectivos valores experimentais'’.
Também tratavam-se de métodos limitados a pequenas classes de moléculas que
freqlientemente necessitavam de ‘“‘chutes iniciais” que ja partisssm de uma boa geometria,
proxima a experimental, pois os algoritmos para otimizagdo de geometria nio eram, na
época, muito sofisticados' .

Dessa forma, a busca por métodos com alto poder de predicdo levou Dewar e
colaboradores a propor uma nova gera¢do de métodos que fosse capaz de calcular com
exatiddo quimica, propriedades de interesse, tais como: energia de ligagdo, momento de

dipolo e calor de formagdo, entre outras' .
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Em 1969, Dewar e colaboradores propuseram o método MINDO/1%!

. Neste método,
os parametros foram escolhidos de maneira a obter calores de formagdo de moléculas tio
mais proximos dos valores experimentais quanto possivel. Logo apoés, eles publicaram uma
segunda versdo, o MINDO/2?’ onde a parametrizagio incluia também as geometrias das
moléculas. E, num melhoramento adicional, resultou o MINDO/3%324,

Estes métodos ndo representaram apenas uma significante mudanga no formalismo,
mas eles diferem significantemente na forma de como foram parametrizados: foram
utilizados muito mais dados experimentais e também foi incorporado um novo cddigo para
a otimizagdo de geometrias, onde o programa foi habilitado a aceitar uma geometria inicial
ndo refinada como input.

No processo de parametrizagdo do MINDO/3, os expoentes dos orbitais atdmicos
de Slater e os parametros Uy € B%45 que foram fixados nos métodos originais do Pople
(CNDO, INDO e NDDQ), foram permitidos variar. Porém, uma diferenga chave foi que na
parametrizagdo do MINDO/3 foram utilizados dados experimentais tais como geometrias
moleculares e ? H°; que antes eram obtidos de célculos ab initio ou dados de espectroscopia.

Uma série de fatores, tais como a dificil extensio do MINDO/3 para elementos
metalicos, devido a dificuldade de se encontrar pardmetros diatdmicos para estes elementos
e a reprodutibilidade precaria de algumas propriedades moleculares, fizeram com que
Dewar e Thiel, em 1977, propusessem um novo método semiempirico: o MNDO?
(Modlified Neglect of Diatomic Overlap). Este, diferentemente do MINDO, baseava-se na
aproximacdo NDDO, que representa uma metodologia mais sofisticada. Uma das vantagens
do MNDO sobre 0 MINDO/3 ¢ que o MNDO utiliza apenas parametros monoatomicos.

Na sua primeira versdo, o uso de um conjunto de base formado por orbitais s,p
impediu que o MNDO fosse aplicado a maioria dos metais de transi¢do, que necessitam de
um conjunto de bases contendo orbitais do tipo d. Além disso, compostos hiper-valentes de
enxofre e fosforo ndo eram bem modelados. Na versio mais recente deste método,
MNDO/d *¢, orbitais do tipo d foram explicitamente incluidos para elementos pesados. Mas
ha uma outra séria limitacdo que ¢ a incapacidade para calcular sistemas que apresentam
ligagdes intermoleculares, como, por exemplo, ligagdes de hidrogénio. Isto € causado por
uma tendéncia em superestimar a repulsdo entre atomos quando eles estdo separados por

uma distancia aproximadamente igual 4 soma dos raios de Van der Waals'’.
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2.1.1- Os métodos AMI1, PM3 e PM5.

O modelo Austin Model 1 (AM1)’ foi o préximo método semi-empirico proposto
pelo grupo do Dewar. O AMI1 foi idealizado para eliminar o problema da tendéncia em
superestimar repulsdes entre atomos que o MNDO apresentava’. A estratégia adotada foi a
adicdo de fung¢des Gaussianas esféricas a fungdo de repulsio core-core do MNDO. Ambas
funcdes Gaussianas, atrativa e repulsiva, foram usadas: a atrativa foi designada para
superar a repulsdo direta e foram centradas na regido onde as repulsdes eram muito
grandes. J4 as Gaussianas repulsivas, foram centradas a pequenas distancias internucleares.

O PM3 (Parametric Model 3 )2'4, desenvolvido pelo Prof. James Stewart, também ¢
baseado no MNDO. O Hamiltoniano PM3 ¢ idéntico ao do AM1, mas os parametros do
modelo PM3 foram ajustados de forma a reproduzir dados experimentais usando um
procedimento de parametrizagdo automatico. Enquanto alguns pardmetros do AMI (as
integrais de dois-elétrons) foram derivados diretamente de dados experimentais, outros
foram obtidos a partir da aplicagio do conhecimento e intuigio quimica®’.

O método PMS5 (Parametric Model 5) ¢ um dos mais recentes desenvolvidos pelo
Prof. James Stewart. Nele, foi introduzido na energia de repulsdo core-core um parametro
diatomico®®. Estes pardmetros diatomicos foram aplicados apenas para os atomos dos
periodos I e II da tabela periddica. Outro ponto que o PMS5 difere do AMI1 e do PM3 ¢ o
fato de que foi introduzida apenas uma Gaussiana esférica na expressdo da energia de
repulsdo core-core. Isto foi feito com o intuito de reduzir o numero de pardmetros a serem
ajustados uma vez que ja haviam sido inseridos parametros diatdmicos. O PMS5 esta
disponivel no programa MOPAC2002% ¢ no programa Cache®® e existem pardmetros para
37 atomos da tabela periddica. A nova versdo do programa, MOPAC2005 trara como uma

das novidades o modelo PMS5 parametrizado para todos os gases nobres.

Tabela 2.1.Erros obtidos para moléculas contendo os 37 atomos parametrizados para os
métodos MNDO, AM1, PM3 e PM5.

Propriedades MNDO AM1 PM3 PMS5
AH® (keal mol™) 18,4 11,9 9,9 5,9
PI (eV) 0,92 0,72 0,75 0,56
u (Debye) 0,71 0,49 0,57 0,66
R (A) 0,066 0,053 0,065 0,051
0 (°) 6,3 55 57 54
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Na tabela 2.1 podemos observar os erros obtidos com os métodos MNDO, AMI,
PM3 e PM5 para moléculas contendo os 37 atomos parametrizados. Podemos verificar que
o PMS5 consegue prever as propriedades de diversas moléculas com uma exatiddo superior
a obtida quando utilizamos os outros métodos mencionados nesta analise. Outro ponto que
deve ser destacado € o erro obtido para calor de formacdo: notamos que o erro obtido com
o PMS5 ¢ 68%, 50% e 40% menor que os erros obtidos com os métodos MNDO, AM1 e

PM3, respectivamente.

2.1.2- O método RM1

Com o objetivo principal de desenvolver um novo método de calculo de orbitais
moleculares semi-empirico que apresente grande eficiéncia na predicdo de propriedades de
sistemas de interesse bioldgico, nosso grupo iniciou em 1999 o projeto RMI
(Recife Model I). Trata-se de um novo método que apesar de possuir a mesma formulago
matematica do AM1 foi parametrizado de uma forma muito mais robusta € minuciosa.

Do ponto de vista biolégico podemos perceber que a grande parte das moléculas
necessarias para a concepg¢do de sistemas vivos sdo formadas pelos atomos: H, C, N, P, O e
S. Por isso, na fase inicial de concepcdo do modelo RM1 o conjunto de parametrizacdo
contou com 680 moléculas representativas da quimica organica contendo os seis atomos
citados. As propriedades usadas na parametrizacdo foram as mesmas utilizadas na concepg¢ao
do modelo AM1 que sd3o: entalpias de formagdo, momentos dipolares, potenciais de
ioniza¢do, comprimentos de ligacdo e angulos de ligagdo (varidveis geométricas). Contudo,
ao contrario do AM1, a otimizac@o dos 119 parametros no RM1 foi feita simultaneamente.

Com o intuito de buscar de forma mais eficiente o melhor conjunto de parametros
para esta hiper-superficie de 119 dimensdes, tilizamos no processo de parametrizagdo uma
combina¢do das técnicas Newton-Raphson e simplex. Trés fatores possibilitaram isso: (i) a
grande experiéncia na concep¢do, implementacdo e parametrizacdo de métodos semi —
empiricos adquirida pelo nosso grupo ao logo dos ultimos 10 anos (ii) o fato de possuirmos
um arsenal de programas e dados que sdo necessarios na parametrizagdo destes métodos e
(iii) a colaboragdo cientifica com o Prof. James. Stewart, autor do programa MOPAC2002%°

e dos métodos AM1', PM3%** ¢ PM5%°.
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Os resultados obtidos até o momento comprovam que a concep¢do deste novo
modelo j& pode ser considerada um grande avango na busca de métodos mais poderosos.
Analisando a figura 2.2 podemos perceber que o RMI1 ji ocupa um lugar de destaque na
evolugdo dos métodos semi-empiricos, mesmo ndo estando ainda concluido. Notamos que
para a previsdo de AH® , utilizando um conjunto teste de 1183 moléculas, o RM1 mostrou-

se 41%, 21% e 7% mais exatos que os métodos AM1, PM3 e PMS5 respectivamente.
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Figura 2.2. Comparacdo entre as propriedades entalpia de formag¢do e momento dipolar,
preditas pelo RM1 e pelos seus antecessores AM1, PM3, PMS5.

Para a andlise de exatiddo das propriedades momento dipolar e potencial de
ionizagdo foi utilizado um conjunto teste formado por aproximadamente 150 estruturas.
Novamente podemos perceber que o RMI1 estd a um passo a frente de todos os outros

métodos. Quando analisamos momento dipolar apenas o AM1 pode ser comparado a ele.
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Figura 2.3. Compara¢do entre as propriedades potencial de ionizacdo e varidveis
geométricas preditas pelo RM1 e pelos seus antecessores AM1, PM3 e PMS5.
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Na figura 2.3 podemos observar que se a propriedade em questdo for potencial de
ionizagdo, apenas o PMS5 possui um poder preditivo comparavel ao RMI1. As variaveis
geométricas comprimento de ligacdo e angulo de ligacdo foram analisadas utilizando
conjuntos teste compostos por 662 comprimentos de ligacdo e 749 angulos e diedros.
Nestes casos 0 RM1 também se mostrou mais preciso.

Outro fato importante ¢ o problema que o PM3 possui em descrever a carga liquida
nos atomos de nitrogénio, como se sabe, as cargas PM3 do atomo de nitrogénio em aminas
sdo perto de zero, contudo, as mesmas cargas em compostos nitro sdo muito positivas. Este
problema ndo existe no nosso RM1.

Atualmente, a segunda fase da concepcdo deste modelo estd sendo concluida. Nesta
fase estamos estendendo a parametrizagdo para um conjunto contendo os oito atomos de

maior importancia para a bioquimica e farmacia: H, C, N, P, O, S, F, CL

2.2 — O projeto Sparkle.

O modelo sparkle é fruto de uma poderosa interagdo entre quimicos experimentais e
tedricos no Departamento de Quimica Fundamental da UFPE. Durante discussdes informais
envolvendo os professores Gilberto Fernandes de S4, Alfredo Mayall Simas e o aluno de
pos-graduagdo Nivan B.C. Junior, surgiu a idéia de tratar ions lantanideos como ‘$parkies”.
Em outras palavras, foi imaginado que estes ions pudessem ser representados,
satisfatoriamente, por um potencial eletrostatico correspondente a uma carga pontual
indicada pelo seu estado de oxidagdo sobre um potencial exponencial repulsivo, ambos
centrados na posi¢do do micleo do ion lantanideo. Isto s6 é possivel porque o overlap entre
os orbitais 4f do ion Ln(Ill) e os orbitais dos atomos dos ligantes ¢ muito pequeno,

conferindo a ligagdo quimica um grande comportamento eletrostatico.

2.2.1- A primeira versao do modelo Sparkle (SMLC)

Inicialmente, apenas o ion Eu(Ill) foi utilizado na concepgdo deste modelo. Na
primeira parametrizacio’’, utilizamos o programa MOPAC 6.0 como ambiente de trabalho

e nele incluimos a carga de +3e para representar o ion lantanideo Eu(Ill). A variavel que
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representa o calor de formagfio foi modificada para 1005,3 Kcal.mol''. Este valor foi obtido
a partir da soma do calor de atomizacdo do atomo de eurdpio mais os seus trés primeiros
potenciais de ionizagio®'. Procedemos entio com o ajuste dos pardmetros GSS (associado a
integral de 2-elétrons envolvendo orbitais s) e o (dureza do sparkle) para o método AM1.

Esta primeira parametrizacdo contou com um conjunto de treinamento composto
por apenas um complexo, o [Eu(acac); o-fen] - uma estrutura com 65 atomos com numero
de coordenagdo igual a oito. A geometria cristalografica deste complexo foi submetida a
otimizagdo utilizando o modelo sparkle e aplicamos os métodos: simplex basico, simplex
modificado e simplex supermodificado para minimizar a fungdo resposta que inicialmente

foi definida como:

N
Frop =D (R -R™)’ (2.1)
i=1

onde 24 das 36 distancias interatdmicas que definem o poliedro de coordenacdo foram
consideradas, uma vez que o restante da estrutura, a parte organica, ja era satisfatoriamente
reproduzida pelo modelo AMI.

Os valores: 2,0 para o parametro o e 54,42 para o parametro GSS, junto com a
variavel que representa a carga para o elemento sparkle igual a +3 e a variavel que
representa o calor de formagdo igual a +1005.3 kcalmol', definem a primeira

parametrizacdo do modelo Sparkle (SMLC).

2.2.2 - A segunda versdo do modelo Sparkle (SMLC I1)

Apesar de so ter sido publicada recentemente®?, a segunda versdo do modelo sparkle
foi, na realidade, concluida em 1998. Esta trouxe as seguintes modificacdes que foram de
extrema importancia para uma evolucio consideravel do método:

(1) Inclusdo da massa atomica do eurdpio. Este fato possibilitou que o modelo
procedesse com o célculo correto dos momentos de inércia e o calculo das
constantes de forca para os complexos de eurdpio (III). Isto tornou possivel
proceder com calculos de diversas propriedades como, por exemplo,
propriedades espectroscdpicas na regido do infravermelho e suas intensidades de

absorcio e freqiiéncias.
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(ii)

(111)

(iv)
V)

Adicdo de fungdes Gaussianas esféricas na expressdo que calcula a energia de
repulsdo core-core. Este ponto foi fundamental para a descrigdo das distancias
do tipo Eu(Ill)-L (distancias do ion Eu(Ill) aos atomos (L) diretamente ligados a
ele). Também foi realizado um estudo elucidativo para analisar a quantidade de
fungdes Gaussianas que deveriam ser adicionadas (2 ou 3 fungdes Gaussianas).
Os resultados revelaram que a inclusdo de trés gaussianas na parametrizacdo do
modelo SMLC 1II para o método AMI ndo ¢ justificavel uma vez que ndo
apresenta melhorias significantes.

Nova parametrizagdo do modelo para o método AM1 com modificacdes na
funcdo resposta que passou a considerar todas as 36 distancias entre todos os
nove atomos do poliedro de coordenagdo do complexo [Eu(acac); o-fen]. Apesar
desta modificag¢do o modelo SMLC II ainda ndo era capaz de descrever bem
distancias entre dois atomos do poliedro de coordenagdo (L-L).

Implementagdo do modelo no pacote MOPAC93r2.

Parametrizagdo do modelo SMLC II também para os métodos MNDO e PM3.
Isto nos possibilitou confirmar que a metodologia semi-empirica utilizada ¢
fundamental na concep¢do de um modelo sparkle mais robusto. O método que
apresentou melhores resultados foi o AM1 com duas gaussianas. Foi possivel
verificar que o método PM3 ndo foi capaz de descrever bem as distancias de
ligagdo do tipo Eu(lll)-L, mesmo tendo sido adicionadas trés fungdes
Gaussianas. Os maiores erros foram encontrados na descricdo das distdncias
entre o ion eurdpio (III) e atomos de nitrogénio (Eu-N). Os resultados mais

inexatos foram obtidos com o modelo SMLC II parametrizado para MNDO.

De uma forma geral, os resultados para esta nova parametrizagdo indicaram que ao

contrario da versdo original’’, o SMLC II*? pode ser considerado um modelo quantitativo
sendo capaz de calcular a geometria do estado fundamental de complexos de eurdpio (III)
com ligantes do tipo [-dicetona ¢ tridentados com alta precisdo. Podemos afirmar que a
razdo para essa substancial evolucdo € a presenca de funcdes Gaussianas que sdo essenciais

na descricdo das ligagdes envolvendo o ion lantanideo e os 4tomos do poliedro de
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2.2.3 - A terceira versdo do modelo Sparkle (SMLC I11)

A versdo III do modelo sparkle®® diferencia-se da segunda nos seguintes pontos: (i)
O conjunto de parametrizagdo para o ion Eu(Ill) foi triplicado. Ao invés de uma estrutura
foram utilizados trés complexos de eurdpio com ligantes do tipo [-dicetona com nimeros
de coordenagdo 7, 8 ¢ 9 e (ii) o modelo foi estendido para actinideos, ou seja, foi feita uma
parametrizacdo para o torio, Th(IV).

O modelo para o ion Eu(Ill) a principio (conjunto teste com 10 estruturas contendo
apenas ligantes do tipo P-dicetona) mostrou-se mais eficiente que a versdo anterior.
Contudo, quando realizamos uma nova andlise utilizando um conjunto teste mais completo,
com aproximadamente 100 estruturas, este modelo mostrou-se estatisticamente equivalente
ao SMLC IL.

Dessa forma, a grande novidade desta terceira versdo foi o desenvolvimento do
SMAC (Sparkle Model for Actinide Complexes), particularmente para o fon Th (IV) *>.

No caso dos actinideos, os orbitais f sdo mais externos fazendo com que estes
participem mais da ligagdo quimica. Em outras palavras, podemos dizer que os efeitos de
covaléncia sd30 maiores para estes ions. Por isso, no caso dos actinideos verificamos a
existéncia de complexos onde o ion possui altos estados de oxidagdo como, por exemplo,
UFs e notamos também a existéncia de bandas mais largas no espectro de absor¢do de
actinideos quando comparamos com espectros de complexos de lantanideos. Contudo,
analisando as estruturas de Th(IV) disponiveis no banco de dados de estruturas
cristalograficas “Cambridge Structural Database” (CSD)**7® notamos que existem, tanto
classes de complexos de torio onde o cardter covalente da ligagdo quimica ¢ menor(Th-O;
Th-N), quanto classes em que o carater covalente da ligacdo quimica ¢ maior (Th-S; Th-P;
Th-C; Th=0). Acreditamos que a existéncia de muitos compostos onde o cardter covalente
da ligagdo quimica ¢ menor, justifica a concepg¢do do SMAC.

No desenvolvimento do SMAC para Th(IV), a implementacdo do modelo se
procedeu de forma semelhante a realizada para o ion Eu(Ill): a varidvel que representa a
carga para o elemento sparkle foi atribuida a carga +4e °, a variavel que representa a massa
atomica para o elemento sparkle passou a ser igual a 232.04 (massa atdmica do torio) e foi

também introduzido na varidvel que representa o calor de formacdo o valor de
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1674,64kcal.mol’". Este valor foi obtido a partir do calor de atomizagio somado aos quatro
primeiros potenciais de ionizagdo para o atomo de tdério. O conjunto de parametrizagio
contou com duas estruturas: uma delas com nimero de coordenagdo 8, bis(etilenodiamaonio)
tetrakis(dimetilmalonato) aqua-Th(IV) e outra com nimero de coordenagdo igual a 9,
bis(etilenodiamonio) tetrakis(malonato) aqua-Th(IV).

O conjunto de parametros obtidos para esta primeira versio do SMAC — Th(IV) esta

apresentado na tabela 2.2.

Tabela 2.2.Parametros ajustados pa o modelo SMAC parametrizado para o ion Th(IV).

SMAC - Th(IV)

GSS 55.5533997779
ALP 2.1616053239
a; 0.4411098727
b; 7.1471674779
cy 1.7519078812
a; 0.0214177229
b, 7.8489816588
Cs 2.6498997377

Os resultados obtidos com esta primeira versio do modelo SMAC, para o ion
Th(IV), utilizando um conjunto teste composto por 40 estruturas obtidas no CSD**=°
mostraram que trata-se de um modelo capaz de predizer satisfatoriamente a geometria do
estado fundamental de complexos de tério(IV) contendo ligantes do tipo [-dicetonas. Dessa
forma, podemos verificar a viabilidade do modelo sparkle para actinideos uma vez que o
modelo conseguiu predizer bem o tipo de estrutura para o qual foi treinado.

No préximo capitulo apresentaremos as parametrizagdes do modelo SMLC/AMI1

para os ion Eu(Ill), GA(IIT) e Tb(III).
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O Novo Modelo Sparkle para
Lantanideos — SMLC/AMI

Capitulo 3



No desenvolvimento do modelo SMLC/AMI, a etapa que demandou maior esforco
computacional foi, sem duvida, o procedimento de parametrizacdo. Contudo, importantes
etapas antecedem este procedimento. De uma forma generalizada, a obtencdo dos
parametros para os ions lantanideos e actinideos tratados neste trabalho seguiram as

seguintes etapas:

1. Inicialmente, definimos uma melhor fungdo resposta para utilizarmos na busca
dos parametros desta nova versdo do modelo, a partir de testes com a parametrizagdo do ion

europio (III) esta fungdo veio a apresentar a seguinte forma:

N 2 N 2
Frp= 2 bR =R + 3 b (077 — 0 G.1)
i=1 i=l

2. O segundo passo foi escolher o conjunto de parametrizagdo mais representativo
para cada um dos lantanideos e para o ion Th(IV). No banco de dados de estruturas
cristalograficas  “Cambridge Structural Database” (CSD)'”, recentemente recebido pelo
nosso grupo, o numero de estruturas envolvendo ions lantanideos e actinideos € bastante
razodvel. Analisando os nossos recursos computacionais disponiveis para a execucdo deste
trabalho, resolvemos limitar os nossos conjuntos de parametrizagdo a 15 estruturas.

3. Em seguida, utilizamos programas de minimizacdo multidimensional ndo-linear
simplex, desenvolvidos ao longo das versdes anteriores do modelo sparkle, para encontrar
um conjunto de parametros que defina um modelo com alto poder preditivo.

4. A etapa de validacdo do modelo foi feita de duas formas: a primeira, calculando-se
o erro médio absoluto das estruturas disponiveis no CSD e comparando estes erros com os
obtidos utilizando o SMLC II* e a segunda, fazendo comparagdes de diferentes estruturas

através de calculos ab initio.
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3.1 - Pontos importantes no processo de desenvolvimento do SMLC/AM1.

3.1.1 — A funcdo resposta

Devido a grande complexidade existente no procedimento utilizado na concepgdo
do SMLC/AMI, sentimos a necessidade de detalhar melhor alguns pontos. O primeiro diz
respeito a escolha da fungdo resposta utilizada. Na versdo anterior’ esta variavel usada na
otimiza¢do dos parametros foi definida como sendo a soma dos quadrados das diferengas
entre as distancias calculadas e experimentais dos atomos do poliedro de coordenagdo de

complexos de Eu(IIl), dividida pela distancia experimental, (equacdo 3.2).

N [ REP— Rele
F, = Z T (3.2)
=1 i

Dessa forma, esta funcdo além de considerar as distancias Eu-L, também
considerava as distancias [-L que ndo possuiam uma dependéncia direta com os pardmetros
ajustados do ion Eu(Ill), onde L representa o atomo que esta ligado diretamente ao ion
central.

Nesta nova versdo, SMLC/AMI, a fun¢do resposta passou a ser a soma de duas
parcelas: (1) uma que considera apenas as distdncias Eu(Ill)-L e (2) outra que leva em
consideracdo os angulos do tipo [-Eu(Ill)-L, onde o ion Eu(Ill) se encontra no vértice. Esta
mudanca foi necessdria, pois percebemos que com a fung¢@o resposta usada nas versdes
anteriores do modelo SMLC, apenas as distdncias Eu(Ill)-L eram ajustadas mais
perfeitamente enquanto que as outras distancias do poliedro de coordenagdo, I-L, ndo eram
bem reproduzidas. Isto provavelmente deve-se ao fato de que as distdncias do tipo L-L

dependem muito pouco dos parametros do ion Eu(Ill) que estavam sendo otimizados.

Figura 3.1. Representacdo esquematica da nova fun¢@o resposta usada na parametrizacio
do modelo SMLC/AMI.
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Dessa forma, podemos observar na figura 3.1 que se considerarmos as distancias g
e 1, ¢ mais ainda o angulo ¢ estaremos otimizando indiretamente a distancia r que, como ja
foi dito, ndo possui uma dependéncia direta com os pardmetros do ion Eu(Ill). Passamos
entdo a definir a nossa fungdo Resposta como mostrado na equacgdo 3.1. Podemos observar
também a presenga dos pesos w; e w;. Estes pesos foram utilizados para compensar o fato
de que a parcela da fungdo referente a distancia Eu(Ill)-L e a parcela referente aos angulos
L-Eu(Ill)-L encontram-se em unidades diferentes. Os valores para os pesos foram

escolhidos com base no artigo original do MNDO>® | w; = 100.00 e w; = 0.6667.

3.1.2 — O conjunto de parametrizacdo

Outro ponto importante a ser discutido ¢ a forma utilizada na escolha das estruturas
que fizeram parte do conjunto de parametrizagdo. Para a escolha das estruturas de eurdpio,
calculamos inicialmente as 96 estruturas disponiveis utilizando os parametros do SMLC 11
e procedemos a uma andlise de agrupamentos utilizando um método hierdrquico de
agrupamento conhecido como AGNES (4gglomerative Nesting)’.

Como critério de agrupamento, utilizamos o método ‘Ward's minimum variance” ou
método da soma de quadrados dos erros. A métrica de dissimilaridade utilizada foi a

distancia Fuclidiana:

.. 33
d(l,]):\/‘ X~ X1 ‘2 +|xi2_xj2 |2 +"'+|xip_xjp |2 G-3)

As variaveis escolhidas foram: Fung@o resposta, n°® de ligantes [-dicetonas, n° de
ligantes nitrato, n° de ligantes monodentados, n° de ligantes bidentados, n° de ligantes
tridentados, n° de ligantes do tipo macromolécula e n° de ions Eu(Ill) presentes no
complexo. Foram atribuidos também pesos as variaveis do tipo ligante, estes pesos foram

escolhidos de acordo com o ntimero de 4tomos ligados diretamente ao fon Eu(IIT)’.
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Figura 3.2. Andlise de agrupamentos hierarquicos para as 96 estruturas coletadas no
Cambridge Structural Database (CSD) usando o modelo SMLC II.

Utilizando o dendrograma mostrado na figura 3.2, escolhemos dois representantes de
cada grupo, buscando sempre as estruturas com menor tempo de CPU e completamos o
conjunto de 15 estruturas do nosso conjunto de parametrizagdo para o SMLC/AMI1 com
uma estrutura dos grupos dos di-eurdpios, pois € o grupo com maior numero de
componentes.

No caso dos outros ions lantanideos parametrizados, inicialmente, as estruturas foram
escolhidas de acordo com sua semelhanga com as utilizadas no conjunto de parametrizagdo
do ion Eu(Illl), as quais eram submetidas a parametrizagdo até obtermos pardmetros
preliminares. Estes eram utilizados para calcular todas as estruturas disponiveis e, em
seguida, fazia-se uma andlise de agrupamentos, obtendo assim um dendrograma para cada
lantanideo. A partir dai, era feita uma nova selecdo de estruturas para compor o0s

respectivos conjuntos de parametrizagao.
3.1.3 — A escolha dos valores iniciais dos pardmetros

O terceiro e ultimo ponto se refere a escolha @ chute inicial dos parametros para a
parametrizacdo de cada um dos ions lantanideos e actinideos estudados.

Na funcdo de repulsdo core-core dos sparkles de lantanideos e actinideos (equagdes

3.4 e 3.5) encontramos oito parametros que devem ser ajustados. Sao eles:
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Tabela 3.1.Descri¢do dos pardmetros ajustados no desenvolvimento do modelo sparkle.

Parametros Descricao
GSS Parametro associado a integral de 2-elétrons envolvendo orbitais s
ALP Parametro associado a dureza do sparkle

Parametros referentes a intensidade das fun¢des Gaussianas da

aredaz expressio da energia de repulsdo core-core
Parametros referentes a largura das fungoes Gaussianas da expressao
breb; da energia de repulsio core-core
o ec Parametros referentes a posicao das fungdes Gaussianas da
1 2

expressdo da energia de repulsdo core-core

Na equagdo 3.4 temos a expressdo para calcular a energia de repulsdo core-core no

método MNDO.
E(AB)=Z,Z,(s 5, | 5,5, 1+ e "0 40" ) (3.4)

onde (s454|sas8) = GSS e T = Rag, a ndo ser para os casos O-H e N-H, quando t = 1.

Os métodos AM1 e PM3 adicionam a equagdo 3.4 um somatoério de fungdes
Gaussianas centradas em cada um dos dois atomos envolvidos e a sua expressdo final é
mostrada na equacdo 3.5. Cada funcdo Gaussiana € definida por trés pardmetros ajustaveis,

representando a intensidade, a largura e a posi¢do desta.

Z Z — —C 2 — Y ¥
EN (A’B):E]/\\]/INDO (A, B)+ le B (2 akAe by, (RAB kA) Zalge by (RAB [B) ] (35)
AB k /

Na parametrizagdo do modelo sparkle utilizamos um somatério de duas fungdes
Gaussianas o que resulta em seis parametros a mais em comparacdo com a primeira versao
do modelo proposta em 1994, totalizando oito pardmetros ajustaveis.

Neste trabalho, a escolha dos valores iniciais para os oito parametros foi feita
utilizando o critério do vizinho mais proximo, ou seja, o “chute inicial” dos pardmetros do
ion Gd(IIT) foi dado utilizando os parametros desta nova versdo obtidos para o ion Eu(III).
Seguindo a ordem, utilizamos os pardmetros finais obtidos para o ion Gd(Ill) como “chute

inicial” no processo de parametrizacdo do ion Tb(III).
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3.2 - Modelo SMLC/AMI para o ion Eu(III).

3.2.1- Processo de parametrizacdo:

A escolha das estruturas para compor o conjunto de parametrizagdio do modelo
SMLC/AM1 para o ion Eu(Illl) foi baseada no dendrograma mostrado na figura 3.2.
Podemos notar a formagdo de sete grupos de complexos: grupo 1, com ligantes do tipo [B-
dicetona (13 estruturas), grupo 2 com ligantes do tipo nitrato (17 estruturas), grupo 3 com
ligantes monodentados (5 estruturas), grupo 4 formado por complexos com ligantes do tipo
bidentado (7 estruturas), grupo 5 com ligantes do tipo tridentado (13 estruturas), grupo 6
formado por complexos contendo ligantes macrociclicos (17 estruturas) e um sétimo grupo
formado por complexos contendo mais de um fon eurdpio (II), di-eurdpios (24 estruturas)’.

Analisando mais detalhadamente, podemos notar subgrupos bem definidos no grupo
dos macrociclicos - estes subgrupos sdo caracterizados pela presenca ou ndo de ligantes
monodentados no complexo.

Com base na andlise de agrupamentos realizada, escolhemos 15 estruturas para

compor 0 nosso conjunto de treinamento utilizando os seguintes critérios:

1. Cada um dos sete grupos indicados na figura 3.2 contribuiu com duas
estruturas para o conjunto de treinamento inicial, sendo que o critério utilizado
para a escolha dessas estruturas foi o tempo de célculo de cada uma delas.

2. Selecionamos mais uma estrutura do grupo 7, grupo dos di-eurdpios, pois este
apresentava a maior diversidade de estruturas dos grupos em questdo. Além

disso, a versdo anterior ndo tinha sido parametrizada para este tipo de estrutura.

Numa segunda etapa deste processo de parametrizagdo, tomando como base
resultados extraidos durante o processo de otimizacdo e utilizando nossa intuicdo quimica,
resolvemos retirar do conjunto de treinamento as duas estruturas que representavam o0s
grupos dos ligantes mono e bidentados. A razdo para isso ¢ o fato de que as outras
estruturas do conjunto de treinamento, provenientes de outros grupos, ja apresentavam

ligantes mono e bidentados. Adicionamos ao nosso conjunto de treinamento, mais
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representantes dos grupos: 1 (B-dicetonas), 5 (tridentados) e grupo 6 (macrociclicos).
Fizemos isso para garantir que a diversidade presente nos grupos 5 e 6 fosse bem
representada. J4 o aumento de representantes do grupo 1, foi necessario para garantir que
esta nova versao continuasse predizendo bem complexos com p-dicetonas.

Desta forma, o conjunto de treinamento final foi composto por trés representantes
do grupo das B-dicetonas, dois do grupo dos nitratos, quatro do grupo dos tridentados, trés
do grupo dos macrociclicos e mais trés di-eurdpios, totalizando quinze estruturas no
conjunto de treinamento (ver figura 3.3).

Neste trabalho, todas as estruturas utilizadas nas parametriza¢cdes do modelo sparkle
estdo identificadas por seus respectivos codigos do Cambridge Structural Database'” (ver

figura 3.3).
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Figura 3.3. Representacdo das estruturas de eurdpio utilizadas no conjunto de treinamento.

As estruturas estdo identificadas por seus respectivos codigos do Cambridge
Structural Database'”

51



3.2.2- Resultados:

O conjunto de pardmetros que define esta nova versdo do modelo sparkle para o ion

eurdpio(IlI) esta apresentado na tabela 3.2.

Tabela 3.2.Parametros ajustados para o modelo SMLC/AMI parametrizado para o ion
Eu(IIl).

Valores dos parametros

SMLC/AM1
GSS 55.605912
ALP 2.124719
aj 0.569512
b; 7468021
cy 1.731973
as 0.328662
b, 7.800978
c2 2.964129

Na comparagdo desta nova versio do modelo com a versdo anterior utilizamos um
conjunto teste composto por 72 estruturas contendo um ion europio(Ill) e 24 estruturas
contendo dois ions eurdpio (III) (di-eurdpios). As mesmas foram obtidas no banco de dados
Cambridge Structural Database 2003'>. O erro médio absoluto foi calculado como sendo o
valor médio absoluto da soma das diferengas entre todas as distdncias experimentais ®;”)
e calculadas (R“’‘), expressas em angstrons, como mostrado na equagio 3.6.

1 &
Erro= Wz;| R - R | (3.6)
onde N ¢ o numero total de distancias envolvendo o ion eur6pio(Ill) e os atomos ligantes.

Na tabela 3.3, podem ser observados o numero de coordenacdo e os valores para o
erro médio absoluto, para cada uma das 96 estruturas que compdem o nosso conjunto de
teste. Para que pudéssemos fazer uma andlise mais clara desses dados, utilizamos os grupos
descritos na figura 3.2 para construir graficos contendo os erros médios absolutos e assim

podermos comparar o poder preditivo de cada uma das versdes.
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Tabela 3.3.Erro médio absoluto calculado considerando todas as distancias entre os atomos
que compdem o poliedro de coordenagdo, para todas as 96 estruturas do
conjunto teste'®>. As estruturas estdo identificadas por seus respectivos codigos
do Cambridge Structural Database'.

Erro Médio Absoluto (A) Erro Médio Absoluto (A)
Estrutura | NC SMLCTI* |[SMLC/AMI Estrutura NC [smLc1* | SMLC/AMI
ACPNEU™ 8 0,1507 0,1714 MUHROW?> 9 0,5903 0,1414
BAFZEO! 9 0,4878 0,1317 MUHRUC? 9 0,3247 0,2396
BAPXAR" 9 0,9073 0,0933 NIGWUV? 9 0,7653 0,1563
BEKWUJ® 11 0,7474 0,2341 NOHLOL> 9 0.0541 0.0493
BUVXARI1™ 9 0,2622 0,2419 NOHLUR® 9 0,2199 0,1448
CEXKULP 9 0,1814 0,2213 NUXHIX® 7 0,2447 0,2248
CEXKULO1™® 9 0,1397 0,1038 PHASEU® 10 1,2294 0,1986
CEYRON"’ 10 0,4942 0,2249 PUHYEWO01>® 10 0,3653 0,2449
CIRKET™ 8 0,1843 0,2673 PIEUACO1% 8 0,0842 0,1444
COZLEI10" 8 0,2700 0,2118 PITCUQ™ 8 0,4332 0,1740
DIWNOMZ 10 0,3082 0,3412 QAKWUU¥ 8 0,1252 0,1447
DOFXIF”! 9 0,9078 0,0991 QALFEO® 9 0,8453 0,2756
DOPCEQZ 9 0,3275 0,2241 QALFOY® 8 0,3977 0,2082
DUCNAQZ 9 0,4063 0,2097 QECGOU™ 6 0,3733 0,2114
ECABOZ* 10 0,8096 0,2045 QHDOEU® 7 0,0933 0,1524
EGOBEHZ 9 0,1120 0,1243 QIGJAR®™® 9 0,0874 0,2150
FETGUG™ 8 0,4417 0,2479 QIMREJY 10 0,7830 0,2021
FOCQOD? 9 0,3479 0,1893 QIQHAZ® 9 0,4639 0,3500
FOCQUJ” 9 0,1877 0,1288 QUBWUE® 10 0,6114 0,2048
FOCREU?’ 9 0,3896 0,3040 SOPFUY™ 9 0,1119 0,1016
FUXPOD® 9 0,3612 0,2548 SUXXIS"! 12 1,3148 0,3129
FUZZOP? 8 0,2332 0,2123 TMHPEU10 7 8 0,0931 0,1273
GACJOJ? 10 0,8638 0,1881 TOKMUB” 8 0,2437 0,1418
GAPRUK™T 8 0,0845 0,0874 TUQTOO™ 9 0,3662 0,2743
GEBYAN™? 9 0,7237 0,1750 VUSGOF” 9 0,4497 0,3072
GINPIC® 9 0,1666 0,1975 WAVNUC™ 9 0,5936 0,0944
HANBIH>? 9 0,2186 0,2038 WELBUK 11 1,0702 0,2739
HAZGAQ® 8 0,1841 0,0770 WOMCIK"® 9 0,2672 0,1334
JAXXOV™® 8 0,0991 0,1348 XECLEW” 9 0,3845 0,2260
JUCZIQ® 9 0,3017 0,2183 XECLIA” 8 0,4182 0,2086
JUDBOZ" 9 1,5463 0,2650 XICHIA® 8 0,1188 0,0982
JUGBUI™® 10 0,8143 0,1754 XICHOGY 8 0,0944 0,0847
KAFDOK™ 9 0,1725 0,1659 XICHUM® 8 0,0868 0,0770
KAKPAN™ 8 0,4770 0,3452 XIHQIOY 9 0,9283 0,1710
KELNOE" 8 0,5966 0,1969 XILGIT™ 9 0,1149 0,1234
KIFKOZ02% 9 0,2436 0,1152 XIWTAY™ 9 0,4095 0,1994
KIHSEZ™® 10 0,1123 0,1636 XIWTUS™ 8 0,0737 0,1197
LAPJAN* 10 0,1397 0,1678 YEZFAK® 8 0,1675 0,1864
LEJTAV® 8 0,3374 0,2344 YICSEI®® 8 0,2515 0,1221
LELRUP™ 8 0,1487 0,1338 YODYIZ? 8 0,2416 0,1486
LOWBEE? 10 0,4132 0,1505 YOIDIK®® 8 0.0970 0.1305
LUHFUP™® 9 0,5047 0,1529 YUXREOY 9 0,4281 0,2446
LUHGAW® 9 0,3175 0,1423 ZAMHOK™ 9 0,3086 0,2911
MASKAS” 8 0,1008 0,1940 ZACXAC™ 9 0,1276 0,1323
MEBDUS” 9 0,3002 0,1951 ZESSUL” 8 0,1822 0,1585
MIHNOG"! 8 0,1608 0,1322 ZEXJUH” 8 0,2599 0,1613
MIHPOT>! 9 0,1352 0,1570 ZIDCUK™ 8 0,2140 0,1840
MOYJUF>? 9 0,3125 0,1402 ZUCCI” 8 0,1143 0,1327

53




Na figura 3.4, podemos notar claramente que esta nova versdo consegue predizer a
geometria do estado fundamental dos mais variados tipos de complexos de eurdpio (III)
com exatiddo semelhante & que o modelo anterior (SMLC II) apresentava para calcular
estruturas com [-dicetonas, para as quais este havia sido parametrizado. Sendo assim,
podemos afirmar que houve uma generalizagdo do modelo.

Alguns problemas encontrados na versdo II foram resolvidos nesta nova versdo.
Podemos citar, como exemplo, o caso das estruturas que compdem o grupo 2, ou seja,
estruturas contendo grupos nitratos. No SMLC 1II os nitratos coordenavam-se ao eurdpio de
forma monodentada e isto causava um elevado erro na geometria predita. Por esse motivo,
a medida que aumenta o nimero de grupos nitratos no complexo, aumenta também o erro
médio absoluto gerando a grande dispersdo observada nas estruturas do grupo 2 (figura
3.4a). Nesta nova versdo, SMLC/AMI, o nitrato passou a se coordenar de maneira correta:
como um ligante bidentado. Por isso, podemos -erificar na figura 3.4b que as estruturas no
grupo 2 quase ndo apresentam dispersdes. Além disso, notamos também que os erros

médios absolutos para estas estruturas sao baixos.
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Figura 3.4. Erro médio absoluto calculado como sendo o valor médio absoluto da soma
das diferengas entre todas as distAncias experimentais (R“”) e calculadas
(R“') considerando todas as distdncias entre os atomos que compdem o
poliedro de coordenag@o, para todas as 96 estruturas do conjunto teste.
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Outro exemplo é o das estruturas macrociclicas (grupo 6). Neste caso o
espalhamento ocorre porque a presenga no complexo de ligantes monodentados ou
bidentados, além do macrociclico, gera um aumento no erro médio absoluto. Se o ligante
bidentado for um nitrato, entdo o erro ¢ maior ainda. No SMLC/AMI, este problema
também foi solucionado e podemos observar na figura 3.4b que as estruturas presentes no

grupo 6 apresentam um erro médio absoluto menor do que 0.3 A
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Figura 3.5. Erro médio absoluto calculado como sendo o valor nédio absoluto da soma
das diferencas entre todas as distAncias experimentais (R;“”) e calculadas
(R“) considerando todas as distancias Bu-L (L= atomo ligante), para todas as
96 estruturas do conjunto teste.

Na figura 3.5, temos o valor do erro médio absoluto encontrado para todas as
distincias Eu-L. (L= datomo ligante). Neste caso também notamos uma consideravel
evolugdo do modelo - inclusive se compararmos a figura 3.4b com a figura 3.5b, podemos
notar que os erros médios absolutos para as distdncias Eu-L sdo aproximadamente 50%
menores do que os erros para as distancias do poliedro de coordenacao.

Outra inovagdo desta nova versio, SMLC/AMI, é a parametrizagdo da distdncia
entre dois ions eurdpio (III) quando estes se encontram frente-a-frente em uma estrutura.
Podemos observar a representacdo de algumas dessas estruturas calculadas na figura 3.6.
Os valores para o erro médio absoluto dessas estruturas podem ser encontrados nas figuras
3.4 e 3.5 (grupo 7). No entanto, ¢ interessante analisarmos isoladamente os di-eurdpios do

conjunto teste.
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Figura 3.6. Representacdo das estruturas de alguns di-eurdpios utilizados no conjunto
teste. As estruturas estdo identificadas por seus respectivos codigos do
Cambridge Structural Database'”

Na figura 3.7 podemos comparar facilmente a capacidade de predi¢do das duas
versoes, SMLC Il e SMLC/AMI, para esse tipo de estrutura. Podemos verificar que o
SMLC/AM1 ¢ muito mais poderoso do que o SMLC II para o calculo de di-eurdpios. Se
observarmos os valores para os erros médios absolutos, veremos que estes se encontram na
faixa dos erros médios absolutos observados para estruturas contendo apenas um ion

eurdpio, ou seja, menores do que aproximadamente 0.3 A.
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Estruturas Calculadas

Figura 3.7. Erro médio absoluto calculado como sendo o valor médio absoluto da soma
das diferencas entre todas as distAncias experimentais (R;“”) e calculadas
(R“') considerando todas as distdncias entre os 4tomos que compdem o
poliedro de coordenagdo, para as 24 estruturas de di-eurdpios do conjunto
teste. As estruturas estdo identificadas por seus respectivos codigos do
Cambridge Structural Database'.

Para que fosse possivel ter uma medida mais precisa do real poder preditivo do
modelo SMLC/AMI resolvemos realizar o calculo ab initio de algumas das estruturas do
conjunto teste ( ver figura 3.8). Para isso, utilizamos o potencial efetivo de caroco (ECP)
desenvolvido por Dolg e col.’®, onde considera-se 46 + 4" elétrons no caroco e 11 elétrons
sdo tratados explicitamente. Para representar o restante dos atomos da estrutura, pensamos
em utilizar fungdes de base do tipo STO-3G, 3-21G, 6-31G e 6-31G*.

Para analisar a possibilidade de utilizar as bases propostas, resolvemos testar tempo
computacional gasto nos célculos. Na figura 3.8 temos a representacdo das sete estruturas
que participaram da andlise SMLC/AM1 x ab initio. Entretanto, na analise preliminar de

tempo de CPU foram utilizadas apenas as estruturas BAFZEO e XICHUM.
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Figura 3.8. Representacdo das estruturas dos complexos de eurdpio utilizados na
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comparagdo do modelo SMLC/AM1 com célculos ab initio utilizando o
potencial efetivo de caroco (ECP) para representar o ion lantanideo (III) e a
base STO-3G para o restante dos atomos. As estruturas estio identificadas por
seus respectivos codigos do Cambridge Structural Database'”.



A eficiéncia computacional foi medida das seguintes formas: (i) célculo single point
usando o modelo SMLC/AMI1 e usando ECPs com as bases STO-3G, 3-21G, 631G ¢ 6
31G* e (i) calculo de otimizacdo da geometria do estado fundamental usando o modelo
SMLC/AM1 e usando ECPs com as bases STO-3G, 3-21G.

Apesar de considerarmos que a primeira metodologia seria a mais indicada, pois
nela os diferentes tipos de algoritmos de otimizacdo de geometrias implementados nos
programas utilizados (MOPAC9312°7 no caso do SMLC/AMI e Gaussian 98 °® no caso dos
calculos ab initio) ndo iriam influenciar nosso resultado, realizamos também a medida
completa do tempo de otimizagdo apenas para uma das estruturas selecionadas para esta
andlise.

Observando a figura 3.9, onde consideramos o calculo single point das estruturas
BAFZEO e XICHUM, podemos verificar que o modelo SMLC/AMI ¢ muito mais eficiente
computacionalmente do que célculos utilizando ECPs. Para a estrutura XICHUM, o célculo
usando o modelo SMLC/AMI mostrou-se 355, 958, 1.249 e 3.436 vezes mais veloz do que
os calculos executados utilizando ECPs com as bases STO-3G, 321G, 631G e 631G*,

respectivamente.
B SMLC/AM1 - BAFZEO B SVLC/AM1  XICHUM
[ STO-3G B STO-3G
£3-21G 321G
B 6-31G B G-31G
I:|6-31G* I:|6-31G* 188.981 seg.
SMLC/AM1 SMLC/AM1
2 seg. 68.695 seg. 55 seg.
4.920 seg. 1.254 seg. 18.453 seg.
2.759 seg. 52.705 seg.

Figura 3.9. Grafico comparativo do tempo de CPU (segundos) gasto no calculo single
point utilizando o modelo SMLC/AMI e as metodologias RHF/STO-3G/ECP,
RHF/3-21G/ECP, RHF/6-31G/ECP e RHF/6-31G*/ECP dos complexos
BAFZEO e XICHUM realizados em um computador Atlhon MP 1800, 1 GB
de memdria DDR/266MHz. As estruturas utilizadas nesta andlise estdo
identificadas por seus respectivos codigos do Cambridge Structural
Database'?.
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No caso do complexo BAFZEO a diferenca ¢ ainda maior, o calculo SMLC/AM1
foi 627, 1.379, 2460 e¢ 7.178 vezes mais veloz do que os célculos executados utilizando
ECPs com as bases STO-3G, 3-21G, 6-31G e 6-31G*, respectivamente.

Na tabela 3.4, onde podemos encontrar o tempo de CPU gasto na otimizacdo da
geometria do estado fundamental do complexo NOHLOL, podemos confirmar a eficiéncia
computacional do modelo SMLC/AMI1. A otimizag3o, utilizando o modelo sparkle,
mostrou-se 40 vezes mais rapida do que a metodologia RHF/STO-3G/ECP e mais de 100
vezes mais veloz que a metodologia RHF/3-21G/ECP.

Isso talvez ja fosse esperado. Porém, a questdo €: comparativamente, os resultados
obtidos utilizando o modelo SMLC/AMI1 s3o mais ou menos exatos do que os obtidos

utilizando uma metodologia ab initio?

Tabela 3.4.Comparacdo entre o tempo de CPU gasto no célculo de otimizagdo da
geometria do estado fundamental do complexo NOHLOL, utilizando o modelo
SMLC/AMI e as metodologias RHF/STO-3G/ECP, RHF/3-21G/ECP realizados
em um computador Atlhon MP 1800, 1 GB de memoéria DDR/266MHz. A
estrutura utilizada nesta analise esta identificada por seu cédigo do Cambridge
Structural Database'>.

Descricéo Tempo de CPU Erro Médio Absoluto
(horas) A)
NOHLOL - SMLC/AM1 1.4 0.0493
NOHLOL - RHF/STO-3G 475 0.0727
NOHLOL — RHF/3-21G 151.0 0.0836

Para a determina¢do do erro médio absoluto para o conjunto das sete estruturas
escolhidas, realizamos calculos ab initio utilizando apenas a base STO-3G. O principal
fator que corroborou para isso foi o elevado tempo de CPU necessario para o célculo destas
estruturas, utilizando bases maiores, do tipo 631G ou 6-31G*. Num trabalho recentemente
submetido a publicagio pelo nosso grupo’®, observamos também que célculos da geometria
do estado fundamental de complexos de eurdpio utilizando a metodologia RHF/STO-
3G/ECP apresentavam erros médios absolutos menores do que os erros observados quando
utilizamos a metodologia RHF/3-21G/ECP.

Observando a figura 3.10 podemos analisar o poder preditivo dos métodos

SMLC/AM1 e RHF/STO-3G/ECP para um representante de cada grupo (grupos definidos

na figura 3.2). Analisando cuidadosamente, verificamos que quando consideramos todas as
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distancias presentes no poliedro de coordena¢do, o modelo SMLC/AMI reproduz muito
bem as geometrias do estado fundamental das estruturas BAFZEO, QAKWUU, NOHLOL,
XICHUM que representam os grupos nitratos, bidentados, tridentados e di-eurdpios,
respectivamente. E importante ressaltar também que as estruturas que representam o

restante dos grupos também sdo bem resolvidas pelo modelo SMLC/AMI.
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Estruturas Calculadas

Figura 3.10. Erro médio absoluto calculado como sendo o valor médio absoluto da soma
das diferengas entre todas as distincias experimentais (R;“”) e calculadas
(R“") considerando todas as distdncias entre os 4tomos que compdem o
poliedro de coordenagdo, para as 7 estruturas utilizadas na comparacdo do
modelo SMLC/AM1 com célculos ab initio utilizando a metodologia
RHF/STO-3G/ECP. As estruturas estdo identificadas por seus respectivos
codigos do Cambridge Structural Database'>.

Na figura 3.11 consideramos apenas as distancias do tipo Eu-L, onde L representa
os atomos diretamente ligados ao ion lantanideo. De uma forma geral esta distincia ainda ¢
mais bem reproduzida pelo modelo SMLC/AMI1 do que as distancias do tipo I-L, pois os
parametros estdo sendo ajustados apenas para o ion Eu(Ill). Neste caso, apenas as estruturas
representantes dos grupos dos nitratos (BAFZEO) e macrociclicos (HAZGAQ) ¢ que sdo
mais bem reproduzidas pela metodologia RHF/STO-3G/ECP.
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Diante destas andlises, verificamos dois pontos de grande importancia: (i)
complexos contendo igantes macrociclicos apesar de parecer que ndo sdo satisfatoriamente
resolvidos pelo SMLC/AMI1 apresentam, geralmente, baixos valores para o erro médio
absoluto obtido na andlise dos comprimentos de ligagdo (ver tabela 3.3). (i) O segundo
ponto ¢ que as analises realizadas sugerem que as distancias do tipo Eu(II)-Eu(Ill) podem
também ndo ser bem descritas pela metodologia RHF/STO-3G/ECP, uma vez que, para a

estrutura XICHUMSO, o erro absoluto para essa distincia foi de 1,2086A.
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Figura 3.11. Erro médio absoluto calculado como sendo o valor médio absoluto da soma
das diferencas entre todas as distAncias experimentais (R;“”) e calculadas
(R“'), considerando todas as distancias Fu-L, onde L sio os &tomos
diretamente ligados ao ion FEu(lll), para as 7 estruturas utilizadas na
comparagdo do modelo SMLC/AMI1 com célculos ab initio utilizando a
metodologia RHF/STO-3G/ECP. As estruturas estdo identificadas por seus
respectivos codigos do Cambridge Structural Database'.

Com base nos resultados apresentados para o ion Eu(Ill) podemos sugerir a grande
utilidade do modelo SMLC/AMI1, uma vez que este possui uma exatiddo comparavel com
resultados obtidos a partir de metodologias ab initio (RHF/STO-3G) e apresenta um custo

computacional muito inferior.
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3.3 - Modelo SML.C/AM1 para o ion Gd(III).
3.3.1- Processo de parametrizacdo:

Para o ion Gd(II), existem no CSD'” 70 estruturas que podem ser usadas no
desenvolvimento do nosso modelo. Destas, doze sdo estruturas de di-gadolinios. Na escolha
do conjunto de parametrizagdo utilizamos o procedimento ja descrito no item 2.1, ou seja,
escolhemos as 15 estruturas mais semelhantes as estruturas utilizadas na parametrizagdo do
ion Eu(Ill). Em seguida, submetemos a parametrizacdo gerando um ponto preliminar que
foi utilizado no calculo das 70 estruturas para que fosse realizada uma analise de
agrupamento.

Observando a figura 3.12 podemos notar a formagdo de sete grupos de estruturas:
grupo 1, com ligantes do tipo P-dicetonas (5 estruturas), grupo 2 com ligantes do tipo
nitratos (8 estruturas), grupo 3 com ligantes monodentados (10 estruturas), grupo 4 com
ligantes bidentados (3 estruturas), grupo 5 formado por complexos com ligantes do tipo
tridentado (2 estruturas), grupo 6 com ligantes do tipo macrociclico (30 estruturas) e um
sétimo grupo formado por di-gadolinios (12 estruturas)’. Podemos notar claramente que

tivemos um agrupamento semelhante ao obtido para o ion eurdpio (I1I).

Linkage Distance

gﬁﬁ!_‘_\ . ma

1 ] l ] | I1 1L
I | | _ 1
Macrociclicos Nitratos Monodentado| di-gadolinios

Tridentados B-dicetonas Bidentados

Figura 3.12. Andlise de agrupamentos hierarquicos para as 70 estruturas coletadas no
Cambridge Structural Database (CSD) usando parametros preliminares para o
ion gadolinio (III).
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Fazendo um estudo dos resultados prévios obtidos para a parametrizagdo do ion
gadolinio(III), observamos que os grupos 1, 5 e 7, que sdo formados por complexos com
ligantes do tipo PB-dicetonas, tridentados e complexos de di-gadolinios, respectivamente,
foram muito bem representados por duas estruturas no conjunto de treinamento. J& os
grupos, com ligantes mono e bidentados, puderam ser muito bem representados por apenas
uma estrutura. Os grupos 2 (nitratos), devido aos problemas apresentados na descrigdo de
suas estruturas e 6 (macrociclicos), devido a sua grande diversidade, precisaram de mais
representantes no conjunto de treinamento.

Dessa forma, nosso conjunto final de treinamento para a parametriza¢do do ion
gadolinio(IIT) foi composto por dois representantes com ligantes [-dicetonas, trés
representantes com nitratos, um do grupo dos monodentados, um representante com
ligantes bidentados, dois do grupo dos tridentados, quatro representantes com ligantes
macrociclicos € mais duas estruturas de di-gadolinios, totalizando quinze estruturas no

conjunto de treinamento (ver figura 3.13).
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Figura 3.13. Representacdo das estruturas de gadolinio utilizadas no conjunto de
treinamento. As estruturas estdo identificadas por seus respectivos codigos do
Cambridge Structural Database'”
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3.3.2- Resultados:

O conjunto de parametros que define esta versdo do modelo sparkle para o ion

gadolinio(III) esta apresentado na tabela 3.5.

Tabela 3.5.Parametros ajustados para o modelo SMLC/AMI parametrizado para o ion
Gd(I1I).

SMLC/AMI - Gd(II)

GSS 55.7083247618
ALP 3.6525484576
aj 0.7013512059
b, 7.5454482544
cy 1.7761952674
as 0.1293093577
b, 8.3437991465
c2 3.0110319715

Nesta versdo do modelo sparkle para o célculo da geometria do estado fundamental
de complexos de gadolinio, utilizamos um conjunto teste composto por 70 estruturas. As
mesmas foram obtidas no banco de dados Cambridge Structural Database 2003. O erro
médio absoluto foi calculado da mesma forma que para o ion eurdpio(Ill), ou seja, como
mostrado na equagio 3.6.

Observamos na tabela 3.6 o nimero de coordenacdo e os valores para o erro médio
absoluto desta versdo do modelo sparkle para o ion Gd(II), para cada uma das 70
estruturas que compdem o conjunto teste. Assim como fizemos para o ion eurdpio(Ill),
utilizamos os grupos mostrados na figura 3.12 para gerar um grafico, contendo os erros
médios absolutos, que nos permitisse analisar mais claramente o poder preditivo desta

parametrizacao.
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Tabela 3.6.Erro médio absoluto calculado considerando todas as distdncias entre os atomos
que compdem o poliedro de coordena¢do, para todas as 70 estruturas de

gadolinio do conjunto teste

100-167

respectivos codigos do Cambridge Structural Database'™ .

. As estruturas estdo identificadas por seus

Estrutura NC Erro Médio Absoluto (A) Estrutura NC Erro Médio Absoluto (&)
SMLC/AM1 SMLC/AM1
ACAQGD'? 9 0,1558 NIVQEO™ 8 0,1413
ADUPEU"’ 7 0,0877 OBUJIE™® 8 0,0849
BIFZEV'® 9 0,2901 PADEGA10'® 10 0,1203
BUVVOD'® 9 0,2828 PALHAL ™ 8 0,1259
BUVVODO1'* 9 0,2768 PEBDOP'® 9 0,2294
COSTAF'® 9 0,4616 PROPGD'® 8 0,1974
CULNIG10'® 7 0,2359 PUZHUN™ 10 0,1335
DIQBIO" 10 0,1864 SERYOD ™ 8 0,3005
DIYNEE'® 8 0,2297 TUFLUB™? 9 0,2405
DUFBEL'® 8 0,1555 ubomI™® 9 0,0971
EHAXEQ'" 8 0,0992 UDOMOP™® 9 0,0956
FONMEA™ 8 0,1537 VEDSEC™ 10 0,0888
FUHQUU'"? 9 0,0961 VETDON ™ 9 0,0938
FUXPUJ™ 9 0,2577 VIGBOC ' 9 0,0856
GAKYAS '™ 8 0,2270 WALQAB ™ 9 0,0925
GAWBEL'® 8 0,0971 WAVPAK 9 0,1399
GEGCIE"® 9 0,0655 WAXCIH " 9 0,1554
GIDQUF'"” 8 0,0656 WEWNOB™ 6 0,0505
GINPOI™® 9 0,2852 WIRTUM™' 5 0,1272
GIRKUN™® 9 0,3518 WUCCOM'® 9 0,1580
GODMER'® 10 0,2359 XIVFOX'* 8 0,0182
HEDMIM'?' 9 0,1978 XUBGUW'™ 10 0,0963
JARBUZ'Z 9 0,1531 YAVSUJ™® 9 0,3444
JOPJIH'® 9 0,1418 YEGTOT'™® 8 0,0929
JOPJIHO1™* 9 0,0903 YEWGEM"™’ 8 0,1357
LANITB'™® 9 0,3101 YIYLAT ' 9 0,1222
LASZOU ' 9 0,0938 YOVFIY01"™® 9 0,1092
LASZIO'® 9 0,4633 YUWZOF'® 6 0,1850
LEJVEB™ 8 0,2540 ZAXQAQ™' 8 0,2242
LOKNEE'® 9 0,1345 ZAZQEW'® 8 0,0863
LOQKEH'® 9 0,0921 ZENGUU'™®® 6 0,1568
MIPTOU ™ 7 0,0625 ZIPJIR™® 9 0,1462
NAVWIQ™! 9 0,1847 ZIZNUR'® 8 0,1504
NIGHEQ'® 10 0,0606 ZUNCAM'® 8 0,1103
NIGXAC 9 0,1047 ZZZARA01'™ 9 0,2646

Na figura 3.14, temos o valor do erro médio absoluto encontrado para todas as

distancias do poliedro de coordenag¢@o. Podemos notar claramente que o modelo sparkle

para o ion gadolinio (III) consegue predizer a geometria do estado fundamental dos mais
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variados tipos de complexos com precisdo semelhante ao o modelo sparkle para o ion
eurépio (III), ou seja, observamos que o erro médio absoluto encontra-se abaixo de 0.3 A

para a maioria dos complexos.
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Figura 3.14. Erro médio absoluto calculado como sendo o valor médio absoluto da soma
das diferencas entre todas as distAncias experimentais (R“”) e calculadas
(R“') considerando todas as distdncias entre os atomos que compdem o
poliedro de coordenacdo, para todas as 70 estruturas do conjunto teste.

Analisando o erro médio absoluto para cada um dos grupos, de forma independente,
podemos observar que o grupo 7, onde temos estruturas com dois ions gadolinio(IIl),
apresenta dois componentes com erro médio absoluto acima de 0.4A. Trata-se das
estruturas COSTAF e LASZIO. No caso da primeira delas o aumento no erro médio
absoluto deve-se principalmente a problemas com a determinagdo da distancia entre os dois
fons Gd(III). Neste caso, o valor do erro absoluto para esta distincia ¢ de 0.6401A. Ja no
caso da segunda estrutura, o problema ¢ causado pela existéncia de dois atomos de
nitrogénio, cada um coordenado a um dos fons Gd(III), a uma distancia atipica de 2.9162A.
A parametrizagio do modelo considera valores para a ligagio Gd(III) — N na faixa de 2.2A

a 2.7A, como no caso em questdo estamos considerando valores fora dessa faixa, entdo
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nosso modelo expulsa o atomo de nitrogénio. Neste caso, o erro absoluto ¢ de 1.8785A,
para cada uma das duas distancias Gd(III) — N.

No procedimento de validacdo deste modelo, foram também realizados calculos ab
initio de algumas das estruturas do conjunto teste (ver figura 3.15) com a finalidade de
medir mais precisamente o real poder preditivo do modelo SMLC/AM1 parametrizado para
o ion Gd(III). Para isso, utilizamos o potencial efetivo de carogo (ECP) desenvolvido por
Dolg e col.”®, para o fon Gd(III) e fungdes de base do tipo STO-3G para o restante dos

atomos.

NH——CHy
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\ ) / O O / 0 o ) " . ‘;O
L »¢6}n—>.’,{:‘\ ..{ . . ‘\T\ >\Gd< T \I/\N> < \/j\
CAT D PN
“hT’& \\:_" w;"f %Tﬁ o O 1) hc_ﬁg_ ) 2

CHy o, 0

WEWNOB FUHQUU GEGCIE

NIGXAC

Figura 3.15. Representagdo das estruturas dos complexos de gadolinio utilizados na
comparacdo do modelo SMLC/AMI1 com célculos ab initio utilizando o
potencial efetivo de carogco (ECP) para representar o ion lantanideo (III) e a
base STO-3G para o restante dos atomos. As estruturas estdo identificadas por
seus respectivos codigos do Cambridge Structural Database'”.
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Nao realizamos, neste caso, uma analise de tempo de CPU, pois o estudo feito para
o ion eurdpio (II) j4 demonstra a grande vantagem que o modelo SMLC tem sobre calculos
utilizando metodologias ab initio neste requisito. As estruturas utilizadas nessa andlise
comparativa foram escolhidas de forma a considerar uma estrutura representativa de cada
um dos grupos observados na figura 3.12 - estas podem ser observadas na figura 3.15.

Observando a figura 3.16, podemos perceber que, para as estruturas utilizadas nesta
analise, o modelo SMLC/AMI1 mostrou-se bastante eficiente. Apenas as estruturas que
representam os grupos contendo complexos com ligantes monodentados e bidentados foram
mais bem reproduzidas pela metodologia ab initio, onde a maior diferenca para o erro

médio absoluto calculado pelas duas metodologias foi de 54% (WIRTUM).

0,30 T T T T T T
028 — [ SMLC/AM1
026 | [ ] RHF/STO-3G/ECP |
—~ 0241
o$ 0722 -
@]
5 0,20
O o018}
3
0,16
< A
O 014+
8 0,12 | o — g — 1
c k] 8 »
= o0} g £ @ @ 8 |-
(@] ° ° © =
= 008 £ 8 3 b kS S S
w ] i s} c c o o
0,06 T = [0} [} [3} © 4
’ © = o ° o © 52
A o c £ s = £ =
0,04 o 5 5
0,02

0,00

NIVQEO ~PADEGA10 WIRTUM WEWNOB FOHQUU GEGCIE  NIGXAC
Estruturas Calculadas
Figura 3.16. Erro médio absoluto calculado como sendo o valor médio absoluto da soma
das diferengas entre todas as distAncias experimentais (R“”) e calculadas
(R“') considerando todas as distdncias entre os atomos que compdem o
poliedro de coordenagdo, para as 7 estruturas utilizadas na comparagdo do
modelo SMLC/AM1 com célculos ab initio utilizando a metodologia

RHF/STO-3G/ECP. As estruturas estdo identificadas por seus respectivos
codigos do Cambridge Structural Database'>.

Contudo, se considerarmos todas as estruturas envolvidas na andlise, ou seja, se
considerarmos também as estruturas que foram mais bem reproduzidas pelo SMLC/AMI, a
maior diferenga para o erro médio absoluto calculado pelas duas metodologias passa a ser

de 57% (PADEGA10).
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Outro ponto que deve ser ressaltado ¢ o fato de que as estruturas que foram mais
bem reproduzidas pela metodologia ab initio apresentam pequenos valores para o erro

médio absoluto obtido com o SMLC/AMI.
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Figura 3.17. Erro médio absoluto calculado como sendo o valor médio absoluto da soma
das diferengas entre todas as distAncias experimentais (R“”) e calculadas
(R“") considerando todas as distdncias Gd-L, onde L sdo os 4tomos
diretamente ligados ao ion Gd(IIl), para as 7 estruturas utilizadas na
comparagdo do modelo SMLC/AM1 com célculos ab initio utilizando a
metodologia RHF/STO-3G/ECP. As estruturas estdo identificadas por seus
respectivos codigos do Cambridge Structural Database'.

A andlise das distancias do tipo Gd(III)-L (ver figura 3.17) também sugere a grande
capacidade de predicdo do modelo SMLC/AMI. Neste caso, podemos notar que algumas
observacdes feitas na analise da figura 3.16 se repetem, como € o caso da diferenca para o
erro médio absoluto, calculado utilizando as duas metodologias em questdo para a estrutura
WIRTUM (44%). Ja para as estruturas PADEGA10 (complexos com nitratos) e WEWNOB
(complexos com ligantes bidentados), os erros médios absolutos para as distancias Gd-L,
mostraram-se equivalentes.

Os resultados obtidos através dessas andlises comprovam a grande capacidade

preditiva do modelo SMLC/AMI1 para o cilculo da geometria do estado fundamental de

complexos de gadolinio.
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3.4 - Modelo SMLC/AMT1 para o ion Tb(III).

3.4.1- Processo de parametrizacdo:

Para o fon térbio(Ill), existem no CSD'™ 42 estruturas que podem ser usadas no
desenvolvimento do nosso modelo. Destas, nove sdo estruturas de di-térbios.

No caso do térbio(Ill), a obtencdo de pardmetros preliminares, que nos permitisse
realizar uma analise de agrupamentos, seguiu 0 mesmo procedimento utilizado para o caso
do ion Gd(IIT). No dendrograma obtido (ver figura 318) podemos o notar a formagdo de
sete grupos de complexos: grupo 1, com ligantes do tipo B-dicetona (4 estruturas), grupo 2,
com ligantes do tipo nitrato (4 estruturas), grupo 3, com ligantes monodentados (12
estruturas), grupo 4, com ligantes bidentados (2 estruturas), grupo 5, formado por
complexos com ligantes do tipo tridentado (3 estruturas), grupo 6, com ligantes do tipo

macrociclico (8 estruturas) e um sétimo grupo formado por di-térbios (9 estruturas).
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T b T T T T 1

o]
Monodentados Tridentados Macrociclicos Bidentados Nitratos B-dicetonas di-térbios

Figura 3.18. Andlise de agrupamentos hierdrquicos para as 42 estruturas coletadas no
Cambridge Structural Database (CSD) usando parametros preliminares para o
ion térbio (II).

A andlise deste ponto preliminar indicou que a escolha das 15 estruturas para
compor o conjunto de treinamento desta primeira fase foi bem sucedida. No entanto,
verificamos que algumas modificagdes seriam interessantes, como por exemplo, a
substituicdo de uma estrutura contendo ligantes monodentados por outra contendo ligantes
tridentados e também a substituicio de uma estrutura contendo ligantes bidentados por

outra contendo um ligante macrociclico.
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Como suspeitavamos, estas modificagdes tornaram o nosso conjunto de treinamento
mais eficiente em termos de representar o conjunto de estruturas disponiveis. Em suma, o
nosso conjunto de treinamento final para a parametrizacdo do térbio foi composto por dois
representantes do grupo contendo -dicetonas, dois do grupo dos nitratos, um do grupo dos
monodentados, um do grupo dos bidentados, trés do grupo dos tridentados, quatro contendo
ligantes macrociclicos e mais duas estruturas de di-térbios, totalizando quinze estruturas no

conjunto de treinamento (ver figura 3.19).
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Figura 3.19. Representagdo das estruturas de térbio utilizadas no conjunto de treinamento.
As estruturas estdo identificadas por seus respectivos codigos do Cambridge

Structural Database'” .
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3.4.2- Resultados:

O conjunto de parametros que define esta versdo do modelo sparkle para o ion

térbio(IT) estd apresentado na tabela 3.7.

Tabela 3.7. Parametros ajustados para o modelo SMLC/AMI1 parametrizado para o ion
Tb(III).

SMLC/AMI - Tb(III)

GSS 55.7245956904
ALP 2.3418889095
aj 0.7734457986
bi 7.6510525768
i 1.7033463955
az 0.3936233430
b, 7.9261456602
C2 3.0132951345

O conjunto teste para a parametriza¢gdo do modelo SMLC/AMI1 para o ion
térbio(Ill) contou com 33 estruturas contendo um ion térbio(Ill) e 9 estruturas contendo
dois ions térbio(Ill) (di-térbios). Todas as estruturas foram obtidas no banco de dados
Cambridge Structural Database 2003 ' ¢ o erro médio absoluto foi calculado conforme
mostrado na equagio 3.6.

Na tabela 3.8, podemos observar o nimero de coordenagdo e os valores para o erro
médio absoluto desta versdo do modelo sparkle para o ion Tb(IIl), para cada uma das 42
estruturas que compdem o conjunto teste. Nesta analise utilizamos os grupos mostrados na
figura 3.18 para gerar um grafico contendo os erros médios absolutos que nos permitisse
analisar mais claramente o poder preditivo desta parametrizacdo, assim como foi feito para

os ions Eu(Ill) e GA(III).
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Tabela 3.8.Erro médio absoluto calculado considerando todas as distancias entre os atomos
que compdem o poliedro de coordenagdo, para todas as 42 estruturas de térbio
do conjunto teste'®®*2%. As estruturas estdo identificadas por seus respectivos
codigos do Cambridge Structural Database' .

Estrutura NC Erro Médio Absoluto (&) Estrutura NC Erro Médio Absoluto (A)
SMLC/AM1 SMLC/AM1
BACBUC'® 9 0,2339 MIHPIC® 8 0,1367
BAFWUB'® 9 0,1379 MIWTAN '® 10 0,1499
BAFZOY'" 9 0,1270 NASTUW'® 10 0,1353
BUVXEV01"" 9 0,2055 NAXRAF "' 10 0,1434
COSVOV'"? 9 0,3697 NIGYUX'® 9 0,1357
CULSEH™ 8 0,1179 PAGBOO™ 4 0,0548
DIFHEF'™ 8 0,0922 PEJZAF ™ 8 0,1630
DUCQEX'" 9 0,1659 QALFUE'® 8 0,1622
FAGZAP'"® 8 0,2499 QAWHIF'® 8 0,0792
FOPPUV'"’ 9 0,1551 SEGVEF'Y 8 0,0578
HANBUT'"® 9 0,1799 TOKVIY'® 9 0,1733
IDOZEG'”® 9 0,1387 VAPTEL'® 6 0,1805
JAXwou'® 8 0,2414 VAPTEL01?® 6 0,1660
JAXWOU01™! 9 0,2455 XARXET?' 8 0,2284
JEXWOY'® 9 0,1165 XAXXUP?2 7 0,1759
KITGAV'® 9 0,2188 XEXJIT?® 7 0,1030
KUYBEL'® 9 0,2450 Xocplc® 8 0,2024
LEJTEZ'™® 8 0,1802 XORGAM™® 8 0,2918
LEYHOM'®® 9 0,2437 XUGBUW?® 7 0,1825
LIFJEP'® 10 0,1470 ZUNCEQ*™ 8 0,1242
MIHNUM'® 8 0.1366 ZZZARDO1%%® 9 0,2435
Observando a figura 3.20 mais uma vez constatamos uma homogeneidade das

parametrizagdes do

modelo SMLC/AM1 para os ions Eu(Ill), Gd(III) e Tb(IIl). Os erros

médios absolutos encontram-se mais uma vez abaixo de 0,3A para a maioria dos

complexos.

Uma andlise mais detalhada nos mostra que, de forma semelhante & que ocorreu

com os valores encontrados para o ion Gd(IIl), o grupo 7 (di-térbios) apresenta uma

estrutura que se destaca em relacdo aos outros componentes de seu grupo. Trata-se da

estrutura denominada de COSVOV. Entretanto, neste caso o problema ¢ suavizado uma vez

que o valor de 0,3697A para o erro médio absoluto nio é considerado muito alto. Um

estudo dos erros absolutos individuais para essa estrutura mostrou que a distdncia Tb(III) —

Tb(Ill) e as distdncias envolvendo apenas os atomos que compdem o poliedro de

coordenagdo, L — L, € que sdo as responsaveis pelo elevado erro.
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Figura 3.20. Erro médio absoluto calculado como sendo o valor médio absoluto da soma
das diferengas entre todas as distdncias experimentais (R;“”) e calculadas
(R“') considerando todas as distdncias entre os atomos que compdem o
poliedro de coordenag@o, para todas as 42 estruturas do conjunto teste.

Assim como foi feito para os ions Eu(Ill) e Gd(III), realizamos também o calculo ab
initio de algumas das estruturas do conjunto teste. Foi utilizado o potencial efetivo de
carogo (ECP) desenvolvido por Dolg e col.”®, para o ion Tb(Ill) e usamos funcdes de base
do tipo STO-3G para o restante dos atomos.

As estruturas utilizadas nessa andlise comparativa foram escolhidas de forma a
considerar uma estrutura representativa de cada um dos grupos observados na figura 3.18 e

podem ser observadas na figura 3.21.
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Figura 3.21. Representacdo das estruturas dos complexos de térbio utilizados na
comparacdo do modelo SMLC/AMI1 com calculos ab initio utilizando o
potencial efetivo de carogco (ECP) para representar o ion lantanideo (III) e a
base STO-3G para o restante dos atomos. As estruturas utilizadas nesta analise
estdo identificadas por seus respectivos cddigos do Cambridge Structural

Database'”
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Nas figuras 3.22 e 3.23 podemos analisar o poder preditivo dos métodos
SMLC/AM1 e RHF/STO-3G/ECP para um representante de cada grupo de complexos de
térbio (grupos definidos na figura 3.18).
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Figura 3.22. Erro médio absoluto calculado como sendo o valor médio absoluto da soma
das diferengas entre todas as distAncias experimentais (R“”) e calculadas
(R“") considerando todas as distdncias entre os 4tomos que compdem o
poliedro de coordenagdo, para as 7 estruturas utilizadas na comparagdo do
modelo SMLC/AM1 com célculos ab initio utilizando a metodologia
RHF/STO-3G/ECP. As estruturas estdo identificadas por seus respectivos
codigos do Cambridge Structural Database'>.

Para as estruturas escolhidas, podemos verificar observando a figura 3.22 que
complexos de térbio sdo mais bem reproduzidos pelo modelo SMLC/AMI do que pela
metodologia ab initio RHF/STO-3G/ECP. Esta metodologia mostrou-se mais precisa
apenas para as estruturas retiradas do grupo contendo complexos com ligantes bidentados
(PEJZAF). De forma geral, para as estruturas BAFWUB, BAFZOY, DIFHEF ¢ ZUNCEQ
o modelo SMLC/AMI mostra-se sempre mais preciso. Contudo para os representantes dos
grupos contendo ligantes mono e tridentados, o erro médio absoluto predito pelo nosso

modelo foi consideravelmente menor.
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Figura 3.23. Erro médio absoluto calculado como sendo o valor médio absoluto da soma
das diferencas entre todas as distAncias experimentais (R“”) e calculadas
(R°) considerando todas as distincias Tb-L, onde L sdo os 4tomos
diretamente ligados ao ion Tb(Ill), para as 7 estruturas utilizadas na
comparacdo do modelo SMLC/AM1 com calculos ab initio utilizando a
metodologia RHF/STO-3G/ECP. As estruturas estdo identificadas por seus
respectivos codigos do Cambridge Structural Database'.

A andlise feita considerando apenas as distancias Tb(II)-L (figura 2.23), onde L
representa o atomo do ligante que esta ligado diretamente ao ion central, mostra que mesmo
apresentando erros maiores para os grupos nitratos, tridentados, macrociclicos e di-térbios o
modelo SMLC/AMI pode ser comparado a metodologia ab initio uma vez as diferengas
entre os erros s3o pequenas ¢ de uma forma geral todos os erros obtidos sdo muito baixos.

Com estas andlises podemos sugerir que, para os grupos analisados, a metodologia
ab initio RHF/STO-3G/ECP possui uma exatiddo compardvel a resultados obtidos
utilizando o modelo SMLC/AMI.
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4.1 — Analise evolutiva do modelo SMLC

A evolugdo do modelo SMLC € um ponto importante que deve ser ressaltado.
Este ano estd completando uma década de existéncia do modelo SMLC e podemos
afirmar, baseados nas andlises mostradas nas figuras 4.1 ¢ 4.2, que a evolucdo do modelo
SMLC foi satisfatoria. Os erros médios absolutos preditos, para todas as distancias do
poliedro de coordenacdo, para a versio SMLC/AMI, mostram-se 64%, 51%, 50%
menores do que os erros obtidos para as versdes SMLC', SMLC III* e SMLCIP,
respectivamente.

Analisando mais cuidadosamente, podemos perceber que a maioria das estruturas
¢ mais bem predita pelo SMLC/AMI. Entretanto, algumas estruturas, como € o caso do
complexo GAPRUK, ja eram preditas com alto grau de exatiddo pelas versdes anteriores.
Ha também casos em que as versdes II e III possuem erros médios absolutos menores,
isto acontece para algumas estruturas contendo ligantes do tipo [-dicetona, YOIDIK, e a
razao para isso € que estas duas versdes foram parametrizadas contendo apenas estruturas
com ligantes [-dicetona no conjunto de parametrizagdo. No entanto, ¢ importante
observar nestes casos que apesar de os modelos SMLC II e SMLC III possuirem erros

menores, a atual versio SMLC/AMI1 apresenta erros muito baixos.
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Figura 4.1. Estudo evolutivo do modelo SMLC para vinte estruturas do conjunto teste,
considerando, para o calculo do erro médio absoluto, todas as distancias do
poliedro de coordenag@o. As estruturas estdo identificadas por seus respectivos
cddigos do Cambridge Structural Database.
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Quando realizamos esta mesma andlise considerando apenas as distancias do tipo
Eu-L (ver figura 4.2), observamos que os erros médios absolutos preditos por esta ultima
versao, SMLC/AMI1, mostram-se 80%, 65%, 63% menores do que os erros obtidos para
as versdoes SMLC, SMLC III e SMLC II, respectivamente, ou seja, para as distancias do
tipo Eu-L a evolug¢do do modelo SMLC/AMI1 foi ainda maior.
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Figura 4.2. Estudo evolutivo do modelo SMLC para vinte estruturas do conjunto teste
considerando para o calculo do erro médio absoluto todas as distancias Eu-L,
onde L sdo os atomos diretamente ligados ao ion Eu(Ill). As estruturas estido
identificadas por seus respectivos codigos do Cambridge Structural Database.

4.2 — Aperfeicoamento do modelo sparkle para o calculo de estruturas

contendo nitratos.

A predicdo de estruturas contendo ligantes do tipo nitrato era um problema a ser
superado. Nas versdes anteriores 0s nitratos coordenavam-se como ligantes
monodentados como pode ser observado na figura 4.3 a,b e c. Para este caso analisado,
BEKWUJ*, o SMLC III calculou corretamente o nitrato (figura 4.3c). Contudo, o mais
comum ¢ que estes ligantes sejam preditos pelo SMLC III também de forma errada, ou

seja, como se fosse um ligante monodentado.
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Na figura 4.3d temos o arranjo geométrico obtido quando utilizamos esta nova
versdo, SMLC/AMI1. Podemos observar que esta nova metodologia consegue predizer

corretamente estruturas contendo ligantes do tipo nitrato.

2.82A

.

(2) BEKWUJ — SMLC (b) BEKWUJ — SMLC II

3 26M A

(c) BEKWUJ - SMLC III (d) BEKWUJ - SMLC/AM1

Figura 4.3. Evolugdo do modelo sparkle para o calculo de estruturas contendo ligantes do
tipo nitrato e macrociclicos. As estruturas estdo identificadas por seus
respectivos codigos do Cambridge Structural Database.

Outra observagdo interessante estd relacionada com o comprimento da ligacdo Eu-

O do ligante macrociclico observado na figura 4.3. Notamos claramente que nos modelos

SMLC e SMLC III a distancia Eu-O ¢ superestimada, a tal ponto que os oxigénios em

questdo passam a ndo mais se encontrarem coordenados ao ion Eu(Ill) (distdncias acima

de 3,0 A).

Na segunda versdo do modelo SMLC a distancia Eu-O ¢ pouco superestimada - as

distincias que experimentalmente sdo 2.6 A, sdo calculadas como sendo iguais a 2.8 A,

aproximadamente. A nova versio do modelo calcula estas distdncias com um erro menor,

apesar de as mesmas serem subestimadas.
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4.3 — Aperfeicoamento do modelo sparkle para o calculo de estruturas

contendo ligantes pouco volumosos.

Sabendo que as versdes anteriores ndo eram capazes de predizer satisfatoriamente
complexos de ions lantanideos contendo ligantes pequenos, procuramos analisar o poder
de predi¢do desta nova versdo do modelo, buscando sempre comparar nossos resultados

com os de metodologias ab initio utllizadas na literatura para tratar complexos de

pequeno porte.

BUVXARI1° - Experimental SMLC/AM1

RHF/STO-3G/ECP RHEF/3-21G/ECP

RHF/6-31G/ECP RHF/6-31G*/ECP

Figura 4.4. Geometria cristalografica e geometrias preditas utilizando o modelo
SMLC/AMI1 e as metodologias ab initio que utilizam as bases STO-3G,
3-21G, 6-31G e 6-31G* para o complexo BUVXARII’. As estruturas estdo
identificadas por seus respectivos codigos do Cambridge Structural Database.
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Podemos observar na figura 4.4 que, de uma forma geral, as metodologias ab
initio predizem muito bem a geometria do complexo BUVXARI11’, enquanto a geometria
predita utilizando o modelo SMLC/AMI1 apresenta problemas na descricio de alguns
angulos de ligagdo e de alguns diedros. Entretanto, uma analise mais cuidadosa (ver
tabela 4.1) mostra que a parcela referente aos angulos € a responsavel pela maior parte do
erro. Podemos notar que houve uma pequena evolugdo desta nova parametrizacdo neste

sentido.

Tabela 4.1.Erro médio absoluto obtido para a estrutura BUVXARI1® utilizando o
modelo SMLC/AM1 e as metodologias ab initio RHF/STO-3G/ECP;
RHF/3-21G/ECP; RHF/6-31G/ECP e RHF/6-31G*/ECP. A estrutura esta
identificada por seu cédigo do Cambridge Structural Database.

Erro médio absoluto Erro médio absoluto
Metodologia considerando todas as considerando todas as
distancias do poliedro (A)  distancias do tipo Eu-O (A).
SMLC II 0,2622 0,049
SMLC/AMI1 0,2419 0,049
RHF/STO-3G 0,0641 0,045
RHF/3-21G 0,0747 0,062
RHF/6-31G 0,1198 0,088
RHF/6-31G* 0,1428 0,105

Um fato importante que deve ser observado ¢ a capacidade que ambas as versdes do

modelo sparkle tém em predizer as distdncias que envolvem o fon eurdpio (III). Os erros

médios absolutos, obtidos com o SMLC/AMI referentes a estas distancias, sdo 21%, 44% e

53% menores do que os erros obtidos com as metodologias RHF/3-21G/ECP, RHF/6-
31G/ECP e RHF/6-31G*/ECP, respectivamente. Comparando o modelo SMLC/AMI1 com a

metodologia RHF/STO-3G/ECP, observamos que ambas possuem a mesma capacidade de

predizer as distancias envolvendo o ion eurdpio(11).

Um ponto fundamental que deve ser destacado nesta andlise € que em complexos

contendo ligantes volumosos (ver figura 4.5), as moléculas de 4gua sdo bem descritas pelo

modelo SMLC/AMI, uma vez que o impedimento estérico nestas estruturas quase nao

permite erros elevados na descri¢do dos angulos envolvendo as moléculas de dgua.
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CHa

CHa

Ph

XILGII®

Figura 4.5. Representacdo de uma estrutura com um ligante volumoso onde temos
moléculas de dgua na primeira esfera de coordenacdo. A estrutura esta
identificada por seu codigo do Cambridge Structural Database.

Na tabela 4.2 podemos observar os valores cristalograficos para cada uma das
distancias Eu — L, onde L representa o a&tomo diretamente ligado ao ion Eu(IIl), da estrutura
XILGII®. Encontramos também os valores preditos pelo modelo SMLC/AMI1 para cada uma
das distancias e os respectivos desvios. Notamos claramente que, de forma geral, os desvios
obtidos para as distancias Eu — L s@o baixos. No caso dos oxigénios das aguas, O4 e O6,

podemos verificar que estes desvios sdo de 0,0644 A e 0,0063 A.

Tabela 4.2. Erros obtidos para as distdncias Eu(IIT) — L do complexo XILGII ® utilizando
o modelo SMLC/AMI1. A estrutura estd identificada por seu cddigo do
Cambridge Structural Database.

XILGII Valores Valores Preditos
Distancias Experimentais (A) SMLC/AM1 () Desvio (A)
Eu(lll) — 02 2,3771 2.,4042 -0,0272
Eu(III) — 03 2,3810 2,4016 -0,0206
Eu(IIT) — 04 2,4598 2.3954 0,0644
Eu(IIl) — 05 2,4596 2,3175 0,1421
Eu(IIT) — 06 2,4367 2,4430 -0,0063
Eu(IIl) - N7 2,7067 2,6079 0,0988
Eu(TIT) — N8 2,6343 2,6020 0,0323
Eu(III) — N9 2,5794 2.4672 0,1122
Eu(IIl) - N10 2,6550 24716 0,1834
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Se fizermos uma andlise mais detalhada dos erros encontrados para os angulos do
tipo L — Eu(Ill) — L (ver tabela 4.3) vamos perceber que os angulos L — Eu(Ill) — O4 ¢
L — Eu(Ill) — O6, sao bem descritos pelo modelo SMLC/AMI, uma vez que o erro médio
absoluto obtido envolvendo todos os oxigénios 4 e 6, que foram de 3,37° e 2,49°
respectivamente, estdo abaixo do erro médio apresentado pelo modelo AMI que ¢ de

5,41° para um total de 749 angulos contendo os atomos: C, H, O, N, P e S.

Tabela 4.3.Erros obtidos para os angulos L — Eu(Ill) — L do complexo XILGII® utilizando
o modelo SMLC/AMI1. A estrutura estd identificada por seu cddigo do
Cambridge Structural Database.

XILGIT Valores Experimentais Valores Preditos
Angulos A) SMLC/AM1 (A) Desvio (°)
O3-Eu(l)-02 82,0983 86,8060 -4,7077
O4-Eu(ll)-02 139,9733 138,9324 1,0409
O5-Eu(ll)-02 86,7391 94,5375 -7,7984
06-Eu(ll)-02 71,7222 73,3711 - 1,6490
N7-Eull)-02 65,9279 62,5617 3,3662
N8 -Eu(lll)-02 129,9738 126,0986 3,8752
N9-Eu(l)-02 140,6088 143,9733 -3,3645
N10 - Eu(I)- 0 2 75,1302 77,3777 -2,2475
O4-Eu(l)-03 82,4955 69,2425 13,2531
O5-Eu(l)-03 143,7043 132,3870 11,3173
06-Eu(l)-03 69,7902 69,3995 0,3907
N7-Eu(Il)-03 72,3965 81,2539 - 8,8575
N8-Eu(ll)-03 65,7343 63,5525 2,1818
N9 -Eu(ll)-03 132,6324 1254214 7,2110
N10 - Eu(Ill)- O 3 138,1253 148,8802 -10,7549
O5-Eu(l)-04 84,2796 79,6713 4,6083
O06-Eu(l)-04 68,3021 67,2073 1,0948
N7-Eu(ll)-04 141,0738 139,1934 1,8804
N8-Eu(ll)-04 74,5064 72,9167 1,5897
N9-Eu(ll)-04 72,7804 74,3538 -1,5734
N10 - Eu(Il) - O 4 135,9631 137,8807 -1,9176
O06-Eu(l)-05 73,9140 65,5874 8,3266
N7-Eull)-05 132,8011 140,2774 - 7,4763
N 8-Eu(Il)-05 141,0873 138,9853 2,1020
N9-Eu(ll)-05 73,7846 75,9092 -2,1246
N10-Eu(I)-O5 69,9078 76,1411 -6,2334
N7-Eudll)-06 125,8781 127,8546 -1,9765
N8-Eu(ll)-06 124,5154 126,2501 -1,7348
N9-Eulll)-06 131,0603 129,0558 2,0046
NI10-Eu(l)-06 131,5950 128,8470 2,7481
N8 -Eu(lll)-N 7 68,2584 68,8519 - 0,5935
N9 -Eu(ll)-N 7 103,0380 103,0889 - 0,0509
N10 - Eu(II) - N 7 66,3417 67,6950 -1,3533
N9-Eu(lll)-N 8 68,9617 67,7536 1,2081
N10 - Eu(II) - N 8 103,7801 104,9002 - 1,1201
N10 - Eu(ll)-N9 66,1536 66,6301 - 0,4765
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Esta analise, feita para a estrutura XILGII®, sugere uma melhor descri¢io das
varidveis geométricas de moléculas de dgua quando temos um maior impedimento
estérico, principalmente os angulos de ligagdio L — Eu(Ill) — OH, . Isto pode ser
facilmente percebido comparando o erro médio absoluto obtido para os angulos do fpo
L — Eu(ll) - L no complexo XILGII® que foi de 3,73° com o valor obtido para o
complexo BUVXARI 1, que foi de 10,86°.
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Extensdo do Modelo Sparkle
para Actinideos - Th(IV)

Capitulo 5



Recentemente, apresentamos uma extensdo da versdo anterior do modelo sparkle para
actinideos, SMAC'. Esta foi proposta utilizando o AMI como método de célculo e contou com
duas estruturas no conjunto de treinamento. A funcdo resposta também foi definida como
sendo a soma dos quadrados das diferencas entre as distancias calculadas e experimentais dos
atomos do poliedro de coordenagdo de complexos de Th(IV), dividida pela distancia

experimental.

5.1- Processo de parametrizagdo:

Para o tério, o CSD** contém 37 estruturas que podem ser utilizadas no nosso conjunto
de parametrizagdo. Dessas, quatro estruturas contém dois ions torio (di-torios). Para a escolha
do nosso conjunto de treinamento, tivemos também que realizar uma andlise de agrupamento
hierarquico utilizando a nossa versdo anterior do SMAC'.

Observando a figura 5.1 podemos notar, neste caso, a formagdo de seis grupos de
complexos bem definidos. Sdo eles: grupo 1, com ligantes do tipo [-dicetona (5 estruturas),
grupo 2 com ligantes do tipo nitrato (8 estruturas), grupo 3 com ligantes monodentados (7
estruturas) , grupo 4 formado por ligantes bidentados variados (6 estruturas), grupo 5 formado
por complexos com ligantes do tipo tridentado (3 estruturas) e grupo 6 formado por ligantes do
tipo macrociclico (4 estruturas). Um sétimo grupo pode ser formado por estruturas contendo

dois ions Th(IV) (4 estruturas).

10

: L |
j ] L 4

Macrociclicos Monodentados Tridentados PB-dicetonas Bidentados Nitratos

Linkage Distance
[ee]

Figura 5.1. Andlise de agrupamentos hierarquicos para as 33 estruturas coletadas no
Cambridge Structural Database (CSD) contendo um ion Th(IV), usando o
modelo SMAC.
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O processo de selecdo das estruturas de cada grupo para compor o conjunto de
treinamento desta nova versdao do modelo SMAC foi realizado de forma semelhante a utilizada
para o ion europio(Ill), ou seja, inicialmente escolhemos duas estruturas para representar cada
grupo no conjunto de treinamento. Para completar o total de 15 estruturas, colocamos mais um
representante do grupo 2: complexos de tdrio contendo nitratos, pois na primeira versdo do
SMAC este tipo de ligante coordenava-se de forma monodentada ao ion tério (IV), assim como
acontecia no caso do SMLC II’.

ApoOs a obtengdo de um pardmetro preliminar, realizamos uma nova andlise e
observamos que seria necessario a substituicdo de um representante do grupo 1, complexos
com ligantes do tipo B-dicetona, por um representante do grupo 3, complexos com ligantes do
tipo monodentado.

Por fim, o nosso conjunto de treinamento final contou com um representante do grupo
1, trés do grupo 2, trés do grupo 3, dois do grupo 4, dois do grupo 5, dois do grupo 6 e mais
duas estruturas do grupo 7, totalizando quinze estruturas no conjunto de treinamento (ver

figura 5.2).
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Figura 5.2. Representacdo das estruturas de torio utilizadas no conjunto de treinamento. As
estruturas estdo identificadas por seus coddigos do Cambridge Structural

Database.
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5.2- Resultados:

O conjunto de parametros que define esta versio do SMAC para o ion tério(IV) estd

apresentado na tabela 5.1.

Tabela 5.1.Parametros ajustados para o modelo SMAC/AMI1 parametrizado para o ion
Th(IV).

SMAC/AMI - Th(IV)

GSS 56.4748294019
ALP 2.7339417100
aj 0.6882957846
b; 6.8869444769
cy 1.8456438120
ar 0.0481926549
b 5.7915329060
cr 2.9362002155

O conjunto teste para a parametrizagdio do modelo SMLC/AMI1 para o ion
térbio(IIT) contou com 33 estruturas contendo um ion torio(IV) e 4 estruturas contendo dois
fons torio(IV) (di-torios). Todas as estruturas foram obtidas no banco de dados Cambridge
Structural Database 2000 ** ¢ o erro médio absoluto foi calculado conforme mostrado na
equacdo 3.6.

Na tabela 5.2, podemos abservar o nimero de coordenag@o e os valores para o erro
médio absoluto desta versio do modelo SMAC/AMI para o ion Th(IV), para cada uma das
37 estruturas que estavam presentes no conjunto teste. Nesta andlise utilizamos os grupos
mostrados na figura 5.1 pra gerar um grafico contendo os erros médios absolutos que nos
permitisse analisar mais claramente o poder preditivo desta parametrizagdo, assim como foi

feito para os ions lantanideos (III) parametrizados neste trabalho.
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Tabela 5.2.Erro médio absoluto calculado considerando todas as distancias entre os atomos
que compdem o poliedro de coordenagdo, para todas as 37 estruturas de torio do
conjunto teste®®. As estruturas estdo identificadas por seus codigos do
Cambridge Structural Database.

Estrutura NC Erro Médio Absoluto (A) Estrutura NC Erro Médio Absoluto (A)

SMAC/AM1 SMAC/AM1
BEFRIN® 12 0,1491 JOZLEP** 8 0,1382
BEQVAU’ 12 0,0465 MOZTUQ* 10 0,1441
CATETH® 8 0,1160 SALHTH?® 8 0,1679
CELWEV’ 9 0,1864 SODFAS*’ 9 0,1957
CNURTH' 8 0,2060 SULBIK*® 6 0,2313
cocyor'! 12 0,1069 TACTHB?’ 8 0,1405
COHSEX '? 10 0,2434 TROPTH?" 9 0,0858
COHSIB'? 9 0,0758 VIISAP! 12 0,0686
DITNUP'? 10 0,1430 WEDZAG” 12 0,1410
FAPZTH10' 8 0,1601 WONKUF?* 8 0,2167
FASSIB'? 8 0,0559 WONLEQ™ 8 0,1741
FICPUC'® 10 0,0935 WONLIU* 8 0,1613
FIXLUT"’ 11 0,3156 YACJAN** 9 0,2799
FOWJIK'® 10 0,2578 YIYXOT?? 6 0,1303
GALYOH'? 8 0,1483 YOMLIV*® 4 0,1120
IPHTHA?’ 8 0,1439 ZADWACY 8 0,0902
JEZDAT*! 10 0,2128 ZARNAH?® 9 0,3182
JOLFUL** 5 0,2376 ZIDPOR*’ 5 0,2691
JOLFUL10** 5 0,2625

Observando a figura 5.3 podemos comparar os erros médios absolutos encontrados
para esta nova versdo e para a versdo anterior do modelo SMAC. Verificamos facilmente
que o nosso objetivo em estender o modelo sparkle para o calculo da geometria do estado
fundamental de complexos contendo o ion Th(IV) foi muito bem sucedida. Notamos
também que para a grande maioria das estruturas que compdem 0 Nnosso conjunto teste, o
erro médio absoluto encontrado utilizando o modelo SMAC/AM1 foi abaixo de 0,34,
assim como no caso dos ions Eu(IlI), Gd(III), Tb(III).

Analisando cuidadosamente cada uma das distdncias existentes em todos os
complexos mostrados na tabela 5.2, verificamos que de forma geral, as distancias do tipo
Th(IV) — L s@o melhor reproduzidas do que as distancias do tipo I-L. Observamos também
que quando o poliedro de coordenagdo ¢ composto por distancias do tipo Th(IV) — O e
Th(IV) — N os erros médios absolutos encontrados sido de 0,078A e 0,096A

respectivamente.
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Figura 5.3. Erro médio absoluto calculado como sendo o valor médio absoluto da soma das
diferencas entre todas as distincias experimentais (R“*) e calculadas (R )
considerando todas as distdncias entre os atomos que compdem o poliedro de
coordenag@o, para todas as 37 estruturas do conjunto teste.

Encontramos apenas duas estruturas que possuem erro médio absoluto para todas as
distancias do poliedro de coordenacdo acima de 0,3A, sdo elas: FIXLUT e ZARNAH. Com
uma andlise mais detalhada foi possivel comprovar que os erros encontrados para as
distancias do tipo L — L é que causam este elevado erro no poliedro, os erros médios
encontrados para as distancias do tipo Th(IV) — L sdo 0,05A e 0,06A enquanto que o erro
médio para as distancias do tipo L — L sdo 0,34A e 0,35A respectivamente.

Assim como foi feito para os outros ions lantanideos (III), realizamos também o
calculo ab initio de algumas das estruturas do conjunto teste. Foi utilizado o potencial
efetivo de carogo (ECP) CRENBL*, para o fon Th(IV) e fungdes de base do tipo STO-3G
para o restante dos atomos.

As estruturas utilizadas nessa andlise comparativa foram escolhidas de forma a
considerar uma estrutura representativa de cada um dos grupos observados na figura 5.1 e

podem ser observadas na figura 5.4.
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Figura 5.4. Representacdo das estruturas dos complexos de torio utilizados na comparagao
do modelo SMLC/AM1 com célculos ab initio utilizando o potencial efetivo de
caro¢o (ECP) para representar o ion actinideo (IV) e a base STO-3G para o
restante dos dtomos. As estruturas utilizadas nesta analise estdo identificadas por
seus codigos do Cambridge Structural Database.
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A andlise dos erros médios absolutos obtidos com o uso da metodologia ab initio
utilizada (CRENBL* - RHF/STO-3G) mostra que para o fon Th(IV) o modelo
SMAC/AMI1 possui um elevado poder preditivo. Se observarmos a figura 5.5, onde
consideramos todas as distancias presentes no poliedro de ®ordenagdo, perceberemos que
para alguns grupos (nitratos, tridentados e macrociclicos) o modelo SMAC/AMI
apresentou erros menores do que os obtidos com a metodologia ab initio. Para os
representantes dos grupos [-dicetonas e monodentados o nosso modelo apresentou erros
maiores. Contudo, ¢ importante observar que, para estes casos, as diferencas entre os erros

obtidos com as duas metodologias foram de 0,0266A (TACTHB) e 0,0830A (JEZDAT).
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Figura 5.5. Erro médio absoluto calculado como sendo o valor médio absoluto da soma das
diferencas entre todas as distincias experimentais (R“") e calculadas (R )
considerando todas as distancias entre os atomos que compdem o poliedro de
coordenagdo, para as 7 estruturas utilizadas na comparagdo do modelo
SMAC/AM1 com célculos ab initio utilizando a metodologia RHF/STO-
3G/ECP. As estruturas utilizadas nesta andlise estdo identificadas por seus
codigos do Cambridge Structural Database.
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Se passarmos a considerar apenas as distancias Eu-L, onde L representa o atomo do
ligante que estd ligado diretamente ao ion central, (ver figura 5.6) percebemos que os erros
obtidos de célculos com a metodologia ab initio sdo, na maioria dos casos, inferiores aos
obtidos com o modelo SMAC/AMI1. Geralmente a diferenga entre os erros obtidos com as
duas metodologias, com excecdo da estrutura que representa o grupo dos tridentados
(JOZLEP), ¢ de no maximo 0,05A.

O modelo SMAC/AMI1 consegue reproduzir muito bem distancias do tipo Th — O
na faixa de 2,30A a 2,55A e distancias do tipo Th — N na faixa de 2,35A a 2,60A. No caso
do composto JOZLEP ¢ JOLFUL, o problema ¢ que esta estrutura apresenta distancias de
ligacio Th — O da ordem de 2,15A e (no caso do JOZLEP) distancias de ligacio Th — N da

ordem de 2,65A - por isso o elevado erro médio obtido para as distincias Th— L.
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Figura 5.6. Erro médio absoluto calculado como sendo o valor médio absoluto da soma das
diferencas entre todas as distincias experimentais (R?) e calculadas (R )
considerando todas as distancias Th-L, onde L sdo os atomos diretamente ligados
ao ion Th(IV), para as 7 estruturas utilizadas na comparagdo do modelo
SMLC/AM1 com célculos ab initio utilizando a metodologia RHF/STO-
3G/ECP. As estruturas utilizadas nesta andlise estdo identificadas por seus
cddigos do Cambridge Structural Database.
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Os nosso resultados, de forma geral, indicam que o nosso modelo SMAC/AMI1
possui uma capacidade de predizer a geometria do estado fundamental de complexos de
torio (IV) com um nivel de exatiddo comparavel ao da metodologia ab initio utilizada.

Com esta andlise foi possivel observar também que o modelo SMAC/AMI, ao
contrario das versdes do modelo SMLC/AMI1 para os ions Eu(Ill), Gd(III) e Tb(III), parece
predizer melhor as distancias do tipo L — L que do tipo ion metdlico — 4tomo ligante. kso
provavelmente se deve ao fato de que o cardter covalente da ligacdo envolvendo os ions

lantanideos ser menor que o carater covalente das ligagdes que envolvem os ions

actinideos.
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Conclusoes e Perspectivas

Capitulo 6



6.1 — Conclusoes

Com este trabalho foi possivel o desenvolvimento de modelos semi-empiricos
capazes de calcular, com alto grau de exatiddo, as geometrias do estado fundamental de
complexos de ions Eu(Ill); Gd(IIl); Tb(Ill) e Th(IV), mantendo sempre o baixo custo
computacional envolvido na execugdo destes célculos. Os modelos desenvolvidos,
SMLC/AMI1 e SMAC/AMI, também demonstraram ter um poder preditivo comparado ao
de metodologias ab initio, RHF/STO-3G/ECP, na determinag¢@o da geometria de complexos
de Eu(IlI); GA(III); Tb(III) e Th(IV).

Também foi possivel verificar que a metodologia utilizada na concepgdo destes
modelos pode ser estendida, com o mesmo poder de predi¢do, para o restante dos ions
lantanideos. Para o caso dos actinideos isto ainda precisa ser investigado.

Mas um ponto importante que deve ser destacado ¢ o fato de, mesmo tendo se
mostrado altamente capaz de predizer a geometria do estado fundamental de complexos de
lantanideos e actinideos, o modelo ainda apresenta dificuldades em reproduzir
satisfatoriamente ligagdes quimicas de carater covalente mais pronunciado.

A inclusdo dos éangulos L — ion central — L (onde L representa os 4atomos
coordenados ao ion central) na funcdo resposta utilizada para a parametrizagdo destes
modelos foi capaz de melhorar consideravelmente a descricio das distdncias L — L.
Entretanto, acreditamos que os erros obtidos na reprodugdo deste tipo de ligacdo ainda
podem ser bastante reduzidos através de modificagdes nos pesos w; e w;.

O aumento no conjunto de treinamento, bem como a sua escolha utilizando métodos
estatisticos (agrupamentos hierdrquicos) nos permitiu generalizar os modelos desenvolvidos
neste trabalho para os mais diversos tipos de estruturas, ou seja, os modelos SMLC/AMI e
SMAC/AMI mantém o elevado poder preditivo independente do tipo de ligante presente no
complexo.

Um outro ponto interessante diz respeito a inclusdo de di-lantanideos e de di-
actinideos no conjunto de treinamento desta nova versdo dos modelos SMLC e SMAC.
Podemos afirmar que apesar de ter sido bem sucedida neste primeiro momento,

acreditamos que uma escolha mais cuidadosa das estruturas que irdo compor o conjunto de
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treinamento de versdes futuras, com o objetivo de garantir uma maior dissimilaridade
desses complexos, deverd garantir que a distdncia entre dois ions, lantanideos e/ou
actinideos, possa ser ainda melhor reproduzida.

Percebemos também, que agora que conseguimos desenvolver uma poderosa
ferramenta para o estudo de lantanideos e actinideos, precisamos divulga-la para que seja
utilizada pelos grupos de pesquisa interessados.

O reconhecimento internacional alcancado, com o recente convite do Prof. James
Stewart para incorporar os modelos SMLC e SMAC no pacote MOPAC2005, pode dar
uma idéia do impacto que este modelo podera ter na comunidade cientifica interessada no
estudo envolvendo compostos contendo ions lantanideos e actinideos.

Entretanto, ha dois outros pontos neste processo de divulgacdo que devem ser
ressaltados. O primeiro deles ¢ a necessidade de desenvolver pacotes quimico—quénticos
para a inclusdo destes modelos (pacotes gratuitos). E o segundo ¢ o desenvolvimento de

uma home page para a disseminacdo dos modelos na comunidade cientifica.
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6.2 — Perspectivas

Podemos afirmar que a conclusdo deste trabalho possibilitard um avango no estudo
de compostos envolvendo ions lantanideos e actinideos. Sabemos que na literatura
encontram-se muitos trabalhos sobre este tema, onde seus autores utilizaram metodologias
ab initio. Entretanto, ndo estamos falando do estudo de pequenos sistemas, mas sim de
sistemas realmente complexos como, por exemplo, estudos conformacionais de proteinas
marcadas com complexos de lantanideos para o design de novos complexos deste tipo.

Contudo, ndo pretendemos parar por aqui. Este projeto continuard sendo
desenvolvido na busca por métodos ainda mais robustos.

Uma vez que o modelo sparkle alcangou reconhecimento internacional, o préximo
passo serd a parametrizagdo do modelo SMLC/AMI1 para todos os ion Ln(Ill) e a
parametriza¢do do modelo SMAC/AMI1 para os principais ions actinideos.

Sabendo que o modelo SMLC ainda ¢ muito pouco utilizado pela comunidade
cientifica que trabalha com lantanideos e actinideos, buscaremos realizar um intenso
trabalho de divulgagdo. O primeiro passo ja foi dado com a incorporagio do modelo no
MOPAC2005. O passo seguinte sera a implementagdo dos nossos modelos em pacotes
quimico—quanticos, que estdo sendo desenvolvidos pelo nosso grupo para que a
comunidade cientifica interessada possa ter acesso gratuito a eles.

Buscaremos também complementar este processo de divulgagdo com o
desenvolvimento de uma home page bastante detalhada, onde poderdo ser encontradas
todas as informagdes necessarias sobre os modelos SMLC/AM1 e SMAC/AMI. Esta
pagina também trard informag¢des sobre novidades dos modelos e links para download
(gratuito) dos softwares desenvolvidos pelo nosso grupo.

Com relagdo ao desenvolvimento de futuras versdes, nds chegamos a conclusido que
precisaremos de metodologias semi-empiricas mais exatas para serem utilizadas como base
para o desenvolvimento de modelos para complexos de lantanideos e actinideos.
Deveremos, portanto, utilizar o método RM1 (Recife Model 1) para substituir o AM1.

Em versdes futuras também tentaremos reproduzir melhor as distancias do tipo L —
L. Para isso deveremos proceder com modificacdes na forma da fungdo resposta a ser

utilizada. Buscaremos também reproduzir, com maior precisdo, as distdncias do tipo ion
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central — fon central em complexos contendo mais de um ion lantanideo e/ou actinideo. Isso
sera feito através de uma rigorosa selecdo do novo conjunto de treinamento.

Outro ponto que deve ser abordado nas versdes futuras ¢ o problema que os
modelos SMLC e SMAC tém em descrever ligagdes com um cardter covalente mais
pronunciado como, por exemplo, Ln(IIT) — C. Isto estd intimamente ligado ao fato de que os
modelos SMLC e SMAC baseiam-se no modelo de campo ligante de cargas pontuais
(ligagdes puramente eletrostaticas). Entdo, para superar o problema da covaléncia
deveremos seguir duas estratégias distintas: (i) A primeira delas consiste em basear o
SMLC/RM1 no modelo de campo ligante SOM (Simple Overlap Model). Para isso as
futuras parametrizagdes terdo, em suas fungdes respostas, dados geométricos e dados
espectroscopicos como, por exemplo, as energias dos niveis Stark. (ii) A segunda estratégia
seria a inclus@o de orbitais atdbmicos dos tipos s, p € d no nosso sparkle.

Particularmente, acreditamos que a primeira estratégia seja mais interessante, pois,
com ela, além de solucionarmos o problema da covaléncia, estaremos também concebendo

um modelo parametrizado para espectroscopia.
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Desenvolvimento de Modelos Quimico - Quanticos para o Estudo de Complexos com lons Lantanideos e Actinideos.
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In the present work, we sought 1o improve our sparkle model & the calcufation of lanihanide complexes, SMLC,
in varicus ways: (i) inchesion of the europium atomic mass, (i} reparametrization of the modef within AM? from 2
new response function including 2l distances of the coordination pofyhedron for tnsacetylacetonate)(1,10-phen-
anthrading) europumilll), {if} implementation of the model in the software package MOPACSIrE, and (W) inclsion
of spherical Gaussian functions in the expression which compuies the core—cone repulsion enengy. The paramerization
results indicate that SMLC | is superior to the previous wersion of the model because Gawssian funclions proved
essential if one requres a better descripbon of the geometnes of the complexes. in erder o validate our
paramefrization, we caried oul calculations on 86 europiumd|l} comghaxes, selected from Cambiidge Strcfial
Database 2003, and compared owr predicted ground sfale geomelries with the experimental ones. Qur resulls
show that this new paramefrization of the SMLC model with the mckesion of spherical Gaussian functions in the
core—oone repulsion enengy, is better capaie of pradicting the Eu-igand distances than the previcus version. The
unsigned mean error for all interatomic distances Eu—L, in all %6 compiexes, which. for the original SMLC i
03564 A, is lowered w0 01993 A when the model was parametrzed with the inclusion of two Gaussian funciions,
Our resulls akso indicate thas this model iz more applicable to eurcpium complexes with @-diketone ligands, As
such, we conchide that ths mproved model can be consldenad a poweriul teol Tar the study of lanthamide complexss
and thelr applcations, such as the modeling of light corversion mokecular devices,

Cunclari et al have used the SMLC model for Gd{III) for
the calculation of many AT coordination complexes and

Introduction
In 194, we developed a semiempirical model for the

131

computation of ground state properties for lanthamde com-
plexes.! This model, named Sparkle Aodel for the Caleuta-
tion of Lanthanice Complexes, SMLC, was successfully
apphed to some coordination compounds and served as an
entry point for the calculation of their electronic and optical
properties. M. T. Benson et al. have applied this model for
I-eoordinate gaclohmum complexes and found pood resulis
for the description of therr molecular properties? T. B

Gd(II) mhalides. For the last ones, they ohserved that the
SMLC model predicts a wrong Iy, geometry mstead of the
correct Cy, due to its mtringic electrostatic character? This
behaviar was reported by us' and by ab initio studies using
varous effective core potentials. ECF=? Recently, B Puchta
et al, have published a paper mamed “Bxplormg {23-

metallacryptands and {2}-metallascryptates with quantum
chemical methods—When (not only] computer chemists'

* Cormesponding guthor. E-mail: simasggufpe. br.

| Part of (e maberial i iz paper has been presented by Gend Bruno
Fesclon in Iids D.5¢. thess, Universicade Federsl de Perainbeco, Brazil
20013

P UFPE.
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Inproved Parameters for Enrepitim

dreams come true” where they alzo weed the sparkle model
for trarsition metals * They hove oblained good resalts for
geometrics and thermadynamic propentics of gallium and iron
crypland and ervplale compounds
In cur research group, the sparkle model has been applied
in an intense way to caloulate and predict some spectroscopic
properties, such as singlet and triplet energy positions,
electronic spectra of lanthanide complexes, ete 7 With these
quantities, we have built rate cquations that imvolve energy
transfer mechanisms to determing guantum yields and
lummeseenee elficiencies for these complexes. In 8 recent
paper® we presented a first proposition of a highly lumi-
neseent europium complex based on caleulated results only.
This designed europium complex is formed either by three
benzoyltnifluoroacetylimide anion ligands or by three ben-
zovlacetylimide ligands plus one 2,2-hipyridine. Through
spm'l.le madel caleulations, we have obtained guantum yields
from Eu(Il) *Dy level of 65.1% for the first complex and
67 0% for the second complex. Syntheses of these complexes
are being anempted in cur laboratorics. A review paper
shows many of these results for variows Tantlenide com-
plexes?
This semiempirical mode] assumes that the lanthanide ion
4f orbitals do mot have a significant contnbution 1o the
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412, (m) Domcga, C. D Alves, 5. 0 de S G F, S Alows Compd
1997, 250, 423, (n) de Mesquitn, M. E; hmior, 5 A Oliveim, F O
Freire. R. Co2 Jumior. ¥, B. C. ﬂ:ﬂkGFJ‘mMCM
2ok, 5, 202 (o) da Costa, . D Frelre, I 02 doz Samtoa, M. AL C.
S Mol Strwet. —THECCHEM 2000, 545, 131, {p) Malta. O, L
Legendeicwics, J.; Huskowska, E.. Turowska-Tyrk, 1. Albu
K () Damegn, €. 10 S, F. R, 3. E. J Allays Comped 3001, 322,
434, (q) Faudine, W, M. Rocha, G, Ba ves ¢ Silva, F. K.
Multn, G L. de Si, G, F.; Simas, A M. J Mol r.~THEOCHEM
200, F27, 2AF. ok e Mespula M. E; Jumer, 3. A O VEE &
Silva. F. R Junior, N, B, C.: Frare, R. 0. de 54 G, F..J. Solid Spare
e, 2080, 174, 183,

(5} Faudling, W, M. Fodia G, B.. Gongalves ¢ Silva, F. R Malta, O,
L de 54, G F; e Simas, A M. Mol Serwey —THECCHEM 200,
SI7, A5,

(%) de 54, O F; Malta, O, L; Danegd, C. T Simas, A M ; Longo, R
L.. Banta-Cruz, P. A da Silva, E. F. Coord Chem Rexn 2080, /96,
16E,
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chemical bond between the atomsz of the first coordination
sphiere of the burger ligards and the hnthanide jon.® In other
words, the overlap between the lanthanide ion 41 orbitals
and orbatals of the igand atoms 15 very small. confernng to
the chemical bond a largely electrostatic behavior, Therefore,
we postulate that the lanthanide ion could be satisfactonly
represented by the Coulombic potential comesponding to a
point of charge of value wdentical to 1tz oxidation state,
superimposed by a repulsive exponential potential, both
centered in the position of the nucleus of the lanthanide 1on.
Such representation 15 ealled spackle and wes onginally
introduced in the program MOPAC 6.0 The sparkles in
MOPAC possess nuclear charges +2e, +1e, —le, and —2¢
They are “elements” that represent pure tonic charpes: no
orbitals, no associated masses, zero heats of atomization.
na iomization patentials, and donie mdil of approximately
0.7 A They were intended to be used as surrogates for
alkaling 1ons, sulfates, or ammonium wns, among others. In
shor, sparkles were created with the iment of simulating
the behavior of countenions, Accordingly, the sparkle 15 a
charge in the center of a repulsive spherical exponential
potential of the form exp( o), where o 13 the pammeter
that represents its hardness

The first verzion of the SMLC model' was as follows:
replcement of the sparkle +2¢ chirge by o 32 clage to
represent the lanthanide ion Eu*’, inclusion of the heat of
formaticn of gascous Eu’ in the variable EHEAT (10053
keal mal™), obtained from the sum of the heat of atomization
of the neutral curopium atom, plus its first three jonization
potentials, ™ and, finally, optimization of the parameters Ahd
and ALP [or inclusion in the semiempincal method AMI in
the MOPAC 6.0 code. The optimization wis made through
a modified simplex' i order to minimize the responss
function: the sum of the squanes of the differences helwesn
the caleulated and experimental diztances of the atoms of
the coordination polyhedron of the complex tris(acetylace-
tematey 1, 10-phenanthraline)} —europium{TIT). Only the coor-
dination polyhedron is involved in the parametnization of
the sparkle, because the semiempirical methods already
desenbe well the geometnes of the organic hgands.

Tris{acetylacetonate)( 1, 10-phenanthroling )= ¢uropium-
(III) possesses a coordination number equal 1o eight: the
s1x ooygen atoms of three f-diketones, plus two nilrogen
atoms belonging to 1,10-phenanthroline. So, according to
the: erystallographie data,™ the coordination polyvhedron for
this complex presents the geametry of a square-antiprism
iFigure 1)

The parmetrization results of the ongmal SMLC mode]
A0C (L, (Eu) for AMI = 2.0 and Gs5/27.21 for AMI =
X0l

{ID'IICLIII:I-H'M.TC I\nlppc.F Rosch, N Zomer, M. C. Theor, Chiue

Acia 1987, 7.

{11} Stewan, 1. J. P .-' ¢ ~Abdead Mol Des 1990, 4, 1

(12) Demn, 1. A; Lange, ¥ Emw'sﬁvx#wkqfcwnm 111k ed;
Methaw-Hill: bew Yok, 19985,

(135 Nelder_ 1. A, Mead, B Comper. £ 1965, 7, 108

14y Watson, W. H.. Willams, R. 1 Stenple, M. K.J. fsorg. Nwel Cheoe

1972, M4, 501,
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Figure 1. Cosedination palphedron from the erp=allopraphie smcure of
the eormplex rigdacetylacetonats)( ], | O-phenanthmling) = amopumiTIT

The importance of knowing the ground state geometries
of the complexes is the subsequent possibility of calculating
many other properties essential o inorganic chemists, i
particular to spectroscopists.

In the present work, we sought to improve the SMLC
model in various wavs: (i) mclusion of the curopium atomic
mizss, (i) reparamelrization of the model within AM1'7 for
a new form for the response fmction which, this time,
includes all distances of the coordination polvhedron of tris-
(aeety lacetonate)( 1,1 O-phenathroline) = europiami 1), (i)
moplementation of the model in the software package
MOPACS32. Y and, finally, (iv) inclusion of two spherical
Crassian functions in the expression which computes the
core —cofe repulsion energy,

The simple inclusion of the etropitm alomic mass in the
SMLC madel allowed the ealeulation of the moments of
inertiz for molecules and the calculation of their force
canstumls. Mow, it 15 possible to calculate, among others,
spectrescopic properties in the infrared region, their abeomp-
f1on intensitics and frequencics, as well as ther normal modes
af vibradion. Indeed, we can now calculite rotational and
vibratienal partition functions and determine the thermaody-
namic propertics, such as enthalpy, entropy. free energy, heat
capacity, and Kinetics properties, such as mle constants,
activation energies, reaction mechanisms through its intrinsic
coordinates. Also, we can determine transition states for these
reactions and alse the activation cnergics imvolved in the
chiemical reactions, Besides, it is also possible to calculate
these properties al vanouws lermperatures ind (o observe their
behavior when the temperature i varied. Sec, for example,
the reactions of lanthmide cormplexation.'” We can further

{15 Dewar, M 15, Zoshish, E O Healy, E F Sewart 1 1.5 Jdm.
Chem. Foc, 1988, J07, 3902

(1) Gtewart, J J F MOPAC P00 Marauad, Fujisu Lenited: Toloyo, Japan,
1863
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Table 1. Admusted Parameters for the SMLC T Mods] Parameterized
for the BT Ton

paramneter values (o)

EMLCT IMLCO
358 4470000 §35.533560
ALP 2000000 a4
ay 0 145870
] T.80283
- 17132833
ay 000403
by 7911453
] 230541

catleulate nonlinear oplical properties trough the methodal-
ogy TDHF (time dependent Hartree- Fock)' For the
calculation of the hyperpolarizability tensors through this
methodology, program MOPACS3r2 first, for converience,
rearients the molecule according to its moments of inertia,
which can now be computed due to the nclusion of the
europium tmass i the model.

The modificotion camied on in the response finction fis
the purpose of including all interatomic distances between
the ateams that compaose the coordination polyhedron of the
complexes used in the reparmnelrization, The original
version' took inte account only 24 of the 36 possible
distances Tor the ins(acety leetonate) 1, 10-phemmthroline)—
europimmitIl) complex. The form of the function has also
been changed, mnd the response fumetion used in this paper
is the sum of the squares of the deviations between the
experimental and calculated distances divided by the come-
spending experimental distances in each point of the simplex,
We call the version of SMLC reported in this paper version
11,

Implementation of the SMLC 11 Modd in the
MOPACS3r2 Package

To implement the SMLC II model in the package
MOPACHIF2, it was necessary to modify the block.f and
calpar f subrowtines, The block f subroutine was changed in
the sarme way as the orizinal article

T the MOPACO3r2 package, position 103 of its various
arrays is used to define the original MOPAC +2¢ sparkle.
We decided to use it to define our sparkle representing the
Eu(TIT) ion, Ag such, we chinged its charge, CORE(103),
from +2e to +3¢. We alzo used the value of 10053 keal
mal™! for the heat of formation of the eurapium(il) ion in
EHEAT(1031." Finally, we iniroduced the optimized eu-
ropinmiIIl) paramcters for AMI1 semicmpirical method,
which are listed i Table 1,

In the MNDO serniempirical mecthod, the expression to
caleulate the core=core repulsion energy has different forms
depending on the pair of myvolved atoms. For M=H and
O—H. this is

Ey(AB) = Z,Z5(5,85|sp30)(1 + Rype™ "% + 77 (1)

(17 Hocha, & B, Simas, & M Livro de Rensmor, DX Brasilien
 Bymposmm of Theorstical Chemistry, Cimambu-G, 1977
(18 Mama. & P, Dupuis, M Compae. Chew, 1991, 12, 487
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Timproved Parameters for Ewropliom
and for the other atoms, this s

EAB) = 2, Zalu,mlsgvgh(] + &7 4 gy oy

Here, &y and Zy are core charges associated to nuclei A
are 13, respectively. The @ parameter represcnts the hardness
of atemie nucleus, and Han 15 the interstomic distance
between olom A wnd stom B,

The base difference between MNDO semiempirical

method and both AM1 and Ph3 methods 18 the presence of

two summations of the Gaussian funclions, centered in cach
atom, in the expression 1o caleulate the core—core repulsion
energy. Oripmally, in AMI semiempirical method, thess
Guussian functhions were added 1n order o correet for long-
rurgge internclions in the core—core repulsion integrls. Then,
for Ahdl method, the expression for this core—core imégral,
EulAB), is

Ey(AR) = E)P(AB) +

2',,3,, T U e T
faloc i (Eu & =buw (Mo =Tuay +§ﬂh‘t’ bl Mas ful} (3)
1

where FyM 0% A 1) 18 the core—core repulsion encrgy for
the MWD method and 15 defined i eqs 1 and 2, 2y and 2y
are the core charges for the A and B cores, Ryp is the
interatomic nuchear distanee betwean noclel A and B ag, by,
and ¢y are, respectively, the intensity, width, and position of
the kth Guussian [uncuon, and, Onally, ng, and ngy are the
number of Gaussim functions centered n atoms A and B,
respectively

For the present second version of SMLC mode], SMLC
11, we have just added two sphenical Gaussian lunctions (o
our [irst version of the sparkle model for the AM1 semiem-
pirtcal method, sach one containing thiee sdjustable coef-
ficients ay, by, and o

Fimally, tn MOPAC93:2, the monocentric bieletrone
integrils {vy5y) are given by both wreys G35 (in ¢V) and
by AM (in Hurtrees) in block.ll As such, the instruction,
AMOB)=GSS{INIVENRGY, must be placed in subroutine
calpar.f after the end of the DO instruction of number 40,
the vanable ENIRGY being set equal to 27.21,

Resulis

The test parameters found which define SMLC IT model
are presented in Table 1.

With the purpese of testing and vahdating this parametn-
ation version of the sparkle model, we tried 1o reproduce
tha coordination palvhedra for the ground swate geomaetries
of a group of ewropium(I1T) complexes. We called this group
“test set” and we used the ervstallographic database Cam-
briclge Strvctnral Detelerse 2003 (TSI 3 in order to select
curopium (11T} complexes’ erystallographic structures. Tn our

llwaibcn.l-HAﬁuL' . Set, B IOUT. JK 380-358
(20} Brumo, 1. J.. Cbls:.!l:' h%;!;mi‘k. Rewler. M Macree, . F 2

MeCabe, ' lor, B dens Cryenailoge, Seer. B 2003,
I8, 389- .'ID?

(21} Allen, F. H. Mitherwell, W, [ 8, dca Cosballegn, Secd § 20802,
38, W12,

Table 2. Imeratomic Daetances of the Coordmation Palyhedron of the
Tristacetylncelonate 1.1 0-phenanthroline)— Europiunsd L) Experimental
Crystalivgraplioe Valie aid Hotl AMLC il SMLC 1T Calaalabel
Vilugs and Their Samed Devanlions

agned wgned
expl SMLC  devistion SMLCIH  devistion
ne,  atams 1A} (AY (A) (A} (A}
1 Eul=02 24097 2323 006™ 23608 DAFIED
T Fal=01 23ER 21715 G40 1T TR
L] Bul-0d4 23555 2M0Q LT R 7T =0 (130
4 Bul=08 236 2171 nigMn 2mmn NEERE]
3 Enl=04 23708 134190 001ED 1AM 040248
f Eul=07 23719 L1464 02253 21044 DasTY
7 Bul-M& 2441 24107 fhhidd AT flias
8 Eul-N9 26371 27210 00839  161TD 0020
& 02-03  JAMG6 25552 O26B4 18126 02120
04 30176 2818 03022 101%9 01787
1] -0 42080 42700 03245 44423 01337
06 41187 43623 -DM3E 43127 =0, 1940
07 16RRL 3064%  -00T6l 31300 —ndlA
I4 0OX-Ng 3287 19540 02667 25341 02846
15 O2-NO 44278 44513 LY e 02250
16 O304 44587 42566 02031 44482 O 2
17 O3-0% 44467 40368 0398 44000 000157
18 O3-04 M6 29056 LUEVE I P S L] Q052
19 03-=07 40775 MW 07583 3.7 DARER
WM 03-NME 0281 22930 -0 LM 03158
I O3-N9 2979 29517 LLTUE b L3 LT % ]
22 -0 2803 25560 03453 L6163 o150
3 =06 44971 4353 i dasie 01452
24 M=-07 11531 30951 00579 RL49S 00036
25 M=NE 24514 291 {15 Rk T ) 00T
76 (M=N¥ LMW 24147 =0373% 43606 —DAIWT
27 O5=06 19386 19113 00173 30034 00850
X =07 L1078 12929 =185y 38135 =0A40%9
29 OE-ME 4 08DT 313569 T23E 14348 06457
I OE-NT L0 2945R onsas 195 00470
il o607 2B 25453 G330 14D 01514
1 Oh-NE 42 A6 0O7TES 28 03z

33 Od-ND 3261 A0S 0244F 25088 02675
34 OT-NE 48358 46353 Gi%00 46030 01319
35 OT-ND O 4BI50 44151 01 46T 01416
3o NE-NO LTHM 1091 -00R3T  XE0M -00TTd

searches, we found 590 structures, of which only 275 had
their 30 ecoordinates avalable. After a detailed analyses of
ench ono of the structures, we werg ahle 1o choose the 96
mdas! representative ones in order 1o build our test sat

We caleulated all imeratomic distances of the coordination
polyhedron for each complex, using their eryvsiallographic
geomelrics gy starting points and by oplimizing the ground
stale geometry applying SMLC 11 model. The MOPAC
keywords usad inoall SMIC 1 ealeulations were the
following. GMNORM = 0:25 (in order to gusmntee the energy
minimum}, SCFCRT = 1. D10 {in arder to increass the SCF
convergenes enteni). wnd XYZ (the geometry oplimizitions
were performed in Cartestan coordinales). The unsigned
mean amor, [TIVE, was caleulated by the sum of all absclune
values of differences between experimental (Re,) and
caleubited nteratomie distances (M), ey 4

UME = }_;mq, Rl (4)

Tahla 2 shows results for the distances between all the
atoms of the coordination polyhedron of ns{acetyincetonate)-
{1, 10-phenanthroling) - curopium(11L} complex and their re-

Inceganic Chemistry, Yol 43 No. 7, 2004 2349
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Table 3. Valuwes of the Coordination Numbers, UMe and Unsigned Mean Errors, UMEE. for Hoth SMLC and SMLC 1, &2 Compared 10 the Respeative

Experiments] Crystaliographic Yalues for Each of the Complexes of the Test Set Used?

UME i Ay UME (&)
Hneciie! CcN SMLC SMLCI ot CN SMLC SMLCH

ABOFOM L] 0311 0116 MASHI 3 [NER] nsy
ACTMEL™ R 0106 LT MASK AR -4 [l 9
AFTBEL™ | 0in 0,080 MAXDIY 2 0216 168
BERWLIS 11 0,663 0544 MTXPVE™ 7 300 0031
BIWFLUT™ ] 0740 0,261 MAMZLW @ 260 00,2080
CEXKUL™ a 0,345 0,158 NOJILOL™ L g0 LEIEE S
CIRKET" 3 021% 0035 NOHLUR™ ? 205 ied
DWW RO 10 0,601 0427 NOJNIT 3 1219 D503
DOTIAN" 8 0287 0237 NOINOO™ 4 0500 0524
ECARCEH 1 0523 UEE NOJNOO % {180 L EE
EGOBEH™ 9 0141 alio PADDAZT (1] W3 1 s L]
ELACACI % 0ax% [l FIEUACDEY ¥ [AED D
EUHZACIDY 8 0.201 007 FIEUACIOM g LT 0013
FoUgan 9 0207 iM% PUOKIL™ 3 0203 Ba3y
FOLOREL a4 0358 0270 QHDOEL™ 7 126 b
CIACIOR 10 0511 0516 QIOIAR™ g LS ES 0o
CRAPHUR! B ELS L] QIMRENT il 0759 n&29
GERYANY 4 0771 547 RITFII™ 10 R E ] 0.7
HAFROV T a1 LERS SAZRE 5 MEST nETY
HANBI™ o 0,052 il SIVEAM™ 1t Ass 05T
HANDA ] 0,130 0087 SOLNAIY 10 234 0200
TEANMIOY! & 24 0023 TEDITOX™ & 0617 (338
HAZGAQH 8 0200 01466 TMHPELTIO™ #® LT (LLIE T
HIFINE L 0447 0107 TMUNEL™ @ D470 0517
HIKWIHY 4 2008 521 TOGHUS™ % 0136 (2
HILVED™ 8 0451 05 TPYREUQIY 2 LLTIEE UL
HIZGLUs" y 0.291 02046 VAQIHA™ % 0230 0AHS
HXDZEU 1T 10 0493 LN VEQFAY™ 7 LN o120
JAKVIAY T 0268 0191 VIaPAL 7 wAT) 25
JAXHOV % 0,090 [t WM 9 A 0300
JEWHLF ] o412 Q08T KAWWIRY @ LY M3
JENTEMY 7 0.1l (LK KICHIAM % 160 (s
Josgun® 8 0.202 1168 MICHOOM 3 O OB

t E 0212 178 wwpLee 9 EIwT e
JUGRLm 0 0,590 0483 HIWTLIR™ 3 miE 00T
KAKKENM" B 0.28% 0133 YATHOOM 5 500 il
KAKPANY ] 0483 0151 YEGYEO™ k] 0122 LR
KAYGUM™ mn 0733 0178 YEZFAKY £ (LA G o e
KIFROEN"” L] 0451 0266 YITMA™ ¥ LA (00
KIFKOEn™ ] 0474 0257 YOooyre™ 8 [R5 n47
KIHSEE™ 10 0412 0,5 YouDik=" 8 0 0024
KITFo™ 9 0,191 0114 YUNREQO™ & 443 0217
LIFJALY 10 e 0203 ZACXAC™ @ 037 007s
LpPDayy 4 U g0 [T ZIPPap™ ] [T 0552
LOWBEE" 10 0350 0296 ZODXIZM™ ] [T w67
LOZVAX™ b 0296 0.0 ZOJTAT'™ i LLage SRS
MAFAIG 3 0472 04520 Zucci 8 TR ] 0097
B AR O ] 04H 0027 ZUVLALN™ ({1} [IE2E ST

* The stractures e Identified by their respective codes of reference from the Cawibidlge Structwnnl Databvse 2003 797

spective devigtions from the experimental ones, caleulited
with hath SMLC! and SMLC 11 madels For the intératomic
distances between EwI) won and the atoms of the first
coordination sphere (Bu- L, distances | 8), the SMLC 11
absolute errors are almost all smaller than 0.1 A, while, for
the ariginal version of the SMMLC model, we detected many
ermors larger than 0.1 A These results indicate that the

{22y Zuchl, G Seopellitl, i Bungli, J-C GF Chem Soc, Diafrost Troams

w1, I, 975

(23 Watson, W, Ho Williams, B - Stanple, M. R, J, frarg. Nucl. Chewe
1972, 34, 501,

(24) Whize, 1, G. feorg. Chim, Aeta 1976, 18, 155,

(25 Bunzll, 2-C. G Klein, B Chapuis, G Schenk, K. ) fnorg. Clwwr,
1982, 2), %08

(26) Bunzli, 1., (0 Klein, B Wessaer, T Abcock, B, W. Inorg. Cliiwe.
Acta 1982, 79, 169,

an 1313&55 Rebirane, ) Desou, ). F 3 Loneln, MaF_ g Chesii
1984, 23, 389,

2350 wnorganic Chemsiry, Val, 43 No, 7. 2004

inelusion of Gausstan funetions is impertant, mainly or the
deseription of the Fu=1. konds (TTME for SWMLC is 01923
A and UME for SMLC I is 0.1506 A).

In Table 3, we show the UME for all test set structaes,
To make comprehensve Table 3 interpretations, we have

(38) Az, W2 Maikam, T Jand, 3 Dengoa, L Jintvn, 5. Jfegon e

1983, 1, 147,

(28% Bunxl, J-C. G: Leonard G, A Plancherel. D Chapals, G. Ml
Cirln. Acter 1986, 49, 288

(%) L, % H.OW, Lee I3 Y K €, B8 M M, KW “"IHE.
W. T, Evr. J foovg Chem 2000, 1483,

{31y Fheng, ¥.-Q: Zhou, L-X: Lin, J-L: Zhang, S-W, Z Aveey. Ally.
Clhemi. 2001, 627, 1643,

132y Apostolidis, C. luebizant, 1: Walter, 0. Kanellakopulos, B Redd-
i, M, Aaslerper, H -3 2 Amrg Atl Chewn. DL, A8, HHY

(33) [Fmedak, A L Aslaoy, Lo AL Dvamov, V. Lo Khalilow, A Dy
Parikhin, 0. M. Zh S, Kim 1963, 10, 185,

(343 TVingkil, A L: Poral-Koshirs, M. A Aslanay, L. A Lavarey, P L
b Sewle Khim 1972, 13,277
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performed 8 clusier analvas in order 10 know the predictive
powes of our 3L maodel o the calaalation of ewropium
conmplexes. and o be able 1o anewer the fallowing question’
{or what type of europum(lll) coordination compound 15
this new spuikle model pammet iaation moe approprintely
apphcable?

3% Hisson, T‘.'ulu.r;.lu_ P Pecd, 1, Vollern, P 1 A fneep e
1999, 28, 20|
3 D.HI. TN 5. P W Willlums, D, ). feorg. Chvne
drdm 199K, 272 111
(K] Hl.ll'.hlu 1w de O, Al Fhier, Lo Kalin-Bolidmske, 3 Weass
FL‘J.-'M 1991, 27, 338,
(k4] \.I'.l]l: Crsniie, O Panonmio, B L Farli B Pahveedean | 588 1

[ELH hnlLi. 5: vanay, 5 B Kabun, ¥, Ya: Botova, |, N Kevrd Kl
1992, I8 661
40y Fogers, B D, Relling, A, M. Etzenhouser, B v Voss, E. ) Bauer,
C. B Inomg. Chew, 1993, JI Ml
(L1 H] ﬁqu:l. . Willisms, A F: Dernandinelli, 0o Dumeli, 1-C. fuorg
'Illﬂ 43,4138,
A2 WHL:EL%R. Mazzanti, M. Latour, L-M: Pecal J Chm Comisnan,

(4% l)qlpm!u ; Fedeli, F: Paoli, P; Upgeri, F. dera Crenndlogr,, Seet,
€ Cryat Stract, Commun, 1990, 35, 1435,

(44) Versnd V. Lo Glinsiaya, L. A Klevtsowd, R F: Larlonoy, 5. V.
Th Sl Klum 1998, 30, 300

(45%) Batisda, H. 1 de Andrade, A. V. M., Lomgoe. B. L. Smax A M. de
Sa, G F oy M. K. Thompson, L. . . Chem, 1999, 37, 3842,

(46 Wietzke, B ; Muzzani, M Latoor, M Pecant, 12 Cordier, P Y
Mudie, C. fiorg Chemi. 1958, 7, G600,

ATy Cimmpolinl, M. Dupporto, P2 Nardi, .. Ciwemt Sor, Dealfen T,
1979, 574,

[SEH] Nhﬂli. H; Yomg-Hum, L; Cu, 8; Yom, X; En-Diomg, 8. Hurowe

1986, 37, I8,
49) J1m.s‘r’ Mian-Od, F2 Zhong-Yuan, 2.2 Li, L. Aegou Huoos 1989,

(50} Remelli, ©; Caneschi, A ; Fabrelti, A. C; Gatbeschi, 1 Pand, 1. Tnorg
T, 1990, 20, 1153,
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Figure 2. Cluster amalysis of all 96 comples test strsciures in teos of
their unsignsd mean eror (UMER calculated by the sm of all absobuie
values of differemces between expermental sod calonlsied inkralomic
distances involvng the earapiumi11} ion,

numher of lzands with sulfur atoms bondad Lo Ew(11T), and
coordiation number of the complesx.

We were able 1o detect the fomation of seven different
groups in Figure 2 S groups were formed by hipand
similarity i the complexes: group 1, with S-diketone ligands
(2% strectures), group 2, with nitrate ligands (16 stractures);
group 3, with ligarnds similar to tos (2-pyndyl-methyl]
amine (¥ structures), group 4, with tridentate ligands (8 struc-
tures), grown 5, with polvdeniate lgamnds {26 stroctures), and,
finally, eroup 6, with coordinating sulfur atom {6 strsctures)
ligands. A seventh group was created with the inclesion of
all other complexes. For thiz wa have collected complexes

2352 Inorganic Chemistey, Vol 43, No. 7, 2004

Rocha el al.

Teia[i2-pyridy-rmethyljamine
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Figure ). Exsmples of Hoands of each duster firom the cluster analysis
presenied in Figure 2.

Tridentate

with menodeniate and hidentate hgands that are not simalar
to fi-diketones,

In Figure 3, we show the UME for Eu—L distances for
all complexes, divided in groups, from 1 to 7 for both
versions of the sparkle model. Thus, we were ahle to point
out which complexes are more correctly predicted v this
new param eteization of the sparkle model, SMLC IT

We were capable of detecting significant reductions in
LE For complexes m all groups by looking at the SMLC
[I deviations and by comparing them with the ones from the
original version, presented. respectively, in Figure 3ha More
specifically, for complexes of groups 5 and &, we detected
the larges: reductions on the Uh{Es.

Our results show that all group 1 complexes present a
small UME This group iz Tormed by europiumilil} com-
plexes with J-diketone ligands, similar o the com plex used
in the parameinzation procodure Ome exgeption 15 the
Dhiagua—teis acetv lacetonate] —europium(TIT - monhchvdrate
complex that has UME = 02740 A, because, SMLC 1T
predicts an ineomect structure [or w5 coordination polyhedron
In this case, one waler molecule is placed 38452 A away
from the eurcpaomilIl) ion, resulling mn 8 coordination
number of seven However, excepl For this fact, the BEu—L
distances for group 1 complexes are predicied with the lowess
LME in comparison with compleses of other s groups
Mosl struchures of the proop 1 show TTME below (000600 A

W can point ot that SMLC 1T model prediets the Ex-L
distances for some europiumiID) complexes mserted in cther
proups i poodd sereement with the experimental ones, As
examples, consider w1 complexes with tridentate (group
4} and macrocvelic hgands (zrowp 51

The ITWE value for the complexes of group 5, caloulated
with SMLC 1T maodel, ranged from 0040 & (GAPRUE) Lo
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Figure 4. TUnzigned iy evors (UWED, saloudsted by the sum of all
sbschute values of differepcss bebween experimmibsl ond caleulabed
interatemic distances b olving the sxopiadII) ion, for each of the 76
test complexes, prouped aceonding 1o the clister araheis shomm in Figune

3 () caloulsted with the original SRLC medel, and (b) coloulabed with
the present SkLC O mod=]

L
L

-
L

0431 A (YATHOQL The reason for this lomg inberval is
the presence of menodentate hgands, see Fipure 3. Amalyzmg
all the stmictures of this groug, we notice that complexes
with & macrocyclic ligand ples water moelecules bonded o
Eu(1l) ion are well predicted by this version of the sparkle
model. However, complexes with other monodentate ligands,
such 2s chlorme or sothiocy 2nates, bonded to europium-
(1M} iom, are not as well predicted by SMLC 11,

We can obsgerve in Figure 4 that the ground state
geometnes for BuillT) cormplesces with nitrete ligands {group
T and Bl eomglexes with hgands having one of more
comdmating sulfir atoms (group &) are nolas well predicted
by this new parametrization nor by the orgmal sparkle
model. Especialky, for the compleoes of group 6, companson
of twao versions of the sparkle model reveal larger deviations
in the Fu—L distances calculated with the previous version
of BMLC maodel than the ones found with the maodel
presented in ths paper.

For growp 2, the reason for larger deviations is because
baoth parametrizations of the sparkle model are not able o
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Figure 8. Some macrasyelic ligands pregent in the bed sab of 96 complenes

comecty predict the coordinate armangement for the nitrate
givug in Hese Bl comglexes. Irstead of the nitrate goup
coordinating to the central ion with the two oxrgen atoms
(hidentate form), SMLC 11 and SMLC predict the nirate
eiotip covsdinated by only one oxygen atoiy, incdeasig the
UME by 0.5 A, approximately, n both cases,

Finally, the UME for all 825 Eu—L distances i all 9%
Ew{lI[} complexes, which s 03564 A for the original version
of the sparkle model, is lowered to 0,1993 A in this new
SMLC I parametrization, 2 reducton of <4L08% when
coingared to the original version of the sparkle model In
Table 3, we can comt 62 coropiumiIIl) complexes with
UME belowe 01993 A, and this represents almost two-thivds
of all caleulated compleses.

Conclusions

This new parsmetrization of the 8MLC model, SMLC T,
revedls & better satistical adjustiment than the ariginal version

Inorgank Chemistry, Vol 43, Ne 7 omod 2351
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of the model Clearly, the Guussian [unctions ure very
mpartant, mainly for the deswription of the sporkle—itom
diztances, of the fira coordination sphere

In conelusion, we can say that our SMLC model 15 capable
af predicting in o salisfictony way the ground stale geom-
ctriee of Hullll) complexes with ligands that present mamby
coordmuted (and parially charged) ooxyvgen stoms, For these
wiees, this pomunetsization is mose opplicable, such o in the
cascs of f-diketoncs and salicylanes. For complexes with
Lagzsarsehss thut by e ruitrosgen stomrs cosrdimsted (o the luntharde
im, our resulls indicte that i these atoms are partilly
charged, the Iu- N distances are better predicted.

{ur pesults show thut this pammetrization isleed predicts
the crystallopraphic anwnres of the pround state peometries
of curopium complexes with tndemae and macrocyche
ligundks o wseful secursey.

2354 norganic Chemistry, Vol 43, No. 1, 2004
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Synthesis, sparkle model and spectroscopic studies
of the Eu(hfc);-bipyO> complex
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Abstract

The synithesis and spectroscopic sty of the Ewhficl-2H; O complex (hfic: 44 d-triffuoro-butyey | {4) canfone) with bipyridinedioxide
{bipy0: ) is described, The coordination of bipyO; o the Eo1y bon in the complex is evidenced due 1o the presence of a stirong band at
1240 e ! shified from 1252cm " in the bipyOs spectrum and attribsied 1o the stretch of its N-oxide group. The complex Eulhficl;-bipy0,
(hfc: 66, 7.7.8.8 8-heprafluoro-2,.2"-dimethyl 1.3.5-hydroogymethyllene (4} canfore) has a lifetime of 632 s which is higher thon that of
the Euhic);-2H0 complex as well as that of the similar complex with B-diketone with CF; group. This lifetime value confirms that the
Eu(TIly luminescence in the complex Eulhfic):-hipyO; is stronger thon in both complexes above cited. The geometry of this complex has been
previoushy optimized wsing the sparkle model and the results hove been used to perform theoretical predictions of the Jedd-Ofielt intensity
parameters 2 (4 = 2.4) using the simple overlap model (SOM) and comrelated to experimental dita obtained by means of the emission
spectra, The experimental value of the area of the "1 —7 F; transition s 20 times langer than that of the *0 —7 F) trangition, This reflects
ihe hypersensitivity of the "0y —7 F, trmsliion, A good agreement between theoretical and experimental LY ahsomption specira of the

complex las been obtained. This result increased our confidence in the predicted structare.

0 2004 Elsevier BLY. All rights reserved.

Kewwoats: hific: Lantinescence, Sparkle model

1. Imtroduction

There is a great interest in the study of the luminescence
properties of complex of trivalent lanthanide ions with or-
ganic molecules. Special interest lies in the possibility of de-
signing light-conversion molecular devices (LCMD) based
on such complexes, There is, however, a compromise amang
several processes: (1) ligand absorption; (1) an efficient lig-
and 1o metal energy ransfer; (111} efficient luminescence of
the metal ion. Lanthanide complexes have been studied in
our group [1-T], with emphasis on species possessing sim-
pler ligand systems than those involving cryvptates or macro-
eyelic ligands, Besides the synthesis and experimental inves-
tigation of the photophysical propertics of new lanthanide
complexes, our group has been successfully developing the-

* Corresponding author, Tel.: +55-79-2 12-6650;
By +55-T9-2 1 2-b6B4.
B! glolress: messquitaaufsbr (ME. de Mesguitn),

(923-BI80/% - see fromi mwitter © 2004 Flsevier BV, All nghas reserved
iz 101016 jalloomm 2080311, [06}

oretical models to determine the coordination geometry of
lanthanide complexes, the position and nature of the ligand
excited states in the complex [8-10], the 4F-4F intensity pa-
rameters | 7.8]. the ligand-to-lanthanide ion energy transfer
rates [B]. and the luminescence quantum yields [9]. Re-
cently, highly luminescent enropium{ 111} Eughfc): -hipy and
Eu(hfehs-terpy (hfc: 6,6,7,7,8,8, 8-hepiafiuoro-2,2'-dimethy|
1.3, 5-hvdroscymethyllene {+) canfore) (bipy: bipyridine
and terpy: terpyridine) complexes have been described
on transparent self-standing films [11]. In this work,
we present the synthesis, characterization, spectroscopic,
and photophysical pl'ﬂ-pl:ﬂi.l:i, theorctical and experimen-
tal, as well as the structure of the new Eul(hfc):-bipyOsz
complex  (hfe:  6,6,7,7,8.8 8-heptafluore-2,2 -dimethy |
1,3, 5-hydroymethyllene (+) canfore) (hipvOs: bipyridine-
dioxide). The sparkle model for lanthanide complexes
within the AMI approach (SMLC/AMT) [12.13], was used
to calculate the geometry of this complex. From the deter-
mined geometry, the sparkle is replaced by a point charge
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+3 1o account for the charge of the lanthanide ion. The
electromic spectrum of the ligand coordinated to the lan-
thanide was then caleulated by the INDOYS-CI method
[14] The theoretical and experimental intensities of the
Thy — Ty 1,24 transitions of the Eu(TIT) ion in the complex
Buihfe)s-bipy(s have been analvaed and discussed and the
emission quantum viekl has heen determined

2. Experimental details
21 Swmihesis

The Euihfc); complex and bipy 999994 were purchasad
from Aldrich and vused as recewved. The higand bipys was
prepared following the method reported in related Iiterature
[15]. and was characterized by C, H, M microanalysis, melt-
ing pomt, [B vibrational and UV-Vis spectroscopie analysis
and gas chromatography. The complex BEulhfc)s bipy0s
was prepared adding 40ml of a warmm ethanclic solution
of bipyOa (1mmol) to an ethanolic solufion contamimng
I mmal of Bulhfa)s. The pure products were chtamed by
repeated ervatallization from hexane and dried over PaOs
under reduced pressure (less than 1mmEg) The chemical
analytical data of the complex indicate that the formu-
laz of the complex comesponds to Ew(hfcl-brpyOys, as
expected. The complex wos characterized by means of
chemical analvsis, IR vibrational and 1TV-Vis absorption
spectroscopy, luminescence spectroscopy and excited state
[ifetimes

22, Spectroscoplc measurementy

The TR, spectrum was recorded using KEBr pellet on a spec-
trophotameter (4000400 em 1), model BRUKER IFS &
The ahsorption spectrum were recarded on & Perkin-Elmer
UV-Vis spectraphotameter, LAMBDA 6 model 2688-002.
For the excitation and lum mescence spectra the sample was
exeited using a 150W senon lamp. The appropriate wave-
lenpths were selected by a 0.25m monochromator (Jobin
Yvon modal H-10% The enmission spectrum was analyzed
using & Jabin Yvon double monochromator, model 1= 1060
and the emission spectrum detected by a water-cooled RCA
C31034-02 photomultiplhier, was processed by a Jobi Yvon
Spectralink svstem. The sipnal excitation spectra were
recorded by a Box Car EG&G Princeton Applied Research,
a Gated Integration model 4422 and processed by another
one, mode]l 4402, The lifetime measurement was made st
298K wsing a pulsed Ma laser. model VSL-337 ND for
excitation purposes and the same Box Car system for data
acquisition | 5,16]. The quantum vields of the Butt complex
was determined by comparison to the standard phosphors
(Y05 Eu), whese efficiencies have previcusly been defer-
mined by absolute messurements. This method provides
ahsolute efficiencies while avoiding absolute measurements,
and has been described i detail elsewhere [17]

3. Theoretical details

A1, The sparitle model

This model, which has been recently introduced and
described [5-7], leads to optimized coordination geom-
etry and electronic structure of the organic part of rare
earth coordination compounds. The geometrical parameters
of the compounds are obtained through the SMLCAMI
which consists in modeling the rare carth 1on by a sparkle,
The sparkle parameters have been previously optimized
to reproduce ground state geometry in a variety of Eodt
coordination compounds [5-7]. The ligands, tegether wath
the sparkle, are then treated with the AMI Hamiltomian
[18], therefore, not simulating what 15 essentially an elec-
trostatic interaction between the rare earth and ligating
ions, but also taking full sdvantage of the A1 excellent
performance in predicting geometry of organic molecules
[19].

Cmee the molecular structure of the europum complex
was established the sparkle was replaced by a point charpe
+3e, to fit the lanthanide ion charge effect and the alec-
tronic spectrum of the ligand part of the Ev?t complex was
caloulated [12]. The INDOVE-CI model implemented in the
ZIND» program [20] was used to caloubate the transition
energies and the oscillator strengths of the Budlll) comples.
The IS space was gradully increased until there were
mix further meamingful changes in the calculated transitions.
A lorentzian line shape [21] was fitted o the calculated
singlet transitions, together with the refative intensibies ob-
tained from cscillator strengths. All simulited specira had
hali-height band width of 25 nm and were compared to ex-
perim entil spectra

32 Ligond-rare earth ion ensrgy trangfer

The procedure to obtain the ligand-rare earth ion
enerpy transfer rates follows three steps. For step (1),
the SMLC/AMI (“Sparkle Model for Lanthanide Com-
pounds‘Austin Model 17 method [5] has been used to
determine the melecular structure of the Buthfc)s bipya
complex. The set of parameters for the sparkle species has
been presented elsewhere [12] and 1t includes the Ganssian
functions for the core—core repulsion nteraction sccording
to the ARd] method [12]. For step (1) the INDOS-CL0 mier-
mediate neglect of differential overlap/smglet-configuration
interaction’”) method [22] mplemented in the ZINDO pro-
gram [20] has been used to caleulate the transition energies
and oscillator strength of the ligands m the presence of'a |- 3e
point charge [12]. By using the results ohtamned 1n the steps
(1 and (i1}, the energy transfer rates hetereen the ligands and
the lanthankde 1on in step (1i1) were obtamed with a model re-
cently developed in our group which includes the direct and
exchange Coulomb interactions in the perturbation operator
[23,24)
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23 Intensily parameters

From the emission spectrum, we have determined the ex-
perimental intensity parsmeters {22 and {2y by using the
*Dy —7 Fp and Dy —7 Fy wansitions, respectively, and
by expressing the emission intensity J = Falaa N in terms
of the areas under the emission curves. Here, fow is the tran-
sition energy, A,y the cornesponding coefficient of sponta-
meows ermission and & is the population of the emitting level
*Dg). The magnetic dipole allowed transition "Dy — Fy
was taken as the reference. The deg are given by:

4t - 5
Arg = <52 3 || UMDy (1)
Fhe? " L

The appropnate reduced matr efements of Eq. (17, were
teken from [23], and an average index of refraction equal
to 1.5 was used m the Lorentz local field comection which
enters m the expressions for the coefficients of spontansous
emmsion. The procedure for calculation of the theoretical
intensity parameters, 2., are described in [26.27]

4, Results and discussion

The IR, specinam of the Eulhfehs-hipyOa complex provide
evidence that the metal 1on on BEathfcls bipyDs 18 coord:-
mated to the bipyCh via N-0 groups. The N-O siretching
shifts from 1252 cm 1 in the free form to 1241 em 1 in the
coordinated form. The coordination 15 also confirmed by the
L%-%is absorption specirum. Further, the vibratiomal spec-
tra shows that there are no water moelecules coordingted to
the Ev** ion in Eulhfc)s bipyCh, which confims that the
coordination mumber 15 8.

Since the application of the SMLC/AMI] maodel for other
systems was satisfactory [12,13,28], we have applied it to
predict the gpeometry as well as the electronic a ion
spectrum of the Euthfchs-bipy Qs Table 1 shows the Cane-
sian coordinates for the coordination polyhedron of the com-
plex as determined by the sparkle model Formed by the six
bonding aygen, from the three hfe and two oxygen from
the bipy(y. The polyhedron of the complex is a distorted
tricapped trigonal prnsm as show in Fig 1

Tile 1
Interatomiic  distances for  the  coordination  polyhedron  of  the
Enthfc)s bipyQ; complex

Aloms XA} FiA) Z (A}

Eu AN 0,040 L[]
hifie—h 051938 —0 AR5 —1BeS0T
Ifie—C 4 ABEEA 1.52685 —5451%
lifie—~ 408592 042080 192520
hific—Chy ThG1E2 —0,Tal 36 -3, 13160
hfic-05 447231 —1 64551 — 7363
hific—Crg 1B RS ~1.67M5 1.4642%
bripape—C 122471 1.06520 16000
bipy0.—0 160953 180738 —1.12383

Fig. 1. Caleulated grooned state geemetry of the complec Buidel; bipyd:.

Fig. I shows a comparison between the expenimental and
the theoretical ahsorption spectra. The theoretical spectrum
fits satisfactorily the expenimental one in respect to the num-
ber of the mam peaks, although displaying a (small) svatem-
atic blue shift, which may be due mainly to solvent affacts,
which have not been considered in the caleulations, The the-
aretical spectrum was calculated for 0 molecule in vacuum
whereas the observed spectrum was obtamed for ethanolic
solutions of the complex. The relative intensifies of the peaks
have been qualitatively reproduced, as shown i Fig, 2

In Fig. 3, it 15 shown the room temperaturs emission spec-
trurn of the Eulhfe)s bpyChs compleX (Aee = 308 nm ). Two
[eatires indicate the low symmetry of the Eu won site. Firstly
the ratio hetween the 0-I and 0= (=1}, 1, 3, 4) transition
intensity and, secondly, the peaks are not resolved, strongly

¥
—— Experimental

—aad 1y Theoretical
i
2
R LR
£
E 0.2
:
T 014
o

0.0 =

00 atn 400 st &0 0o
Wavelength (nm)

Fig. 2. The experimental and calculated spectra from SMLC AMI geom-
ery into TNDROVE-CT.
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Table 3
- Cabeulated values for the encrgy transfer rates in the Eudhichs bipyQ.
: o Ligand stae Af ame Transfer Back-transfer rate
= fom=") fem=1) rule
"E Triglet (19522) =  “Dp (173000 148 = 10° 893 = 107
E Triplet (19522) = Dy (190000 354 = 107 295 » 107
E To Singlet (31732 Dy (2TE00) 6B w 10F I s insignificant
s L‘LJ\H{"N " Dipole-dipale mechanism.
5
o0 o4 g ’
b £ cither the singlet or tnplet ligand states. The theorencal
tranzition energies with high oscillator strengths of the sin-

18000 17000 16000 18000 14000
wavenumber (cni’)

Fig. 3. Lumincscence spoctnm (e — 308nm) of Euthfcl:bipy0; in
the solid staie 20 300K,

indicating that the structure 15 rather amorphous. The fact
that the 0-0 transition has a small shoulder in the night side
of the peak can lead ws o the suggestion that there we lwo
main kind of structures around the luminescent site, even
though each one with distortions around @ mean, tuning
out the spectrum to have an appearonce of o glassy material
spectrum

The experimental values of the intensity parameters as
well as their theoretical simulation through the simple over-
lap madel (SOM, Table 2) were obtained, the former from
the area under transition in the spectrum and the lawer from
the struetural data in Table 1, as described in [8]. The polar-
zbility, @, and the charge Gacton, g, were treated s (reely
varying parameters, These quantities should act in the sense
of reproducing the best effects of the chemical environment
on the rare earth ion. The velues of charge foctor and polar-
izability used to get the £2; and £24 theoretical parameters
were 0.8 and 3.2, respectively, for the eight hgand cotygen
atoms. These values of g and o are restrict o ranges of phys-
ically acceprable values.

The very satsfactory theoretical fit of the £y parameter
despite the not very good fit in £24, is explained by the fact
that we seek the values of g and o in order to adjust the more
intense -2 transition, since the set of ligating coordinates
must be interpreted as mean values of the apparently glassy
strugture,

Upen UV excitation, the hfe and bipyOs ligating
species sensitize the luminescence of the Eu't in the
Eulhfe)s-bipyQs. In the study of this energy transfer pro-
cess, ligand-to-metal energy transfer may occur through

Table 2
Intensity parameters (102" cm?) and coeffickent of spontancous emission
(511 of the Eulhic)s bipyl:

As Oy =7 Faza0) i 2
Experimental 153 2.0 A4
Thearetical G593 224 292

glet and triplet states are 33 732 and 19522cm !, respec-
tively. These transitions have a =* -— 7w character and the
experimental singlet energy (32467 5em™Y) was obtained
by measuring absorption spectra at 293 K, There is a good
agreement between theoretical and experimental singlet
energy.

The theoretical energies of the singlel and triplet states,
abtained by using the TNDOS-CT method, were used in the
caleulation of the energy transfier rates. Tahle 3 presents the
thearetical values of the forward. and back-transfer rates
caleulated for the levels "Dy, *Dy and 1y of the lanthanide
ion. The arrows in this table indicate the direction of the en-
ergy transfer. The forward transfer rate to the *Dy level was
calculated by assuming a thermal population factor equal to
0.17, at 300K, for the “F; manifold and an energy differ-
ence A = E triplet) —[ £ (*Dy) — £ ("Fy }]]. The parameters
wsed in the caleulations of the transfer rates were oblained
from the sparkle model (structural data and ligand matrix
elements). The parameters for Bu(hfo)z-bipyOs were By, =
3.60 A (average value), A = 872" and it was considered
a typical value of yyipe equal to 3700cm I The theoret-
ical value used for the s-component of the eleciric dipole
matrix element, of the Eq. (19) in [8], was 2.44 = 1073
{esw) em®, In addition, the multipelar contributions (o the
transfer rates were calculated by using the following theo-
retical values for 5284 (in 107" cm®): 5% = 2.0, 2% =
0.25 and Il';"- = 0.32. It should also be noticed that the
back-transfer rates were ealeulatzd by multipli,fin%_ the for-
ward transfer rates by the Baltzmann factor e ~14#27 4t roam
temperature, The following values for the screening factors
were assumed for these compounds, os = 0.6, oy = 0.139,
a5 = —0.1 and og = 0.989 [12].

The encrgy transfer rates are higher for the [y and Iy
levels, where the exchange interaction dominates, than for
the higher excited “Dy levels, where the multipolar interac-
tions are the most important ones. The multipolar interac-
tions inelude the dipole=dipole and dipole-2*-pole mecha-
nisms, however, the first mechanism is the most important
to the *Iy level. The back-transfer mate is high to the *Iy
level, which is a strong indication that the ligand-to-metal
encrgy transfer T —* 1y is the most efficient mechanism
in the complex Euhic)s-bipyOs.

The luminescence lifetime of solid Eu(hfe)s bipyOs
showed a value of 652 ps which is higher than in the
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Eu(hfc)s bipy, Bulhfe)sterpy and EulbpyOsly(ClOg: as
described in the literamre [11ab] A higher emission
quantum yield for the Eu't ion equal to 21% for the
Euhic]z-bapyOs complex at room temperatuce and the [act
that the *Dy Efetime is higher than in the similar complex,
suggests the former as a better candhdate to hght-comversion
molecular device.

5. Conclusions

The [R and [1'V-Vis ahsorption spectra 22 well az the lo-
minescence measurements provided evidence that metal 1on
1 coordmated to the bipy gand The optimized geome-
1ty has been used to predict the TTV-Vis absomption speetrum
through the TNDOY3-CT method, When compared 0 the ex-
perimental speotrum, the theoretical one has shown the same
number of peaks and the relative inensities betiveen them
have been gualitatively reproduced.

[m our understanding, the good agreement found between
theoretical and experimental values m Table 2 reflects the
fact that the approximate structure assumed for the first co-
ordination sphete 15 close 1o the real one and reflects also the
relinbility of the model used m the theoretical calculanons

From the obtained enerpy transfer data we suggest thet
the ligand-to-metal enerpy transfer T —* Ty iz the most
efficient mechanism in the complex Euthfcly-bipy O,
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Abstract

The synthesis and spectroscopic study of the complexes of Ea(l11y and Gdilil with pyvrazine-2-carboxylic acid (pya) are described. The
number of water molecules (n) in the first coordination sphere of the Eu(lll) ion has been determined through comparison between the
experimental and theosetical Stark levels, giving n = 3, where the peometry of Ew 1D complex has been previously optimised using the
Sparkle model. Based on this number of water molecules it has been predicted that the excited states for the complex Euipyval;-3H: 0 and
the resailts have been msed o carry oul an experimental and theoretical ainalyvais of the Inensities of the 441 ransitbons and intramolecular
energy transfier processes, Swructural data were used 1o perform theoretical predictions of the Judd-Ofclt intensity parameters (12, & = 2,40
Ihe satisfactory results oblained are an indication that the models used can lead to reliable predictions of the structure and 441 intensities, A
complete theoretical model o caleolme the luminescent properties of lanthanide compounds has been used W analyze the emission quantum

145

vield of the Ewfpyva); -3H20 compound, This approach has provided an optimum emission quamtum vield of 9.2%,

10 2003 Elsevier BV, All rights reserved.

Kevwords: Sparkle model: Pyrazme-2-carboxylic acid, Excited siates

1. Introduction

In the bast 20 vears, the search of eficient light-converting
devices based on rare eanth coordination compounds has
been a fascinating area of interest of the inorganic chemistry
[1]. This interest consists in the possibility of the potential
use of such complexes as luminescent materials, chemical
probes and new sensors for biological applications [2-4].
In the literature, high luminescent europium( 1) complexes
with B-diketones and o-phenanthroline-N-oxide as lig-
ands. have been synthesised and sugpested as promising
light-conversion molecular devices [3). The 4f~4f lumines-
cence intensity in these compounds is the result of a balance
between strong absorption by the ligands, hgand-rare earth
ion enengy transfer mies, non-radiative decays and radiative
emission rates involved. The mechanism of light conversion

* Corresponding author. Tel; 4-55-T9-2]1 2665007 1 2-6652;
i +53-79-212-6684.
F-mnl alidress; mesquitiniands br (ME, de Mesquia)

(O25-2388/% — see front mader © 2005 Elevier BV All rghis reserved.

dhoi: 1R 101 6/S002 5-R IR E{03 HHGH6-0

is thought to be as follows [6]: {a) light in the UV region is
absorbed by the ligands (antenna effect [7]); (b) the excited
ligands decay rapidly to their lowest triplet state; () eneriy
is transferred from the triplet state to the quasi-resonant
enerey state of the lanthanide ion and (d) the excived metal
ion decavs to the ground state via photon emission in the
visible region,

Complexes of lanthanides with similar systems have been
studied by our research group [8]. In the present paper,
we will describe the synthesis, characterisation and spec-
roscopic properties of the new complexes Lnipyals nHyO
ipya = pyrazine-2-carboxylic acid, Ln = Eu** and Gd**).
An alternative method based on the calculation of the
Stark levels has been used to predict the number of water
molecules (w) in the first coordination sphere of the lan-
thanide complexes. In this prediction it has been opimised
that the geometry of the complex Eu{pyaly-nHz0, » vary-
ing from 2 to 4 and the results have been used to make a
theoretical investigation on the spectroscopic and photo-
physical properties of the compounds, The theoretical and
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experimental intensities of the Dy — "Fy 4,24 transitions
of the Eu{IIT) ion in the complex Bulpya)s sHaO have been
analysed and discussed and the emission quantum vield has
been determined for the complex Eulpya); a0,

1. Methodology
21 Svnthests

The starting chemicals were EuaCy and Gep Oy 99.99%,
Aldrich, pya 95%s, Aldrich. The lipand was purified by re-
ctystallisation from ethanol and dned i oan Abderhalden
apparatus at BO®C over PpOs. The purfied lipand was
characterized by melting point and IR and UV-Vis spec-
troscopy. The complexes were prepared in essentially the
same way by adding 20ml of a warm ethanolie solution of
e (1 mmoly under stirring to 20ml of a warm {650-T0°C)
ethanol salution of GA{CI0Y); or BufCICy)s at pH 4-5. as
already reported in Iiterature [8]. The pH was then adjusted
to 67 with a diluted NaOH ethanol solution. Adter reflux-
ing for 6h, a white precipitate was filtered, washed with
ethanol and dried at BO"C aver P204 at reduced pressure.
The complexes were characterized by means of IR and
UV-Vis absorption spectroscopy, excitation and emission
spectroscopy and cxcited state lifctimes,

22 Spectval measurements

The TR spectrum was recorded using @ KEr pellet on a
spectrophotometer (4000400 cm ) Bruker [F3 66 model.
The absarmpbon spectra were recorded on a Perlan-Elmer
UV-Vis spectrophotemeter, Lambkda & mode] 2688-002.

For the excitation and luminescence spectra the sample
was excited using 8 1530W xencn lamp. The appropriate
wavelengths were selected by a 0.25 monachromator (Tebin
Yvon model H-10). The emission spectra were analysed
using a Jobin Yvon double monochromatar, model T-1000
and the fluorescence signal detected by a water-coaled
RCA C31034-02 photomultiplier amd were processed by a
Jobin Vven Spectralink system. The excitalion spectra were
recorded on a Box Car EG&G Princeton Applied Research
with a Gated Integration model 4422 and processed by
another one model 4402, The lifetime measurements were
made at 298 K using a mitrogen laser maode] VEL-33TND
of Laser Science Inc. for excitation and the same Baxcar
system for data acquisition as described previously [4.9]

23 Theoretical

23] Geometyy and electronic spectrm

The geometry of the europium complex has been abtained
via the SMLC/AMIL [10-12], which consists in modelling
the lanthanide metal ion by a sparkle. The ligands, together
with the sparkle, are caleulated with the AMI Hamiltonian
[13], thus sumulating, bath an essentally electrostatic inter-

action between the lanthanide ion snd the ligands, and also
taking full advantage of the excellent Al perfommance in
precicting the geametry of organic molecules [14]. Here, we
used the sparkle model improved with the following modi-
fication [11]: inclusion of two Gaussian potentials, each of
themn with three parameters. This modification is wsed to
represent more confidently the core—core interaction.

Cmee the molesular structure of the europium comples
was established, the sparkde was replaced by a point charge
+3e to fit the lanthanide ion charge effect ond the elec-
tronic spectrum of the ligand part of the Bullll} complex
was caleulated [11]. The IND{EVE-CI model implemented
in the ZINDHO program [15] was used to calenlate the tran-
sition energies and the oscillator strengths. The CIS space
was gracdually increased until there wers no further mean-
ingful changes in the caleulated transitions. A Lorentzian
Iine shape [16] was fitted to the calculated singlet transi-
tions, together with the relative mtensities obtained from os-
cillater strengths. All the simulated spectra had half-height
band width of 30mm. The theoretical absorption spectrum
has been comparad to the expermmental one.

The geometries have been optimised for the complex
Ewpyals-nHD {n = 2. 3 and 4) and have been wsed to
ealculate the Stark levels in the procedure deseribed below.

242 Prediction of fhe Stark levels

The experimental position of the Stark levels has been
determined through the emission speetrum of the europium
complex. The Stark levels have also been predicted for the
complex Bupyala-nHaO (n = 2, 3 and 4. The encrgy of
the Stark levels has been caloulated by solving the matrix
elements irvolving the ligand field Hamiltonian

Hie = Y BCY M

where BY 15 the so-called ligand field parameter and C}Iﬂ 18
the Racah rreducible tensar operator. In Eq (1L & =2, 4
and Gandg =k —k+1,... . k=1, &k The ¢ values depend
on the symmetry of the chemical eswironment arcund the
europium ion. The parameters B} have been caleulnted us-
ing the Smmple Overlap Maodel (SOM) [17]. According the
SON, the ligand field parameters depend on the spherical
coordinates (R, &, ¢ of the ligating atoms of the first coor-
dinateon sphere and also on the charge factors g, asscciated
te each one of these hgating atoms, The parameter g; can
vary from zero o the nominal valence of the ligating atom
and has been obitained in Inerature through a semi-empirical
methodology [18].

It the caleulation of Bg parameters, it has been assumed
that the tvpical values for the change factors of the oxvgens
af the water ligands (gaye) and for the oxygens of the pya
ligands {gpyy ) as being 1.30 and 0.8, respectively. The spher-
ical coordinates of the ligating atoms (R ;. 6, ¢ ;) have been
obtained from the optimised geometry of the europium com-
plex, The energies of the Stark levels have heen calcukated
usirg the Grominel program arcd have been compared with

Ricardo Oliveira Freire — Anexo 11. 146



Desenvolvimento de Modelos Quimico - Qudnticos para o Estudo de Complexos com lons Lantanideos e Actinideos.

1236 ME e Mesquira oy ol fSomosal of Atlays and Compownds 2688 (2o0d) 134131

the experimental ones. The root-mean-square deviation for
this prediction has been calculoted following the expression

i EXP _ prALCY o
o [E:(@Fﬂf—)] « 100PG, (3]

where EFT and EFAE are the energies of the experimen-
tal and ealenlated Stark levels, respectively and the summa-
tion nans over the & Stark levels obtained from the emission
spectrum. The o parameter his been obtuined for the cases
where n = 2, 3 and 4 and have been compared in order o
assign the number of water molecules in the first coordina-
ton sphere of the europum complex Eulpya)s-aHz 0,

233, Energy transfer rates and quantum yield

The results obtained trom the Sparkle model and
TWICVS-CI have been used to caleulate the energy transfer
rates. The ligand-to-Eu(l1l) energy overall transfer rate Wey
wag ohtained according to the thearetical mode| developed
[19.20], being written as the sum of three contributions
given by the following expressions:

% OB s
= PN Al 2
WEr H{EJHJGF%'HW‘M& e} 3
which corresponds 1o the dipole-2* pale mechanism (A = 2,
4 and &),

€%
Wit = h 27+ 1)GRE

corresponding to the dipole-dipole mechanism (4 = 2, 4
and 6}, and
B o2 1= m)®

b R o b 2 W o d AN - S a
Wit =5 arnr @ISl

|
('ﬁlzp;{knﬂkl‘f)
k

corresponding to the exchange mechanism, In the above
equations, J represents the total angular momentum quan-
tum number of the rane earth ion, @ specifies a given 41 spec-
troscopie term, (518 the degeneracy of the ligand initial state
and 8, 1= the electric dipale strength associated to the ligand
transition ¢ — ¢ The quantities (|||} are reduced matrix
elements of the unit tensar operators I [21] and Ry, is the
distance from the rare earth ion maclews to the region of the
ligand molecule where the ligand donor (or acceptor) state
is localised. In Bqg. (5, 8 is the total spin operator of the
rare gurth won, gz i the £ component of the elestric dipole
operator and 5, (m = 0, £1) is a spherical component of
this span operalor, bolh for the ligand electrons and o 15
a distance-dependent screening lactor [22], The matnx cle-
ments (¢ |37 g (kis, (k)] ¢') were calculated [22] from the
maolecular orbital wave functions given by the INDOS-CI
method [23] 25 are the contributions of forced electric

FY as™ o v el ? - (4)
A

im
-

3}

=

dipole to the intensity parameters defined in [24]. The gquan-
tities 3 ond F are given by

(r*)? ¥ YO | 2
Yo=1(x+1) 1"'{ 1y BNC37( = o) @)
. | In2 a4y’ -
l.l:. - h" - # exp| — (ﬁ--- ) I]'I - (Tj

where () 15 the radial expectation value of +* for 41 elec-
trons, £ iz a Racah tensor operator [23], the oy's are
sereening factors [26.27)], w15 the ligand state Bandwidth
at half-height and A is the difference between the donor and
Acceptor transition enrgies invalved in the transfer process

The selection rules that can be derived from the above
equations are the following. J 4+ J' = & = |J - J|, [or
the mechunisms expressed by Egs, (1) and (2), and AT -
0, £1, for the exchange mechanism by Eq. (5), in both cases
"= 1 = 0 being excluded. For the ligand, the selection
rules can be denved from the electne dipole strength 5 and
the matrx element of the coupled operators oz and &, in
Eg. (5).

The numerical solution of the rate equations describing
the kinetics of the 4f-4f lumineacence was determined ac-
cording to the model developed in [20]. The nomalized
level populations, gy, are described by a st of mie equations
which have the general form:

i ¥ ¥
e D kit D ke (%)

=l =

where the indices § and § indicate the enerzy levels of the
compound involved in the energy transfer process and j #
t. ki oor by commespond to the transition rates from level
i o, or from level § o i, respectively, and N 1 the lo-
tal number of states mvolved 1n the energy transfer mech-
amism. In the steady stale regime, all the dry; /dr are equal
te zere and the set of algebrale cquations can be solved
analytically in terms of the transition and energy transfer
rates. In the present case, the rate equations were solved
numerically by using the foaurth order Runge-Kuita method
with an adaptive integration step [20]. This set of coupled
differential equations helangs to the initial value category,
where the populations (;) at 1 = 0 were set equal to 1 for
the ground state population and to 2ero for the other states,
The total time of propagation was around 0.01 s and the ini-
tinl step size wis equal to the inverse of the lngest tans-
fer rate (approzimately 107%5), The temporal dependence
of these populations reaches the steady-state condition al-
ter 107% to 10~*5, which arc then wsed to calculate the
relative emission miensily and the emission quantum yield,
ag well as the lifetime of the emitting state when desired
[20].
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F Results and discussion
AL Characterizalion oid speciroscopts Meastirsments

The IR spectra of the Ex(pyals 3Ha O and Gd{pya)s- 3H;0
complexes show strong bands at 1610 and 159%em !, re-
spectively, due to the anti-symmettic carbonyl streteh of the
carboxylate group in the pya hgand, which s shifted from
the 1729¢em ™! value found for the acid form. The spectra
also shenrs features which indicate the coordination of water
molecules, i apreement with our observation that no water
is lost on heating at 90 °C in vacuum over Pa(s

The absorption spectra of the Ea(IT) and GA{IIT) com-
plexes in ETOH show peals a1 267 and 271 nm_ respectively,
which are shifted from the 269nm value for the free lig-
and. This corrchomtes the indicative of coordination shown
through the TR spectra.

The luminescence spectum of solid BEalpya)s-3H.O at
room temperature (300K and 77K is shown in Fig. 1. In
eomplexes of this type, excitation in the sbsorption bands

belonging primartly to the lizands results in emission from
the lowest excited state of Eu(IIT), D, to the components
of tha ’1’-‘_; ground state (f = 0, 1, 2, 3. 4, 5 and §). In this
spectrum the "Dy — "Fa transition is approximately eight
times more intense than the *Dy — "Fj transition, resulting
in a bright red emission, and the Ty — "Fy4 transition has a
considerable mtensity. The *Diy — 'Fy transition presents a
narrow lime, indicating that there 15 only one site arcuncd the
lanthamde 1on in the complex. This data corroborate with
the similar systems reported in the literature [8].

The emission spectrum of the Gd{pyals. 3H2 O in the solid
Form, at 77K, shows an emiszion band peaked at 543 nm,
which 15 charactenstic of a triplet state. This bend is not ob-
served on the emission speetrum of Eufpaa)y 3H;0 indicat-
iy the enerpy transfer from the pya ligands to the EnfIIT)
ion is very efficient.

From the emizsion apectrum shown n Fig 1, we have
determined the experimernal mtensity parameters §2; and
124 by using the Dy — "Fp and *Dy — "Fs tronsitions.
respectively, and by expressing the emission intensity [ =

1.0 —
300 K
| 7%
[LE-N
08— -
3 08
z
4 E .
= £
& 063
z a4
@ 4
E 5gi:l 56.!1 El':l:l ﬁ‘;{l E20
- Wavlerggh (ram)
= 04
o
=
E il
(]
o
0.2 —
0,0 =
| T | T | T I
550 GO0 &aa0 700
Wavelength (nm)

Fig. 1. The amizsion spectrn of Eufpyaly 3H2 0 at rooas temperature and 77K
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Talle 1
Theorctical and expersmental mbtensaly parameters and coefficients of
spontanecus emission of Eulpyaks-3H O

Table T
Spherical afomic coordmates for the coordination polyhedron  of
En{pya):-3H: 0

Experirmental Theoretical Ao R g @
A (571 PDg = '-F“.l.h'"] A48 - Water 01 2788 0.0 040
22 (2107 amé) 73 ] o2 2676 ann L1061
8 G100 om®) 51 ER 03 2581 1111 =517
v 0 1156 1238 —129.5
I : : : 5 =
heAN in terms of the surface under the emission clrve. i A48 Lha 1A
Here hes is the transition energy, 4 is the comesponding B 3155 R el
coefficient of spontanecus enission and IV is the population A A330 A4 =
of the emitting level (*[3:). The magnetic dipole allowed i 3w 1a0.5 —1134
i 2540 9.8 0468

transition “Tlp — "F1 was taken as the reference. The total
radimtive decay rate, dpy. 15 given by
detaf s
And = i 3 UF |62 "Dy ©
3het © &

where A =2, 4 and 6 and Jf = 0, 2 and 4. The appropnate
reduced matnx elements of Eg. (%) were tgken from [21]
and an average index of refraction equal to 1.5 was used
in the Lorentz local field eomrection () which enters in the
expreasion for Ag. The procedure for the caleulation of the
theoretica] intensity parameters, £2; is described in lterature
[28,29].

Table 1 shows the companson between theoretical and
experimental parameters 525, where the contributions of the
electne dipole and dvnamic coupling mechanism are com-
pared.

Fig 2 shows a comparison between the experimental and
the thecretical absorption spectra. The theoretical spectrom
fits satisfactorily the experimental one inrespect to the posi-
tion of the mamn peaks, although displaymg a small system-
atic blue shift, which may be mainly due to solvent effects,

0.25

0,20

] I .

= 048 I’f | \\
3 | ! ! Experimental
& ]
0104 2
-E ||\ |t:' i k‘
5 VA INDOICIS
B gos f‘j \

0004 \\—\

100 200 300 4@ S0 800
nmj

Fig. 2. The experimental and calenlsted spectra form input geometry
ShLCTARL to INDOWCES.

which have not been considerad m the ealevlation. The the-
aretical spectrum was caleulated for a molecube i vacuum
whereas the ohserved spectrum was obrained for ethanolic
solutions of the complex. The relative intensities of the peaks
have been qualitatively reproduced, as shown in Fig, 2.

32 Cptimived geometry

Table 2 shows the optimised atomic coordinates, as de-
termined by the Sparkle model for the coordination palyhe-
dron of the complex, which iz formed by the oxygens and
mitrogens from the three pya ligands and three oxygens rom
the water malecules, The polvhedron of the complex is a
distorted tricapped migonal pnism as shown in Fig. 3.

3.3 Prediction of the number of water molecules

It has been obtained that o = 827 forn = 2, 0 =
G000 forw = 3and o = 10.99% for n = 4 The Stark

Fig. 3. Caleulated ground state geometry of the complex Eo(pya): 3Ho 0.
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Fig. 4. Comparszon between the expenmentzl Stark levels and the caleu-
lated anes for Bulpyal-aH; 0 for g =3

levels have been predicted for the complexes studied and the
beest result (smallest o) was obtained for & = 3, suggesting
that this complex can bhe written as Ew(pya)l-3H20, The
comparison between the experimental and calculated Stark
levels for the best prediction 1s shown in Fig. 4, where it
alse included the energy values of these levels In Fig, 4
only the theoretical Stark levels which have been associated
to the comesponding experimental ones are plotted. It has
been considersd only the manifolds 7F1. "Fa. "Fy and 7F4,
cnee both the experimental and caleulated enerples for the
manifold "Fy are set to zero.

A4, Modelling of the energy Fansfer process

The experimental and theorctical transition encrgies of
the simglet and triplet states and the thearetical oscillator
strengths for the singlet transitions are presented in Table 3.
These transiticons have a sr* < s character and the experi-
mental triplet energy was obtained by measuring the phos-
phorescence at 77K in the complex Gd{pya); 3H2O. There
is 2 good agreement between theary and experiment.

The expetimental energes of the singler and triplet states
were used to set up the ripht part of the diagram shewn
in Fig. 5. The ligand-to-metal energy transfer may ocour
through either the singlet or triplet ligand states. There are
three 4f states that show appropriate resonanee conditions

Table 3

Experimental and theoretical transition energies (in em™ "1 af the singles
and Iriplet states and the theoretical osciltstor sirength for the singlet
transitins is given in parentheses

Singlet Triplet
Experimental” Thearetical Experimental® Theorctical
37453 3TABS {126} 18,444 18,547

* Absorption spectra in H:O at 203 K.
" Phosphorescence data at 77 K for Gipyaiz-3H: 0.

Wnr

-

Fig. 3. Diagrmm of the most probable siates to be mvolved in the energy
ironeer process m Euipya)s 3H0, with their nimnbering scheme, The
solid and dashed srmows represent radiative {rate A4 and non-rdistive

[rate W] processes, respestively,

with the ligand exeited states. The choice of S0y, *Dy amd
*Diy results from favourable resonance conditions and from
the selection rules dizcussed above.

The parameters needed to calculate the energy rans-
fer rates and emission quantum yiekd have been obtained
from the experimental structures and [rom spectroscopie
caloulations. The following parameters were obiamed for
Euipyal:-3H20: By = 4.2 A (caleulated by using Bq. (%)
of [197) Vipla = 3704em !, Ay = 44857, taken as the
sumn of the spontanecus emission coefficients of the transi-
tions TDy — "Fpqa.0 tLEDY) = 4762871 the theareti-
cal value of the z-component of the electric dipole matrix
element inEq. (5115 1.77: 10~ esu® cm?; the dipole-dipole
contmbution to the energy transfer rates was calculated
by using the following theoretical values for Qi‘“ {in
1072%em?y: 5% = 0.18, 25% = 0.40and 254 = 0.45,
A value of 1095 was assumed for all the non-radiative
decay rates among the 4{-4f transitions. The screening foc-
tors were taken as; oy = 0879, o2 = 0.0, oy = (0,139 and
o5 = —0.1. The back-transfer rates were obtamed by mul-
tiplying the eneroy transfer rate by the Boltzmann factor
e 12 E T gt room temperature. The direct transfer rate to
the 3Dy level was caleulated assuming a factor of thermal
population equal to 0.17, at 300, for the 'Fy manifold and
an energy difference A = Eitriplet) — [0 — ECFLL

Tahle 4 presents the energy transfer and back-transfer
rates for Eulpyalz- 3H20O. The arrows indicate the direction
of the energy transfer, The energy transfer rates are larger
for the *Thy and 1y levels, for which the exchange mech-
anism dominates, than for the "1y levels, for which the
dipole—dipale mechanism 15 the most important one.
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Tabde 4
Calculated energy transfer rates of Eulpyay; -2H; 0

Ly stufe {cn™') AT stute (an™")

Tramesler rule 5™ Bad draesfer tule (5™

Triplet (15444} . D (17300
Triplet (15444) . Iy (19000
Singlet (37453} - 0 (27600)

* Dipole=dipole mechanism.

Typicul values of the remaining lunsber rales were -
sumed to be identical to those found for coordination com-
pounds, namely, k3 = ¢ = 10%, by = 108, kg2 = 108
and kg = 109571 [20]. The numerical solution of the rate
equanians, Fq (8), vielded the ime dependence of each sare
population, which after achieving the steadv-state regime,
were used 1o caleulate the emission quantum yield The de.
sizned compound Eu{pya)s- 3H>0 has an optimum emission
quantum yield of 2.2%, indicating thal non-rediative mtes
in the ligand are indeed guite high for this compound as
expected, since O-H oscillators are important lumineseence
suppresston pathways.

4. Conelusions

The IR and UV-Vis absorption spectra as well as the lu-
minescenee measurements provide evidence that metal 1on
18 coordinated to the pya hpand. The opuimised geometry
has heen used to predict the 1IV-Vis absomiion spectrum
through the INDOVS-Cl method. When compared 1o the
experimentul spectrum, the theoretical one has shown the
same number of peaks and the relative intensitics of them
have been qualitatively reproduced

The comparison between the o values abtained for the
prediction of the Stark levels suppests that the mumber of
water molecules in the first coordination sphere of the eu-
rapium ¢complex is three and the complex can be written as
Eu(pyu)s-3H:0

In our opinien the good agreement found between theo-
retical and experimental values in Table 1 reflects the fact
that the approxmate struciure assumed for the first coord-
nation sphere 18 close 1o the real one and reflects also the
reliability of the made] wused in the theoretical calculations

Upon UV excitation, Age = 270nm, the pya ligand
sensitises the luminescence of the Bu(TIT) ion, but the Tumi-
nescence lifetime, =(° 1), and the ealeulated quantum yield
is quite low compared 1o the similur compounds in the lit-
eruture [30], The fact that the O-H oseillators are important
luminescence suppression pathways, makes the hydried
compound & poor candidate for an efficient light converter.
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Albstract

We report the svnthesis, characlenzalion, speclooscopit properiies, stricture prediction and milensity pacameters of the
Engfodpphen-NO  (fod = 6,6.7,7,8.8, 3-heptafinoro-2 2-dimethyl-3. 5-octadionate  and  phen-NO= 1 10-phenanthroline N-oxide).
Both the elementary analysis and the IR vibrational data are consistent with the formunla of the cited complex. The absorption
specttim in ethanol shows a maximum at 272w, which is shifted from 293 s in relation o Endfod)s. This is an indication of the
coordination of phea-NO. The emission specira al room femperature and at 77 K show a very high intensity for the hypersensitive
!B — "Fy transition, podnting to a highly polarizable chemical smvirenment around the i’ * jon. The complex has a decay time, .
lower than the Eulfod),2H-0. It can be atiributed to a considerable resonance of the ligand triplet with the excted levels of the
lanthanide ion. The sparkie and INDO/S-CI models were nsed to caleulate the stucture and electronic spectrum of this complex.
Goodd agreement betwesn theoretical and experimental UV absorption spectra has besn obtained. Structoral data wers used to
?erlarm theoretical predictions of the Judd-Ofelt intensity parameters (62,4 = 2, 4), the “Dy— "Fy"Dy—"F2 intensity ratio and

Dy~ TFy transition splitting nsing the simple overlap model, The satisfactony reslis obtained are an indication that the models nsed

153

can lead 1o reliable prediction of the structure and 4 —47 iniensitiss.

) THI3 Elsevier Science (USA). All nghis reserved.

Eepwards: Luminescences; Infensity pansmeters; Sparkle model

1. Dotegduction

The design of luminescent lanthanide complexcs has
been intensively studied in the past decade, in parficular
with regard to the applicationa to highly efficient lizht
conversion molecular devices (LOCMIN) as described by
Lehn [1]. This interest & motivated by the possibility to
use such complexes as lnminescent matedals, as solvent
extraction agents, NME shift reagenis, as well as laser
materials [2.3]. To function as an LCMD several
processes must be present: (1) Ligand absorption, (IT)
an efficient lipand to metal energy transfer, (I} efficient
luminescence of the metal 1on.

“Corresponding author. Fag: + 33-79-212-&h84.
E-mall eddvess: mesquita @ufs br, redinfones com br
(M.E. de Mesuguila)

Besides the synthesis and experimental investigation
of the photophysical properties of new lanthanide
complexes, our group has been successfully developing
theoretical models 1o determine the coordination
peometry of lanthanide complexes [4 7], the position
and mature of the ligand excited states in the correspon-
dent complexes [4 7], the 4 =4 intensity parameters
[4 7]. the Hpand-te-lanthanide ion energy transfer rates
[4]. and the luminescence quantum yields [3]. The
synthesis and characterization of Lodfod)s with 1-10-
phenanthraline {phen) and 2,2 bipyridvibipy) have heen
reported in the literature [8]

In the present paper we will describe the synthesis,
charactenization, spectroscopic, and photophysical
properiies theoretically and expermentally, as well
the structure and quantum yield {q) calealations of

the new Euifodlphen-NO complex (fod=6.06,7.78.5,

OE2-4 5060015 - see fromt matker @ 2003 Elasaer Soence (IT5A)L All nrhis reservail.
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Seheptatinoro-2, Z-dimethyle3,j=octadionate and phen-
MO = 1, 10-phenanthroline M-oxide). The sparkle model
for lanthamde complex within the AMI1 approach
(SMLC/AMI) (2, 10]. was uzed to calculate the geometry
of this complex, From the determined geometry, sparkle
was replaced by a point charge, + 3e, to account for the
charge of the lanthanide on. The electronic spectrum of
the complexed ligamis coordinated 1o the lanthanide
was then calcnlated by the INDO/S-CI method [11].
Furthermore, the theoretical and experimental intensi-
ties of the *Dy— "Fy 2 4 transitions of the Fu(ITT) jon in
the complex Eu(fod)phen-MNO are analveed and dis-
cussed. The experimental amalysis of the £, and 02,
intensity parameters will be made through the "Dy —TF,
and SD,}—-?F, fransitions tfaking as reference the
magnetic dipole “Py—"F, transition. The theoretical
analysis of these parameters is based om the simple
overlap model (SOM) for the ligand field and the
average energy denominator method to teeat the forced
electric dipole contribution to the intensities. The
dynamic conpling mechanism is also taken into account
on the basis of the point dipole ligand polarization
approximation [12].

2. Experimental details
21 Svmthesis

The Eufod); complex and 1,10-phenanthroline
monohydrate 99.99% were purchased from Aldrich
and used as received., The ligand phen-NO was prepated
following the method reported by Corey et al. [173], and
was charactenzed by €, H, N microanalysis, melting
point, TR vibrational and UV visible spectroscopic
analysis and gas chromatography. The complex Eu
ifodhphen-NO was prepared by adding 40ml of a
warm ethanolic solition of phen-NO (1 mmel) to an
ethanolic solation containing | mmaol of Buifod )y 2HA0.
The pure product was obtamed by repeated crvstal-
hzation from ethanol and dried over P;0Os under
teduced pressure (less than ImmHg). The chemical
analviical data for the complex indicates that the
formmla of the complex corresponds fo Euifodl;phen-
MO as expected. The complex was characterized
by means of chemical apalysis, IR wibrational and
W visihle absorption spectroscopy, liminescence spec-
troscopy, and excited state lifetimes.

22, Speciroscopic Meqsurements

The TR spectrum was recorded using a KBr paliet amd
a spectrophotometer (4000 400cm ™), BRUKER model
IFS 66, The absorption spectrum was recorded on a
Perkin Elmer LAMBDA 6 UV visible spectrophoto-

maker,

For the excitation and hnminescence spectra the
sample was excited wsing a 1530W xenon lamp. The
appropriate wavelengths were selected by a .25 mono-
chromator (Jobin Yvon model H-100 The emission
spectra were analvzed using a Johin Yvon double
monachromator, model U-1000 and the fluorescence
sipnal detected by a water-coeled RCA C31034-02
photomultiplier was processed by a Jobhin Yvon
Spectralink systemn. The signal excitation spectra were
recorded by an EG&G Princeton Applied Research
Boxcar, a Gated Tndegration mode] 4422 and processed
by a model 4402, The lifetime measurement was made at
298 K wsing a nitrogen laser for excitation model VSIL-
33TMND of Laser Science Imc, amd the same Boxcar
system for data acquisition described previously [14].
The quantum yield of the Fn® ™ complex was determined
by comparison with standard phosphors (Y .05:Eu), the
efficiencies of which have previously been determined by
absolute measurements. This method provides absolute
efficiencies while avoiding absolute measurements and
has been described in detail [15].

3. Theoretical details
21 Ligand-rave earth ion energy transfer vare

The procedure 1o obtain the ligand-rare earth on
cnergy transfor rates follows three steps. For step (i) the
SMLC/AMI (sparkle medeal for lanthanide compounds/
Aunstin Model 1) method |16] has been used to determine
the molecular stmcture of the Bulfod)phen-MN0O com-
plex. The set of parameters for the sparkle species has
been presented elsewhere [Y] and includes the Gaunssian
functions for the core core repulsion interaction accord-
ing to the AMI method [9]. Fer step (i) the INDO/S-C1
(intermediate neglect of differential overlap/singlet
configuration interaction} method [17] implemented in
the ZINDO program [15] has been used to calculate the
transition energies and oscillator strength of the ligands
in the presence of a 3+ point charge [9]. By using the
results obtained in steps (i) and (8), the energy transter
rates between the ligands and the lanthanide ion in step
(iii} were obtained with a model recently developed in
our group which nchides the direct and exchange
Coulomb  interactions n the perturbation operator
[19.200.

32 Quantum yiekd

The nuimerical sobation of the rate equations desciib-
ing the kKinetics of the 4/ —4¢ lnminescence was carried
out according to the model developed in Ref. [21], These
numerical solutions of the rate equations yield the time
dependence of the energy level populations, which
reach the steady-state regime after 107° 10~ 5. These
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steady-state populations were then used o calculate the
emission quantum viekd which is given by the following
equation,

g=2tn ()

where the sub-indices 1 and 2 indicate the ground state
and the emitting level FD.-_.}, in the complex, 47 is the
sum of the coetficient for spontansous emission For the
*Dg—"Fy.1.2.4 transitions and ¢ s the pumping rate.

4. Results and discossion

The IR spectrum of the Eu(fod)phen-NO complex
provides evidence that the metal ion is coordinated to
via the MO group, The N O stretching frequencies shaft
from 1273 and 1257 to 1344 and 1279 em ™!, respectively.
The coordination 15 also confirmed by the UV wvisible
absorption spectrum.  Furthermore, the  vibrational
spectrum shows there arve no water molecules coorde-
nated to the Fu'" ion. If it is assumed that other
pheaanthroline is also coordinated the coordination
number would be 8 for this complex, the same as for the
Euifodyiphen previensly studied [£].

The absorption spectrum of Euifod)2H.0 recorded
in ¢thanol shows an intense band in the UV region with
a maximum at 290 mm [22)], buat it has shifted to a lower
wavelength (272 nm) with a higher intensity in the new
Eud focpsphen-M0 complex,

The hminescence spectrum of solid Ewifod)sphen-
NO at 298K is shown in Fig. 1. The liminescence
spectrum of the Eu?' ion in the complex is due to the
transition from the *Dy, excited state 1o the "F ground
state manifold, The substimtion of water for phen-NO
in the first coordination sphere of the europium complex
results in an increase in the intensitics of the Eu®" ion
transitions. as is most evident for the hypersensitive
Dy =", transition. The high intensity can be assos
ciated with the low symmetry of the site. Some evidence
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Fig. 1. Luminescence spactia (g, = 3T0mm) of Bu{fod)5plen-H0O
in the salid at 0K

Table 1
Sphene stomue coordinates [or coordinaton polvhedron of the
Eui fead) yphen- MO comples

Aloms ¥ (A& &™) ¢ )
Eu L] 0 1]

O -fiad 2351 40 0
On-lod 1418 an 145878
fid 1105 a2 145 175.241
y-fiod. 131 B 385 110197
re-fod e, | 144,932 138108
O-fod 1378 145 838 187.114
My -phen-MNO 2745 69958 03T
O-phen-MN0 1402 17544 130852

of this low splitting of the *Dy—"F, transition is shown
in the spectinm of the Buifod )aphen-NO complex shown
in Fig, 1. In the analogons Eu(fodyphen complex, the
squarc-antiprismatic coordination mav be assigned to
the eight coordinate adducts. The SMLC optimization
with AM | method predicts ) for the point group of the
Euifod);phen-NO complex.

Althongh no crystal strocture was obtaned. the
application of the SMLC/AMI model for other svstem
has been satisfactory [6,10,11]. We have thus applied it
o the predict ion of the geometry of Buifod)sphen-NO,
and have nsed this as the input geometry into INDO/
S-Cl in order to predict the electromic absorption
spectram,

Table 1 shows the atomic coordinates for the
coordination polyhedron of the complex as determined
by the sparkle model. The coordination sphers is
composed of the six bonding oxygens from the three
fod ligands and one oxygen and one nitrogen from the
phen-MNO. The polvhedron of the complex is a distorted
seuare-antiprism as shown in Fig, 2,

From the emission spectrum shown in Fig. 1, we have
determined the sxpermental ntensity parameters &b
and £y by using the jﬂuﬁ ’F: and SD‘.J—- *Fy transitions,
respectively, and by expressing the emission intensity
I = hind g N in terms of the areas nnder the emission
curve, Here Ao s the transition energy. A 5 the
corresponding coefficient of spontaneons emission and
N is the population of the emitiing level ED.:}. The
magnetic dipole allowed transition “I—"F) was taken
as the reference. The A4 are given by

b | 4
g =25 X T 0:{ BT PDsY )

The appropriate reduced matrix elements of Eq. (2),
were taken from Refll [23], and an average index of
refraction egual to 1.5 was nsed in the Lorentz local field
correction which enfers in the expressions for the
coefficients of spontancous emission. The procedore
for the calculation of the theoretical intensity para-
meters, £2;, are described in Refs [7,12].
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Fig 2. Caloulabed ground seats gaometry of the comples Bulfod),
phen=MICL

Tahle 2
Expenmental and theoretical values of the (&, 024 and Ay obbomed
from emisgion spactrum of the Ewffod); phen-MO complex

Ana (57 oy 2 ;

("Hp—="Fazin) (10~ am®) {10 em’)
Expirimen il 871 24.5 13.4
Theoretical - 210 276

Imtensity parameters were calculated from the struc-
tural data in Table 1 and the theoretical procedure
described in Ref. [4]. The polarizahbility, @ and the
charge transfer factor, g, were treated as freely varying
parameters. These gquantitics should act in the sense of
reproducing the best effects of the chemical environment
on the rare earth ion. Table 2 presents the values of the
charge factors and polarizabilities nsed to obtain the £2-
atd £y theoretical parameters. The ¢'s aml o'z are
restricted to ranges of physically acceptable values.

In Fig. 3 is shown a comparisen between the
experimental and the calculated spectra from the input
geometry SMLC/AMIL to INDOYS-CI, The predicted
spectrum fits the experimental one with respect to the
number of main maxima and relative intensity, although
displaying a systematic blue shift, which mav be duc
mainky to solvent effects, which have not heen con-
siderad in the calculation. The theoretical spectrum was
calenlated for a molecule in vacuum whereas the
observed specirum was obtained for ethanolic solutions
af the complex.

-

5

LER

Absorbance
2

IR

W @S a0 475 48 mE e
Wawvelangth (nm)

Fig. 3. The experimental and the calcubaded spectra From  imput
peometry SMLCAMI o IMNDO/E-CLL
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Fig. 4, Energy level diagram for the Buifod)phen-MNO  complex
showmg the mest probabls channsls for the mtramolscular snergy
teansfer process. The solid and dashed arrows reprasent radiative {rate
Al and non-radiative (cale W) procsssss, respechvely. The
pumping rake 1 &y and ks 18 the mismystem crossng rate

An enerey level diagram for the compound Euifod)s
phen-MO 12 shown in Fig 4. The UV absorption takes
place through the fod and phen-NO ligands. The
experimental energies of the singlet and the theoretical
encrgy of the triplet were used to set up the right part of
the dizgram shown in Fig. 4. In this model, ligand-to-
metal energy transfer may ocour through either the
singlet or triplet ligand states. There are five 4F states
that show appropriate resonance conditions with the
ligand excited states. The choice of *Dy, *By, *Da, *Gs
and * 2, results from favorable resonance conditions and
from the selection rules discussed i Refs. [19,20]. The
fipure also labels the energy levels involved in the
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Tabla 3

Calculated valees for the enecgy transfer rates in the Bu(fod)phen-WN0 comples.

Lignnd stits {om ™) A4 arate fem™")

Transber rats Back-transfer rate

Triplet (227013 T, (17 300)
Triplet {22 711} — ' (19000)
Triplet {22 7113~ v, (21 50
Singlet (2TO2T)— 57 (26 750)
Singlet {ZTO2T)+ "I (27 600

Fop =386 5 108

k= 1376 10"
ke =318 5 107
by =256 % 107"
doyy =079 0 10

Foxz el

ko =288.1

Ko =678 % 10°
kesy =684 » 11°
Feag =638 2 107

" Diipole-2' pole mechansm
" Dipolz—dipols mechanism

mechanism as well as transfer and tramsition rates
mvolved (k).

Table 3 presents the theoretical values of the forward
and back-transfer rates calculated. The arrows in this
table indicate the direction of the energy transfer and the
energy level lal:nf:]linsg iz presented in Fig 4. The forward
transfer rate to the "} level was calculated by asswming
a thermal population factor equal to 0,17, at 300K, for
the ‘F; manifold and an  energy  difference
4= ElTripI:tJ—[.E[ﬁﬂn]—E[ Fi1l. The parameters nsed
m the calculations of the transfer rates were obtained
from the lminescence spectra, hfetime measurements
and sparkle model (structural data and ligand matrix
elements). The parameters for Eulfod)yphen-NO were
Ry = 392A  faverage  valueh  Tpge = AMMem ™,
Ar = §7257" and the theoretical valie used for the =~
component of the clectoe dipole matrix  clement
(Bq. (19} in Ref [4]). was 438 x 107" (esu) cm®
The inverse of the *I (En® ") level lifetime {1/1) was set
to 211457, In addition, the multipolar contributions to
the transfer rates were calculated by using the following
theoretical wvalues for fl’jj {in 107 cem™: .(1';"" =
02,659 =023 and Q57 =039, It should also be
noticed that the back-transfer rates were caloulated by
multiplving the forward transfer rates by the Boltzmann
factor e %7 at room temperature. We also have
assimed that the value of the non-radiative decav rate of
the 4f—4f transitions within a 4™ electironic confip-
uration is 1!165'1, which corresponds to the decay from
the "y to the *Dy level . The following values for the
screening factors were assumed for these compounds,
oy = 0Lh, oy = 00139, 5p = =01 and oy = 0989 [9].

The energy transfer tates are higher for the 0, and
'11'_11 levels, where the exchange interaction dominates,
than for the higher excited 4f levels, where the multi-
polar interactions are the most important ones, The
multipolar interactions include the dipole dipole and
dipale-2Ldipole mechanisms,

The measured emission quantum vield for the Fu'?
ion was 41% for the En(fod)yphen-NO complex at room
temperature, To compare theory with experiment, the
numerical solution of the rate equations has been
petformed and the steady-state populations have been
obtained for all the energy levels involved in the ensrgy

transfer process shown in Fig. 4. These populations were
then emploved in Egq.{l) to obtain the theoretical
emission quantum vields. The caleulations were per-
formed by nsing the values of the energy transfer rates
presented in Table 2 and also the following values of
decay rates, ky; = 10957, kyp = 108571, Ky = 10°57!
and ky: = 10F g [21]. We found an optimum cimission
quantum  vield of 41% for the Bu(fod)sphen-NO
complex, which is in good agreement with the experi-
mental ong.

The luminescence lifetime of solid Eufod)2H-O
showed a value of (h62ms compared with the new
Eufod),phen-NO complex, for which obtained a decay
fime © of 374ps. The results clearly show that the
substitution of the water molecules by phen-MNO leads to
loer  decay times, This can be attributed to a
considerable resonance of the ligand triplets (fod and
phen-NO} with the excited levels of the Eu*” ion in the
Eu(fod)sphen-NO complex making an energy  back-
transfer of the Eu—ligand. Furthermore the dominant
non-radiative processes related 1o "Iy can be associated
to an excited level of the charpe transfer Eue ligand

[25].

5, Conclusions

The IR and UV visible spectra as well as the
lnmincscence measurcments provide evidence that metal
ion 15 coordinated 1o the Hgands fod and phen-NO.

The low decay times of the Euifod)phen-MNO com-
plex can be associated with the energy back-transfer of
the Bu-ligand. This can justify the lower quantum
yield g compared with the similar complex [24].

We have stindied theoretically the structure of the new
Eulfodiyphen-MO complex using an mproved version
of the sparkle model [12]. The UV absorption spectrum
was calculated theough excited state levels obtained
from the INDQ/5-CI model. The absorption spectrum
of the complex abtained has been reproduced well by
the theory, providing confidence in the validity of the
structure model used for the theoretical calculation [26].
The same fumbers of peaks and the relative intensitios
sorted in the simuolation of the absorption spectrum have
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stimulated the calenlation of the Judd Ofelt inten=ity
pammeters using the S0M. The results for 2 indicate
that the dynamic coupling mechanisim s dominant and,
therefore, that lanthanide lom is In a highly polarizable
chemical environment,
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Albmtract

The svathesis, spectroscopic properties and structure prediction of the complex of Thilll) with 2-aminopyridine-2-carboxylic
acid (3-NH: PIC) are described. The comyplex was characterized by elemental apalysis and IR, absorption and emiesion specita. The
C, H and N ¢lemental analysis consistent with the formulation of the compound as Th{3-MNH;PIC), - 3H20. This complex exhibits a
himinescence intensity that is attenuated to that of its Fott congener. The Sparkle model, nsed for structural compuiations of
lanthamide complexes (SMLC), was applied to the new comples. The calculation used an INDOSS-CL model for determination of the

electronic spectrum. & 202 Pablished by Elsevier Science B.Y.

Kewwords: Terhinm(TIT; 3-Aminopyriline-2-carhoxylic acid; Lumimescence; Sparkle madel

The design of ligands to form stable and highly h-
minescent Ew(lIl) and Thilll} compounds 15 of great
interest owing 1o their pofential applications as lumi-
nescent materials [1] and labels in fluorimmunoassays
[2] Lanthamide complexes have been smdied in our
group [3-10], with emphasis on species possessing sim-
pler higand systems than those involving cryptates or
macrocvelic liands.,

We have recently svnthesized and characterized the
Eu(3-NH,PIC}, - 2H0 complex [5]. The Sparkle model
for any lanthanide complex within the AM1 approach
(EMLCAMI)[11L12] was used to calculate the geometry
of the complex. In this work, we report the synthesis,
characterization and spectroscopic properties of the new
tris( 3=aminopyridime-2-carboxylic acid) tris-agquo  fer-
binmi{ 10} complex. We also report the structure pre-
dicted from caleulations employing SMLC/AMI with
complete aptimzation, From the determined geometry,
Sparkle was replaced by a point charge +3¢ to accoumt

“Corresponding author, Tel: +55-79212-6650 fax; +55-7h 212
B
E-mraif address: mesquitwauls br (M.E, de Masquils),

for the charge of the lanthanide ion. The clectronic
spectrum of the complexed ligand was then calculated by
the INIHOWS-CT method [13] The spactroscomc propear-
ties of the new THII) complex are compared to its
previously studied Euf3-WNH-PIC), - 2H-O analog [5]).

The complex was prepared essentially following pre-
viously reported procedures [5] 20 ml of an ethanol
solution of 3-MNH-PIC (1 mmol) was added under stir-
riteg to 20 ml of a warm {60-70 *C) ethanol solution of
Th{CH3,); at pH 4-35. The pH was then adjusted to 6-7
with a diluted NaOH ethanol solution. After refluxing
for 4 h, a white precipitate was filtered and then washed
with ethanol, and dried at 80 °C over P20 at reduced
pressure.

The complex formed between TWIIN and 3-NH.PIC
15 a white solid that 5 soluble in dimethyl sulfoxide
( DMSO) and dioxane, and adequately soluble m water.
Thiz complex decomposed ~310-312 “(C,

3=MH:PIC has two sites that can chelate lanthanide
ons MO+ A] and N2y +HHH[B] as shown
Fig. 1. We expect ThiIlT}, as a hard acid cation, to bond
preferentially with the hard base of the oxvegen donor of
carboxylate as opposed to the softer nitrogen donors of

T387.7003/021 - see fromt maiter © 2002 Published by Elsevier Science BV,

PIL: S1387-F003(02)00382-9
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Fig 1. Stnactare of the 3-MH:PIC Kegand.

the 3-NH,PIC ligand. Furthermore, since the aromatic
nitrogen MN{1) is more baswc than the primary amine
nitrogen MN{2) [5]. chelation via site A is expected to form
more stable complenas than via site B,

The TR spectrum of the Th{3-WH.PIC), - TH20O
complex (Fig. 2) obtained using a KBr pellet shows that
the band due to the antisymmetric carbony] stretch of
the carboxylate is shifted to lower frequencies {about
1620 cm™'} as compared to the free ligand (1649 em—'),
This indicates that the igand is coordinated to the metal
ion through the carboxylate group, The spectram also
shows data that indicates the coordmation to water
molecules, which is in accordance with our obssrvation
that no water is lost on heating at 90 °C in vacuum over
P

The UV-Vis absorption spectrum of the Thi{lll)
complex in ethanol solitions shows an absorption
maximum at 220 nm (£ = 12483 Mt ::m"}, which s
shifted from the 221 om (¢ = 6980 M~' cm ™) value of
the free lipand. In spite of the small shift, the molar
absorptivity of the complex increases sipnfficantly, in-
dicative of the coordination of the Th' " lon to the
carboxylate of 3-NH;PIC or water. The similar complex
formed between 3-WHPIC and Fu™ ion presented an
intensity approximately five times smaller than that of
T complex in the same spectral region (4 = 218 nm
and & = 2677 M ! cm™"). This difference in absorption
intensities is reflected in a difference in the intensity of
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Fig- 1 IR spectrn of KBr palles of Th{l-NH P, - 3H0.

luminescence of these complexes; this issue will be dis-
cussed below,

The Th{3-NHaPIC}, - 3H20 complex displays strong
green emission when excited by a UV lamp. Excitation
{ig; = 340 nm) of solid Th{FNH:PIC), - 3H; 0O at 300
K produces a luminescence spectrum with features as-
socinted with radiative decay from the Iy excited
electronic state to the "Fr(f = 6.5.4.3) ground state.
No luminescence from the "Dy excited state was de-
tected. The absence of "D+ emission can be attributed to
a rapid "Dy = “Dy radiationless transition induced by
the high vibrational frequencies of the coordinated li-
gands, The spectra of the Th{3-NH;PIC), - 3H:0 and
Eu{3-NH,PIC), - 2H20 are shown m Fig, 3.

The *Dy — "F1 emission at 617 nm of the analogous
EufTIl) complex, despite its smaller cross-section, is more
intense than the 1y — "Fe emisison at 5437 nm of
Th{3-NH,PIC), - 3H,0. The attenuated intensity of the
THII complex can be aftributed to either a lower
complex stability or to the presence of an additional water
mokecule in the conrdination sphere; water mofecules ares
knowm o efficiently quench lanthanide 1on emission.

100
o
s $
2w ol
*s
.
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N
PR E
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0 oz
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Wavelength {nm)

Fig. 3. (a) Luninescence gpectra {1, = 340 mn) of Thi3-NH3PIC); - 3H0, and {Is) Bu{3-NHsPIC); - 2H20 i the solid state at 300 K.
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0z 2713 00000 .0H00 Fi AN ik
o1 26616 42,8654 0.0000 sl iR/ \#’“‘1
04 26540 1347153 705536 f Y, VLA 1'-.
0s 22772 140, 2557 1771676 g WK
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™ 23604 770078 1) 9002 Wavelanat
N1l 25464 79,6524 1292718 g1 {nm)

Table 1 shows the bond lengths of the coordination
polyhedron of the Th{3-NH,PIC), - 3H; 0 complex as
determined by the Sparkle model. The coordination
sphere is composed of three bonding nitrogens and three
bonding oxygens of the 3-WNH:PIC ligand, and thres
axygens of the ligated water molecules. The palyhedron
of the complex is a distorted tricapped trigonal prism as
show in Fig. 4.

The experimental and theoretical electronic absorp-
tion spectea of the T complex are shown in Fig. 5.
A satisfactory agreement in the profile and number of
absorption bands and relative intensities can be ob-
scrved, The difference of 26.5 nm between the 314.5 nm
band in the calculated spectrum and the 341 nm band in
the ohserved spectrum i3 ascribed to solvent effects,
which have not been considered in the caleulation {the
theoretical spectrum was caleulated for a molecule in
vacuum whereas the observed spectrum was obtaimed

Fig. 4. Caleulated ground state geometry of Th(3-MNHPLC), - 3H0,

161 Ricardo Oliveira Freire

Fig. 5. Elstronic absorption spectra of Th{3-NHFIC), - 3H:0 in
athanol solwhion at 300 K,

Tahle 2
Expenimental  and  theoretieal absplion maxmn of
Thi3-NH,PIC), - 3H,0

Experimentsl {nrm) Theoraticnl (nm)

2030 1914

220.0 2102

2550 L

3410 114.5

for ethanolic solutions of the complex). This data are
presented in Table 2.

The TR and UV-Viz spectra as well as the lumines-
cence measurements provide evidence that metal ion is
coordinated to the ligand (3-NH.PIC).

In summary, we have theoretically studied the struc-
ture of the new Th{3-MNH; PIC), - 3H;0 complex with an
improved version of the Sparkle model [14). The ab-
sorption spectrum of the complex has been reproduced
well by the theory, providing confidence in the reliability
of the structural model used for the theoretical caleu-
lation. Excited state geomefry was oplimized by using
INDHOSS-CT,
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Abstract

The sparkle model for structural calonlation of lanthanide complexes (SMLC) was applied to the Eul3-aminopyridine- 2-
carboxylic acid MoxideHy0, a new lanthanide complex recently synthesized, For the caleulation of the electronic spectia of
the complexes, the sparkle is replaced by 2 point charge with the ligands held in the positions as determined by the SMLC, and
uses an INDOVS-Clmodel. A pood agreement between theoretical and experimental UV absorption specira of the complex has
been obtained. This result increased ow confidence in the predicted strueture, The optimized spherical coordinates of the
ligands were then wsed to perform theoretical predictions of the Judd—Ofelt intensity parametcrs (£, A = 2 and 4, the
SDu — ?F.;."sl:lu—~ "Fg intensity ratio and the SDU — jF. transition splitting using the simple overlap model (SOM). The satis-
factory resulis obtained in this svstem are an indication that both SMLC and SOM can lead fo reliable prediction of complex
structure and 4f-4f intensities. © 2001 Elsevier Science BV, All rights reserved.

Keywords: 3-Amino-2-cathoxypyridine-V-oxide, Sparkle model; 4f—4f Intensities; Ew(II) complex

1. Introduction

The synthesis, spectroscopic and photophysical
properties of some europivm (1) complexes have
been studied in our group [1-8], with the advantage
that we have chosen to investigate simpler complexes
than those involving cryptates or macracyelic ligands
[9,10]. In particolar, the Buo3-aminopyrazine-2-
carboxylic acid} [1], which behaves as a light convert-
ing molecular device (LCMD)} as described by Lehn
[11]. In Ref. [3] theoretical and experimental emission
intensities of the "Dy—"F, (f =0,1.2 and 4) transi-
tions of the [Bw(3-NH;pich2H:0] complex was

* Cormesponding suthor, Tel: +55-T9-212665%; fox; +55-79.
1126684,
E-mail address: nbej@uls br (N, Bezera da Costa Ir).

analyzed. In this case, the theoretical calculations
were only possible hecanse an already known X ray
structure of a complex of the same polyhedron,
[Enibia)2Ha0] (hifa = 4.4 4-triffooro-1-phenyl-2,4-
butanedione) was used, The results indicate an
cfficient ligand-to-metal energy transfer and pointed
ot that this compound is a good LOMD.

As the complex is often in powder, the ligand coor-
dinates cannot be obtained by X-ray measurements or
other experimental techmigues [12]. However, the
quantum chemical sparkle model [6] for theoretical
prediction of the ground state geometry of lanthanide
complexes {SMLC) and the INDOVS-CT method have
heen successtully applied to design several complex
structures and its UV absorption spectra [6,7,13-15].

Tn this work, we present theoretical and experimen-
tal study of the sructure and phowphysical properties

0166- 1280015 - see fromt matter € 200 Elsevier Science B.W. All rights reserved.

PIE: 50066-1280(01) (34079

163 Ricardo Oliveira Freire — Anexo II.



Desenvolvimento de Modelos Quimico - Quanticos para o Estudo de Complexos com lons Lantanideos e Actinideos.

132 NB. da Casta Jr. et al / Towrnal of Molecular Structure (Theochenm) 545 (2000 131135

of a mew europium complex, the Eu{3-amino-2-
carboxypiridine-N-oxide ;- 3H0 [BEa{ 3NH;pic-NO);-
IH], recently reported [5]. The SMLC and INDO/
5-CI method have been applied for its stacture calou-
lation and the UV —vis absorption spectrum. Having
the calenlated spatial atomic coordinates the simple
overlap model (SOM) [8,16-19]was used to caloulate
the  Judd-Ofelt  intensity  parameters, the
Dy— Fy'Dy— 'F.  intensity ratio and the
Iy — 'F, transition splitting. The predictions were
compared to the experimental results.

2. Experimental

The tris{ 3-amino-2-carboxypyridine-N-oxide)
complex was preparad as reported elsewhere [3].
The UV —vis absorption spectra were recorded on a
Perkin—-Elmer ~ UV-—visible  spectrophotometer,
LAMBDA 6 model 2688-002, The free ligands and
the complex specira were taken in Etanol spectropho-
tometric grade (Merck).

The luminescence spectrum was recorded at 77 K
m a Jobm—Yvon Ramanor U7 1000 double mono-
chromator with a slit width of G4 mm We used a
150 W xenom lamp and a 0.25 m holographic grating
monochromator  for  wavelength  selection  for
producing the excitation.

1. Theory

The geometry of the lanthanide complex s
obtained via the SMLOAMID [6,13] which consists
in modeling the lanthanide metal ion by a sparkle,
whose parameters gre previously optimized to repro-
duce the ground state geometry of Buflll) complexes
for a variety of coordinate nomber [6,7,13-15]. The
ligands, together with the sparkle, are calculated with
the AMI1 Hamiltonian [20], thus simulating, both an
essentially electrostatic  interaction between the
lanthanide ion and the ligands, and also taking full
advantage of the excellent AMI performance in
predicting the geometry of organic malecules [21].
Here, we used the sparkle model improved with the
following modifications [13], inclusion of two Gaus-
sian potentials, each of them with three parameters, to
represent more confidently the core—core interaction,

similar to one used inthe AM1 to improved the core—
core infteraction,

Omee the molecular strocture of europium comples
was established the sparkle was replaced by a point
charge +3e, to fit the lanthanide jon charge effect, and
the electronic spectrum of ligand part of the Ew{TIT)
comples is calenlated [13], The INDOVS-CL minde]
implemented in the ZINDO program [22] was used
to calculate the tramsition energies and the oscillator
strengths. The CIS space was gradoally increased
until there were no further meaningful changes in
the calculated tramsitions. A Lorentzian line shape
[23] was fitted to the calculate singlet transitions,
together with the relative intensities obtained from
oscillator strengths. All simulated spectra had half-
height band width of 25 nm aml were compared ©
experimental spectra,

4. Results and discussion

Since the application of the SMLC/AMI model for
others system was satisfactory [13-15], we have
applied it to predict the geometry as well as the elec-
tromic absorption spectmom of the Eui{3NH;pic-NO -
3H,; 0 complex [5].

Table 1 shows the atomic coordinates for the coor-
dination polyhedron of the complex as determined by
the sparkle model formed by the six bonding oxygen
from the three 3NH pic-NO and three oxygen from
the water molecules. The polyhedron of the complex
is a distorted tricapped trigonal prism as show in
Fig. 1.

In Fig. 2 it is shown a comparison between the

Table 1

Sphencal atomic coordinates for coordination polyhedron of the
Bud 3-NH:pic-NO33H20 - complex  (3-NHopic-NO = 3-amiine-2-
carboxypiradme-N-oxide)

Aloms A a1 (7
Watar o1 2563 Q0 (1]

o2 2.605 0.9 9.2

(W] 247 bl 047
Ny 4 2468 34 1515
Carboryl OF 2.250 1n2e 228
MNepy (411 2,684 130732 3267
Carboxyl o7 2,245 1404 8.6
Nepy 08 2.521 222 269.2
Carbaoyl [§1] 2.248 431 553
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Fig. 1. Calculated ground state geometry of the complex [Eu(3-
NH,pic-NO)s-3H0].

experimental and the calculated spectra from input
geometry SMLC/AMI1 to INDO/S-CI. The predicted
spectra fit the experimental one with respect to the
number of main maxima and relative intensity,
although displaying a systematic blue shift, which

may be due mainly to solvent effects not taken into
account in our calculations.

The low temperature (77 K) emission spectrum is
presented in Fig. 3. The excitation is at the ligand UV
band (388 nm). The SDO — TF, forbidden transition is
very weak, indicating a weak |Fy) to |'F,) eigenvec-
tors mixing. The SD0—> 7F1 transitions exhibits two
lines and a shoulder. We have used Lorentzian fitting
to identify the third hidden peak. The hypersensitive
SDU — 7F, transition is normally more intense than the
others SDO — 7FJ (J#2), even though the
Dy — "Fof Dy— F, intensity ratio is quenched rela-
tively because of the presence of the water molecules
in the first sphere of coordination.

By using the calculated spherical ligand coordi-
nates we are able to proceed the calculation of the
,(A=2and4) intensity parameters and the
Dy — 'F; transition splitting (AE_ .}, as well as the
Dy — "Fo*Dy— 'F, intensity ratio through the SOM.
It is not in the scope of this article to explore the
theory basing the rare earth intensities and the SOM.
We only have to emphasize that the screening correc-
tion [8] through the SOM factor is entered for k =< 6.
We encourage the readers to consult related refer-
ences [16-19].

0.4 4
— 0,34 \\
= |
s
g
o 0,2 -
1]
£
-
(e}
1]
L)
o 0,14
0,0+

INDO/S-CI

o Experimental

" T T T
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T X T T T T T
350 400 450 500
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Fig. 2. The experimental and the calculated spectra from input geometry SMLC/AM] to INDG/S-CI.
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Fig. 3. The low tempesature (77 K emision spectrum of [Eu(3-NHpic-NO,3H,0] under excitation at 388 nm.

The calculated parameters are in Table 2 The
required ligand charge factor (g} and polarizabilities
{cx, in units of A%) depend on metal—ligand distance
and chemical surroundings as follows: water {(0.4/2.3),
carboxyl (042,53 and N-pyridine (0.3/4.9), Except in
the case of the oxveen from the carboxyl the charge
factors are very close to the Mulliken charge factor
{gw} obtained after SMLC calculations. In the
same order {gfgyk (GAMLEY (DH0.5) and (057
0.6). The effect of the presence of the water can
readily be noted because the f2, intensity para-
meter is not very strong when compared to other
systems [15].

5. Conclusions

We have studied theoretically and experimentally the
structure and intensity parameters of the new BEu(3-
amimo-2-carboxypyidine-N-oxide ) 3H,0 complex. An

Tabbe 2

Experimental and  theoretical wvalues of the 2,00 =
2.4 end6in 10 0 em®), fypffps and AE, fin cm ™)

Parameizrs 1, 2y Tpp'fos AR
Experimental 57 24 L0011 23
500 6.9 1.4 00012 93

Ricardo Oliveira Freire — Anexo I1.

improved version of the sparkle model [17], including
two Gaussians and the mass of the metal ion were
applied. and the absorption spectrum of the complex
has been well reproduced by the theory. The optimized
geometry was usad in the calculation of the UV absorp-
Hom spectrum through the INDOVS-CT method. The
same number of peaks and the relative intensities sorted
in the simulation of the absorption spectrum have stimuo-
lated the calculation of the Judd-Ofelt intensity para-
meters using the SOM, In this part the oxygen charge
factors and polarizabilities entered have not been the
same but depend on the chemical surroundings. The
charge magnitudes are close to the Mulliken charge
obtained in the SMLC. The good predictions of these
theoretical models attest the wliability of both SMLC
and SOM znd can be an indication for a way of predict-
ing the geometry that emhances the emergy transfer
mechanism and consequently the lominescence of
complexes,
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ABSTRACT:

The second version of the Sparkle Model for the Calculation of Lanthanide Complexes
(SMLC 1II) as well as ab-initio calculations (HF/STO-3G and HF/3-21G) have been used to
calculate the geometries of a series of europium (III) complexes with different coordination
numbers (CN = 7, 8 and 9), ligating atoms (O and N) and ligands (mono, bi and

polydentate). The so-called ligand field parameters, B;‘ 's, have been calculated from both

SMLC II and ab initio optimized structures and compared to the crystallographic ones,
through a percent deviation, 0. The results show that the SMLC II model represents a
significant improvement over the previous version (SMLC) and has given good results
when compared to ab initio methods, which demand a much higher computational effort.
Indeed, ab-initio methods take around a hundred times more computing time than SMLC.
As such, our results indicate that our sparkle model can be a very useful and fast tool when
applied to the prediction of both ground state geometries and ligand field parameters of

europium (IIT) complexes.

Keywords: Sparkle model, semiempirical methods, ab initio methods, europium (III)

complexes.
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1. Introduction

Lanthanide chemistry has become an important theme in several scientific research
groups since lanthanide compounds have been used in technological applications such as
efficient phosphors, fluoroimmunoassays, photosensitive bioinorganic compounds and high
technology optical devices [1-4]. In special, considering biological applications, there is an
intensive search for the design and synthesis of new efficient and highly protein specific
complexes in physiological environments that could act as fluorescent labels in clinical
diagnostics of many diseases [5].

The “a priori” theoretical design of new and efficient light conversion molecular
devices (LCMDs) that is, of highly luminescent coordination compounds [6], would require
the calculation of the theoretical emission quantum yields, ¢g. For such calculation, we
would need the total radiative decay rate of the emitting level, which, in turn, depends on

the Stark levels. These Stark levels can be calculated by diagonalization of the ligand field

matrix whose elements depend directly on the ligand field parameters, B;. And, finally,

these B qk parameters depend on the symmetry and on the number of ligating atoms around

the central ion of the coordination compounds [7].

Accordingly, the first step in the theoretical prediction of such luminescent properties
is the calculation of the ground state geometries. The usage of ab initio methods with
effective core potentials (ECPs) for lanthanide atoms is one choice. However, it is not
practical to apply these methods to larger interesting biological systems with lanthanide
complexes. A practical solution to address some properties of supramolecular lanthanide

complexes can be found by using semiempirical methods.
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Two semiempirical models for the calculation of the ground state properties of
lanthanide and actinide complexes have been developed by our group [8]. These models,
named Sparkle Model for the Calculation of Lanthanide Complexes, SMLC, and Sparkle
Model for the Calculation of Actinide Complexes, SMAC, consist in modeling the
lanthanide or actinide ions by a sparkle of charge +3e (for the lanthanides) [8a] or +4e (for
the actinides)[8b]. SMLC has been applied to some europium (III) complexes and good
results have been obtained for the prediction of their electronic and optical properties [9].

Recently, we have proposed a new version of our SMLC model, SMLC II, [10]. In
this new version, we sought to improve the SMLC, in various ways: (i) by including the
europium atomic mass, (ii) by reparameterizing the model within the AMI for a new
response  function, including all distances of the coordination polyhedron for
tris(acetylacetonate)(1,10-phenanthroline) europium (III), (iii) by implementing the model
in the software package MOPAC93r2 and (iv) by including spherical Gaussian functions in
the expression which computes the core-core repulsion energy. All these modifications
have improved considerably the SMLC model as will be shown later.

The purpose of the present work is to investigate the predictive power of the SMLC 11
[10], associated with its computational efficiency for the treatment of larger systems.
Accordingly, we have calculated the ground state geometries of seven europium (III)
complexes using the SMLC II and ab initio methods (HF/STO-3G and HF/3-21G) and

compared them with crystallographic data through the calculation of the ligand field

k
parameters, B, .
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2. Methodology

The crystallographic structures of the complexes have been obtained from the
Cambridge Structural Database 2003 (CSD) [11-13]. Seven Europium (III) complexes
containing mono, bi and polydentate ligands (e.g. water, B-diketonates and macrocycles),
different ligating atoms (oxygens and nitrogens) and with coordination numbers varying
from 7 to 9, have been chosen. The 2D structures of these complexes are shown in Figure
1.

INSERT FIGURE 1

The semiempirical calculations have been carried out using the SMLC II model
implemented in the MOPAC93 package [14]. The MOPAC keywords used in all SMLC 11
calculations were: GNORM = 0.25 (in order to guarantee the energy minimum), SCFCRT
= 1.D-10 (in order to increase the SCF convergence criterion) and XYZ (the geometry
optimizations were performed in Cartesian coordinates).

The ab initio calculations have been performed using the Hartree-Fock method with
STO-3G and 3-21G basis sets for all atoms, except for the europium (III) ion, in which case
we used the quasi-relativistic effective core potential (ECP) of Dolg et al [15] and the
related [5s4p3d] - GTO valence basis sets. This ECP includes 46 + 4f" electrons in the core,
leaving the outermost 11 electrons to be treated explicitly.

All calculations have been accomplished in an Athlon 1.53 GHz with 1 GB RAM
memory (DDR).

Comparisons between the ab initio and semiempirical methods for the calculated

ground state geometries have been carried out through the calculation of the ligand field

173



parameters, B;‘ (k =2,4and 6 and g = -k, ..., k) [16]. These parameters have been

calculated from the spherical coordinates of the ligating atoms of the complexes and using
the ligand field model named SOM [17] (Simple Overlap Model). It has been attributed for

the charge factors g appearing in SOM the values of 0.8 (for oxygen atoms) and 1.2 (for

nitrogen atoms), which are typical values [7]. According to the SOM the B é‘ is given by

k*
2Y,(0,9;)

1
Kk _ 2/ k | 4w
B, =e <r >;g/‘/’j(2ﬁ1) (2k+lr R

(1)

where e is the charge of the electron, <rk> are the radial integrals for the 4f electrons of the

lanthanide ion, g, p and 8 are SOM parameters, R, © and @ are the spherical coordinates of
the ligating atoms and Y, qk* is the complex conjugate of the spherical harmonic Y, qk. In
Eq.(1), the summation runs over the j ligating atoms. For each europium (III) complex, the
differences between crystallographic and theoretical B;‘ 's arise exclusively from variations

in the spherical coordinates of the ligating atoms.
The comparison between the predicted and crystallographic ground state geometries
has been carried out through the calculation of the parameter norm, which is a rotational

invariant for each complex and is given by:

)
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In Eq.(2) the summation runs over the real and complex parts of the B;‘ 's. For

complexes belonging to the G symmetry group there are 27 B; 's. The Eq.(2) is very close

to the crystal field strength parameter, N,, which is also a rotational invariant of
coordination compounds [18].  Norm has been calculated for both crystallographic,

NORM,,,, and theoretical, NORM;.,, structures and the error has been expressed by

NORM,,, — NORM .,
NORM |

.100% 3)

Results and Discussion

The comparison between the methods used in the geometry optimizations of the
europium (III) complexes is shown in Figure 2 and the corresponding o values are shown
in Table 1. The dotted lines shown in Figure 2 represent the mean o calculated for all
europium (III) complexes for each method used and has given the values of 33.15%
(SMLC), 15.63% (SMLC 1I), 5.67% (HF/STO-3G) and 3.88% (HF/3-21G). The geometry
optimizations using the SMLC II have produced good results when compared to the ab
mitio ones. The improvement in the SMLC model, when the number of internal adjusted
parameters increased from 2 (SMLC) to 8 (SMLC II) has resulted in more accurate results,

although both versions have been parameterized with only one europium (IIT) complex.

INSERT FIGURE 2
INSERT TABLE 1
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Comparisons of the computational times between the SMLC II with the ab initio
methods for two representative europium (III) complexes are shown in Table 2. As
expected, the semiempirical calculations were much faster than the ab initio ones, but if one
considers the good results of the SMLC II model obtained for the geometry optimizations,
the greater importance of this model in the modeling of lanthanide complexes becomes
evident.

The results obtained from the methods HF/3-21G and HF/STO-3G were very close to
each other, suggesting that the geometry optimizations of these complexes at the ab initio
level could be carried out preferably by the method HF/STO-3G, since it demands a lower
computational effort than the method HF/3-21G (see Table 2).

INSERT TABLE 2

The same tendencies shown in Figure 2 are obtained if one compares the unsigned
mean error, UME, as can be seen from Figure 3. The UME was calculated by the absolute
mean differences between all the experimental (R..,) and calculated (Rcqc) interatomic

distances in the coordination polyhedron, as is shown in Eq.(4):

1 & . .
UME = FZ‘ R, (i)-R_ (i)

i=1

4)

where the distances are given in A and N is the total number of distances involving the

europium (III) ion and the ligating atoms.
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INSERT FIGURE 3

The advantage of comparing B(I; 's instead of UME’s is that in the former case the
variance is very high, which permits to distinguish and classify the predictive power of

many optimizations that exhibit similar UME’s. Besides, the use of BZI‘ 's permits taking

simultaneously into account distances and angles of all ligating atoms. Finally, B;‘ 's

represent important spectroscopic parameters used in the modeling of efficient LCMD.

According to Figures 2 and 3, the prediction of the geometries of the complexes
AFTBEU and VEQFAY have presented high o and UME values, mainly for the
semiempirical methods. For the complex AFTBEU this can be attributed to a higher
uncertainty in the experimental determination of its crystallographic structure, which was
11.1%, while for the other complexes this uncertainty was, in average, 3.8% [11-13]. In the
case of the complex VEQFAY, the results reveal the difficulty to predict structures of
macrocycles using our model. Since the parameterizations of both SMLC and SMLC II
models have considered a [-diketonate complex, future parameterizations of this model
should include macrocycles in order to give better results.

The results also show that SMLC II could be used as a fast pre-optimization method
for the calculation of properties of europium (III) complexes at the ab initio level. This
would greatly decrease the computational time of the geometry optimization for these
calculations.

Another important point to be considered here is the potential use of the SMLC
model in molecular biology, where systems with a very large number of atoms are treated.

According to the higher computer performances available today, it is already possible to
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run a complete semiempirical quantum chemical calculation of a protein with
approximately 119,000 atoms [19] or calculate properties of large biological systems [20]
in a relatively short period of time. These systems could be investigated using the SMLC if

future improvements are carried out on this model.

Conclusions

In this paper we have discussed the predictive power of the second version of the
SMLC model. The results show that the calculation of the ground state geometries of
europium (III) complexes can be carried out using this model with satisfactory accuracy
and a low CPU time. Besides, the proposed semiempirical method has given results
showing predictive power comparable to the ab initio ones. The SMLC II could also be
used alternatively as a fast pre-optimization method in ab initio calculations of europium
(IIT) complexes.

The good resuls obtained from the SMLC II associated with its computational
efficiency also show that this model could be a potentially useful tool in the field of

molecular biology where biotechnological applications of very large systems are addressed.
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Figure Captions:

Figure 1. 2D representation of the europium (III) complexes obtained from the Cambridge

Crystallographic Database.

Figure 2. Comparison between the percent deviation ¢ of the variable norm calculated
from Eq.(3) from the geometries obtained from the semiempirical (SMLC II and SMLC)
and from ab initio (HF/STO-3G and HF/3-21G) calculations for the ground state
geometries of some europium (III) complexes, as compared to theirr -crystallographic

geometries.

Figure 3. Unsigned mean errors, UME (in A), obtained from the semiempirical (SMLC II

and SMLC) and ab initio (HF/STO-3G and HF/3-21G) calculations of the ground state

geometries of the europium (III) complexes.

Table Captions

Table 1. Values of percent deviation ¢ of the variable norm calculated from Eq.(3) from
the quantum chemical predictions of the ground state geometries of some europium (III)

complexes, as compared to their crystallographic geometries.

Table 2. Computational time (in hours) spent in the geometry optimizations of the

complexes NOHLOL and XAWWIB for each quantum chemical method considered.
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Table 1.

METHODS COMPLEXES

AFTBEU NOHLOL QHDOEU XAWWIB YOJDIK XICHOG VEQFAY

STO-3G 8.34 9.33 1.09 3.95 9.28 2.96 10.46
3-21G 3.18 2.55 11.46 1.89 8.63 2.96 0.38

SMLC II 2492 8.15 13.73 4.07 1.61 26.37 46.21
SMLC 78.34 3.03 55.70 6.98 30.85 30.14 60.19
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Table 2.

Complex - Method CPU Time
(hours)
NOHLOL — SMLC I 1.4
NOHLOL — RHF/STO-3G 47.5
NOHLOL - RHF/3-21G 151.0
XAWWIB — SMLC I 0.2
XAWWIB — RHF/STO-3G 425
XAWWIB — RHF/3-21G 64.0
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Figure 1
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Figure 2
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Figure 3.
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Semiempirical determination of the number of

coordinated water molecules in Eu’* complexes
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ABSTRACT

A new methodology is proposed by which the number of coordinated water
molecules, 7, can be estimated in Eu’" complexes. It is based on a comparison between
theoretical and experimental Stark levels, the former being calculated by assuming »
varying from O to 4. The methodology, initially developed in the study of the
Eu(pya);'nH,O complex, has been successfully applied to B-diketonate complexes of Eu’”,

for which crystallographic and luminescence data are available.
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1 Introduction

Lanthanide coordination compounds play a very important role in the design of new
luminescent systems, such as UV dosimeters [1], thin films for optical devices [2] and
luminescent labels in fluoroimmunoassays [3]. In these systems it is desirable to use
lanthanide complexes which exhibit high emission quantum yields. The luminescence of
such complexes can be usually improved by the use of organic ligands, which strongly
absorb UV radiation and transfer energy to the lanthanide ion. In this process, the emitting
level of the lanthanide ion is usually more efficiently populated, in comparison with the
direct excitation of excited 4f levels [4]. On the other hand, luminescence can also be
quenched if the first coordination sphere of the lanthanide ions contains water molecules. In
this case the emitting level can be strongly depopulated through a coupling with the excited
vibrational levels of the OH oscillator of the water molecules [5]. Because of this
quenching, the knowledge of the number of coordinated water molecules becomes crucial if
one is interested in the design of new luminescent compounds.

Horrocks and Sudnick [6] have proposed an experimental procedure through which
the number of coordinated water molecules can be determined by comparing the
luminescence decay time of a given lanthanide complex in solutions of H,O and D,0O. In
this procedure the luminescence lifetimes of the complex must be measured in both
solvents and special care must be taken to avoid the contamination of the DO solution by
H,O.

In this paper we propose a semiempirical methodology to determine the number of
coordinated water molecules in Eu’* complexes. We have applied this new methodology

mitially to the Eu(pya); complex [7] which contains 3 bidentate pyrazine ligands. This
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methodology is based on a comparison between experimental Stark levels, obtained from
the emission spectrum, and the theoretical Stark levels obtained from ligand field
calculations. These calculations involve the optimization of the geometry of the FEu’*
complex using the sparkle model [8], the calculation of the ligand field parameters using
the simple overlap model (SOM) [9] and the prediction of Stark levels by diagonalizing the
ligand field hamiltonian within the ground ’F term [10]. In each calculation a different
number of water molecules, #, is adopted (z = 0 to 4). Comparison between theoretical and
experimental Stark levels is then used to find the best n. The methodology has been also

applied to the 3-diketonate complexes Eu(acac); [11], Eu(tta); [12] and Eu(btfa); [13].

2 The semiempirical methodology

For the complexes studied » has been varied from 0 to 4, which is a range
chemically acceptable for Eu’" complexes. For each value of » the geometry was optimized
using the semiempirical sparkle model implemented on the MOPAC program [8]. In these

calculations the spherical coordinates of the ligating atoms and the force constants between
them and the Eu’" ion were obtained. In a second step the ligand field parameters B : have
been calculated using the SOM [9], with the charge factors, g, being given by the ionic
specific valence (ISV) as defined in ref. [14]. These B ; 's have been used to predict the

energy of the Stark levels [10], which were then compared to the experimental Stark levels

in order to find the best » for each complex.
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2.1. Geometry optimization

The geometries of the complexes have been optimized using the following MOPAC
keywords: GNORM = 0.25 (in order to guarantee the energy minimum), SCFCRT = 1.D-
10 (in order to increase the SCF convergence criterion) and XYZ (the geometry
optimizations were performed in cartesian coordinates).

After each optimization another calculation was carried out in order to obtain force
constants, which have been calculated using the FORCE keyword in the MOPAC input

line.

2.2. Ligand field calculations
The R, © and @ spherical coordinates of the ligating atoms, obtained from the

optimized geometries, were used in the expression of the ligand field parameters as given

by the SOM [9]:

Kk _ 2] k | 4w % qu*(@j’(pj)
Bq =e <l" >;glp](2ﬁJ) (2k+1 R;Hl

(1)

where the summation runs over the ligating atoms and k& = 2, 4 and 6. In Eq. (1) e is the

electron charge, <rk> is a 4f radial integral, Y qk is a spherical harmonic of rank k, p; is the

overlap between the lanthanide ion and the ;' ligating atom valence shells, B is given by (1

+ p)' and g is a charge factor. The following expression for the charge factors was used

[15]:
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_ K,
g; =ISV =R, Rk

2)

where K; is the force constant of the {" bond (lanthanide ion - ligating atom). In Eq. (2) AE
is the energy difference between the valence orbitals of the ligating atoms and the

lanthanide 4f orbitals, given by [15]:

AE, =€e.exp(R, /R;).

©)

In Eq. (3) Ry is the smallest among the distances R; and € is a constant for each ligating
atom considered, being interpreted as the energy difference between the valence shells of
the isolated ligand atoms and the isolated Eu’* ion. The € values of 0.6281 a.u. and 0.69153
a.u. for the nitrogen and oxygen ligating atoms, respectively, have been adopted.

The B : 's obtained from the above equations were then used to predict the energy of

the Stark levels through the diagonalization of the ligand field hamiltonian with matrix

elements <‘I’|2 C q" B§|'f"> , where C;‘ is a Racah tensor operator of rank k and ¥ and ¥’

constitute the 49 basis functions (in the intermediate coupling scheme) of the ’F; multiplets
of the Eu’" ion. The theoretical Stark levels obtained have been compared to the

experimental ones through the expression:
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(4)

where E®" and E“ are the experimental and theoretical energies of the Stark levels,
1 1 p g

respectively, and / is the total number of experimental Stark levels. The © parameter was
calculated for each number » of water molecules.
Finally o has been plotted versus » in order to determine the minimum in the curve

which should correspond to the most probable number of coordinated water molecules.

3 Results and discussion

The optimized geometries of the Eu’" complexes which gave the smallest o are
shown in Fig. 1. In all geometries the symmetry point group achieved was C; and the
coordination number (CN) varied from 6 to 10. For the Eu(pya); complex, each pyrazine
was found to be coordinated to the Eu’" through one carboxylic oxygen and one nitrogen

from the ring, in agreement with previous studies [7].

INSERT FIGURE 1

The real part of the ligand field parameters and the mean charge factors calculated

from Egs. (1) and (2), respectively, are shown in Table 1 for the best » value for each

complex.
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The values of B; have been used to predict the ligand field strength parameter, N,,

which is a measure of the ligand field strength around the lanthanide ion [16]. The values of
the NV, are also shown in Table 1. The results show the existence of a strong ligand field in
the case of the Eu(pya);-3H,O complex and a weak one for the Eu(tta);-2H,O complex.

In average, the mean charge factors of the oxygens of the water molecules for all the
complexes were 0.90 while those for the other ligating atoms were slightly smaller (0.84).
The larger distance commonly found between the water molecules and the Eu’" ion is the
main reason why their charge factor values are higher (Eq. (2)). For the Eu(pya);-3H,O
complex the value of gr shown in Table 1 is the average between the values for the oxygens

and nitrogens of the pyrazine: 0.86 and 0.73, respectively.

INSERT TABLE 1

The theoretical and experimental Stark levels for the Eu(pya);-nH,O complex are
presented in Fig. 2. The experimental Stark levels (full gray lines) have been obtained from
the emission spectrum found in ref. [7]. The plot ¢ versus n for this complex is shown in
Fig. 3. The curve presents a smooth behavior with a global minimum at » = 3. This result is

in agreement with a previous determination of n [7].

INSERT FIGURE 2

INSERT FIGURE 3

194



The calculated ¢ values for the four complexes used in the present work are shown
in Table 2 and are plotted (except for Eu(pya);) against » in Fig. 4. For the Eu(acac)s
complex [11] (Fig. 4, circles) the best o value was obtained for » = 3, which is in
agreement with crystallographic data [17]. In the solid state this complex shows 3 water
molecules around the Eu’" ion, one of which being at a rather large distance ® = 5.61 A).
For the Eu(tta); complex [12] (Fig. 4, squares) there is only one minimum located at n = 2,
in agreement with the crystallographic data [18].

The o versus n curve for the Eu(btfa); complex [13] also shows a smooth behavior
(Fig. 4, triangles) with a minimum at » = 3. Although this is not corroborated by the
crystallographic data [19], from which » = 2, it is interesting that, in this case, the value of
n determined from experimental measurements of luminescence lifetimes and intensities, in
solutions of H,O and D,O, lies between 2 and 3 [20]. Since our theoretical calculations
refer to the isolated complex unit, the result is expected to be closer to that obtained in
solution, particularly for complexes with larger ligands, as the btfa one, where steric effects

might be more pronounced in the solid state.

INSERT TABLE 2

INSERT FIGURE 4

195



4 Summary and conclusions

A semiempirical procedure has been proposed by which the number »n of
coordinated water molecules in Eu’* complexes can be determined. This procedure is based
on a comparison between theoretical and experimental Stark levels by assuming different »
values for the complexes. The values of n for the P-diketonate complexes have shown an
overall satisfactory agreement with the crystallographic data. The result obtained for the
Eu(btfa); complex suggests that, in solution, there are 3 coordinated water molecules.

The proposed methodology has the advantage of needing only one experimental
measurement, that is, the ligand field Stark levels from emission or absorption spectra, and
may be extended to other complexes with different lanthanide ions. Besides, since it
involves a direct comparison between theory and experiment, it constitutes a further test for
the reliability of ligand field models. In this sense, the SOM, with the charge factor values
given by the analytical expression in Eq. (2), has shown to provide a satisfactory

description of the ligand field in these Eu®* compounds.
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Figure captions

Fig. 1. Optimized geometries of the Eu(pya);-3H,0, Eu(acac);-3H,0O, Eu(tta);-2H,O and
Eu(btfa);-3H,0 complexes using the Sparkle model.

Fig. 2. Comparison between theoretical (black lines) and experimental (full gray lines) and
Stark levels for the Eu(pya)s;-nH,O complex.

Fig. 3. Plot of the error in the prediction of the Stark levels, o (in %), versus the number of
coordinated water molecules, #, for the Eu(pya);-»nH,O complex.

Fig. 4. Plot of the error in the prediction of the Stark levels, o (in %), versus the number of
coordinated water molecules, », for the Eu(acac);-nH,O, Eu(tta);-»H,O and Eu(btfa);-nH,O
complexes.

Table 1. Values of the real part of the ligand field parameters (B;, B and B3, in cm’)),

the ligand field strength parameter (IV,, in cm') and mean charge factors for the oxygens of
the water (go-warer) and for the other ligating atoms (g;) predicted for the complexes
Eu(L);-nH,0, L = pya, acac, tta and btfa.

Complex B; B} B? N, 8L &o-water
Eu(pya);:3H,0  -175.89  -249.29  577.59 1474.10  0.80 091
Eu(acac);-3H,0 0.80  164.83 -357.86 1057.80  0.85 0.90
Eu(tta);2H,0 110.57  -116.58  107.15  730.75 0.84  0.89

Eu(btfa);-3H,0 203.65 -76.14 261.99 969.60 0.85 0.91

199



Table 2. Calculated values of ¢ for the complexes Eu(pya)s;-nH,O, Eu(acac);-»H, 0,

Eu(btfa)3 -nH,0 and Eu(tta);-nH,0.

(o} (0/0)
Complex
n=20 n=1 n=>2 =3 n=4
Eu(pya);-nH,O 13.77 10.53 8.40 7.01 7.66
Eu(ACAC);-nH,0 5.84 5.01 6.65 3.08 4.52
Eu(btfa);-»H,O 5.73 5.96 5.54 441 5.55
Eu(TTA)3;-nH,O 7.49 3.84 3.22 4.21 3.15
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Desenvolvimento de Modelos Quimico - Quanticos para o Estudo de Complexos com lons Lantanideos e Actinideos.

Eu(tta);-2H,O Eu(btfa);-3H,O

Figure 1
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Figure 3
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