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RESUMO GERAL

A necessidade de renovacdo e uma utilizacdo mais eficiente dos recursos
energéticos tém proporcionado um aumento do interesse em estudos de
processos de ativacdo do metano na fase gasosa por Oxidos de metais de
transicdo. Neste aspecto, o presente trabalho é um esforgo no sentido de avaliar,
do ponto de vista computacional, a reatividade dos 6xidos de NbO&LF e FeOLt
(m=1,2;n=0,1, 2) no processo de ativacdo da ligacdo C-H do metano, que
corresponde ao primeiro e determinante passo do processo de conversédo do
metano a metanol. Esses 6xidos foram escolhidos, a principio, devido ao fato de
que os 6xidos de ferro sdo os mais estudados experimentalmente e que os ions
de ferro sdo os mais abundantes em meios bioldgicos. Ja a motivagdo principal
da escolha dos 6xidos de niobio é a grande abundancia de reservas naturais
desse mineral (98%) no Brasil, particularmente em Minas Gerais. Inicialmente,
neste trabalho, uma investigagdo minuciosa foi realizada utilizando diferentes
metodologias tedricas para analisar as propriedades estruturais e eletrdnicas dos
Oxidos em questdo. A partir desses resultados, a metodologia mais confiavel foi
selecionada para realizar a investigacdo do processo de ativagdo da ligacdo C-H
do metano pela série dos oxidos de ferro e nidbio, considerando todos os
possiveis mecanismos de reacdo conhecidos para ativar a ligacdo C-H de
alcanos. Cabe ressaltar neste ponto que ndo existem na literatura, até o presente
momento, trabalhos nos quais todos os mecanismos aqui considerados tenham
sido investigados e comparados entre si. De modo geral, os principais resultados
obtidos mostram tendéncias e comportamentos cataliticos diferentes ao longo
das séries de mondxidos e dioxidos de ferro e niébio. Um importante e comum
resultado encontrado nas duas investigacdes é que o aumento da carga sobre o
centro metalico e a adicdo de atomos de oxigénios ao metal, claramente,
favorece a termodinamica inicial da reacdo, ou seja, favorece a aproximagéo do
centro metalico ao metano, gque tem, dessa maneira, sua nuvem eletrdnica
distorcida diminuindo assim a sua inércia. Comparando as duas séries de éxidos
investigados, pode-se concluir que os Oxidos de ferro sdo os mais eficientes na
ativacdo da ligacdo C-H do metano. Entre os 6xidos de ferro investigados, FeO”
mostrou uma melhor performance cinética e termodindmica na reagdo com o
metano; enquanto dentre os Oxidos de nidbio, os ions NbO?* e NbO3*
mostraram uma melhor eficiéncia catalitica na ativacdo da ligacdo C-H do
metano.

Palavras-chave: Ativacdo da ligagdo C-H. Metano. Estudo tedrico. Oxidos de
ferro. Oxidos de nidbio.



GENERAL ABSTRACT

The need for renewal and a more efficient use of energy resources has provided
an increased interest in studies of methane activation processes in the gas phase
by transition metal oxides. In this respect, the present work is an effort to assess,
by means of a computational standpoint, the reactivity of NbOLt and FeO% (m
=1,2,n=0,1, 2) oxides in the activation process of the methane C-H bond,
which corresponds to the first rate limiting step in the process of converting
methane to methanol. These oxides are chosen, primarily, because the iron
oxides are the most experimentally studied, and iron ions are more abundant in
biological mediums. The main motive for choosing niobium oxides is the
abundance of natural reserves of this mineral in Brazil (98%), especially in
Minas Gerais. Initially, a thorough investigation was conducted, using different
theoretical methods, to analyze the structural and electronic properties of the
investigated oxides. Based on these results, the most reliable methodology was
selected to investigate the activation process of the methane C-H bond by the
series of iron and niobium oxides, considering all possible reaction mechanisms
known to activate the C-H bond of alkanes. It is worth noting that, up to this
moment and to our knowledge, there are no papers, in literature, investigating
and comparing all the mechanisms considered in this work. In general, the main
results obtained show different catalytic tendencies and behaviors throughout the
series of monoxides and dioxides of iron and niobium. An important and
common result found in the two studies is that the increase in the load on the
metal center and the addition of oxygen atoms to the metal, clearly favor the
initial thermodynamics of the reaction, i.e., favor the approach of the metal
center to methane, distorting its electron cloud and, thereby, decreasing its
inertia. Comparing the two sets of oxides, we conclude that the iron oxides are
the most efficient in activating the methane C-H bond. Among the iron oxides
investigated, FeO™ showed better kinetic and thermodynamic performance in the
reaction with methane, while from the niobium oxides and ions NbO?* and
NbO3™*, showed better catalytic efficiency in the activation of the methane C-H
bond.

Keywords: C-H bond activation. Methane. Theoretical study. lron oxides.
Niobium oxides.
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PRIMEIRA PARTE
1 INTRODUCAO

Nas ultimas décadas, o desenvolvimento da tecnologia tem acarretado
um maior consumo de combustiveis fosseis. No entanto, Vvarios estudos
realizados no final do século XX revelaram que as principais reservas de
petroleo do planeta deverdo se esgotar em cerca de 100 anos (SCHUCHARDT;
RIBEIRO, 2001). Embora estas reservas sejam realmente finitas, por se tratar de
uma fonte de energia ndo renovavel, novas jazidas vém sendo descobertas a cada
dia, causando certa inseguranca sobre a sua real viabilidade como fonte de
energia para a sociedade.

A crescente preocupacdo com a demanda mundial de petréleo, que vem
aumentando nos Ultimos anos, aliado a problemas ambientais causados pelo
aumento de emissao de gas carbdnico (CO,) na atmosfera e outros fatores como
problemas no abastecimento do petrdleo, causado pelas sucessivas tensdes
geopoliticas em regiGes do Oriente Médio que abrigam alguns dos maiores
produtores e exportadores mundiais de petréleo (Arabia Saudita, 1rd, Emirados
Arabes Unidos, Kuwait, Iraque), a elevacdo dos precos em virtude dos custos de
producdo e prospeccdo em areas remotas tém despertado o interesse no uso de
outros combustiveis como fontes alternativas de energia (PETERSON;
HUSTRULID, 1998; SHAY, 1993).

Uma alternativa de grande importancia ¢ a substituicdo do petrdleo pelo
gas natural que, a partir do final de 1930, tornou-se bastante disponivel no
mercado industrial devido a descoberta de vastas reservas que contribuiram para
reduzir o seu prego. O gas natural é um combustivel de origem fossil, assim
como o petroleo e o carvdo. Sua composicdo € principalmente de
hidrocarbonetos leves, sendo o metano o seu principal constituinte (90%).

Normalmente, o gas natural apresenta baixos teores de contaminantes (alto grau
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de pureza), e por esse motivo, é considerado um combustivel limpo, além de ser
mais econémico e eficiente que outros tipos de combustiveis (SANTOS et al.,
2002).

O metano, como um dos principais constituintes do gas natural, tem sido
amplamente utilizado na sintese quimica, producdo de hidrogénio (gas de
sintese) e produgdo de energia. No entanto, a maior parte das reservas de gas
natural localiza-se em &reas remotas de dificil acesso. Dessa maneira, seu
transporte e armazenamento Se tornam inconvenientes e economicamente
inviaveis. Consequentemente, a conversdo do metano para produtos quimicos
liquidos de maior valor agregado (como éalcoois, aldeidos, cetona) ¢ um dos
grandes desafios cientificos do século XXI (CRABTREE, 1995).

Os estudos sobre as reacOes de ativacdo da ligacdo C-H de metano em
fase gasosa por metais de transi¢do além de ser um tema central de pesquisa em
qguimica moderna, tém proporcionado uma riqueza de conhecimento sobre as
interacBes intrinsecas entre o sitio ativo de catalisadores e substratos organicos
(SHIOTA; YOSHIZAWA, 2000).

A alta atividade nesta area pode ser associada a varios fatores
relacionados aos metais de transicdo, como por exemplo, as suas reatividades
(ROITHOVA; SCHRODER, 2010), por se tratar de um sistema de modelo
simples, passivel de estudos experimental e teérico detalhados para a conversao
de metano em metanol (AGUIRRE, 2002) e as rea¢0es catalisadas pelos metais
de transicdo podem prosseguir em mais de uma superficie de energia potencial
(SCHRODER; SHAIK; SCHWARZ, 2000).

Dentre os 6xidos de metais de transicdo que podem ser empregados no
processo de ativacdo de metano, os Oxidos de Ferro (FeO) e Niobio (NbO)
despertam um interesse especial, dentre outros fatores, devido a facilidade de
obtencdo e abundéancia na crosta terrestre (OLIVEIRA; FABRIS; FERREIRA,
2013; YOSHIDA et al., 1996).
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Do ponto de vista experimental, processos diretos de conversdo do
metano fazem parte de uma area de pesquisa bastante investigada. Neste sentido,
um objetivo bastante explorado é a conversao direta do metano via processos
cataliticos homogéneos em que as condi¢cBes de temperatura e pressdo sao
significativamente mais brandas. Desses estudos, um resultado constatado é que
a seletividade e o rendimento dos produtos de interesse sdo ainda muito baixos
para a utilizacdo desses processos em escala industrial. Dessa maneira, o desafio
principal dessa area de pesquisa € o desenvolvimento de catalisadores que
possam ativar a ligacdo C-H de forma eficiente e seletiva, viabilizando, dessa
maneira, a sua aplicagdo em grande escala (DAVIES et al.,, 2001; HALL;
PERUTZ, 1996; SHILOV; SHUL’PIN, 1997).

Neste contexto, o primeiro passo para o desenvolvimento e melhorias de
processos cataliticos - sejam eles homogéneos ou heterogéneos — é o
entendimento em nivel atdmico desses processos. Neste aspecto, foi realizada
uma investigacdo tedrica detalhada de cada aspecto dos mecanismos de ativacdo
da ligacdo C-H do metano por 6xidos de ferro e nidbio, além de um estudo das
caracteristicas geométricas e propriedades eletrénicas desses Oxidos metélicos

assim como a natureza de suas liga¢Bes quimicas.
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2 OBJETIVOS

O objetivo geral do presente estudo é utilizar metodologias de calculos
baseados na mecénica quéntica para obter informacgdes sobre os mecanismos de
reacdo envolvidos no processo de ativacdo da ligagdo C-H do metano pelas
séries de oxidos de NbOLt e FeOltt (m=1,2;n=0, 1, 2).

Os objetivos especificos podem ser sumarizados da seguinte forma: 1)
estudar as caracteristicas geométricas e eletrdnicas envolvidas em cada passo
dos mecanismos de reacdo para a ativacdo da ligacdo C-H do metano pela série
de 6xidos metalicos de ferro e nidbio. 2) Investigar os seguintes mecanismos de
reacdo: i) adicdo oxidativa; ii) abstracdo direta de hidrogénio e iii) migracdo de
hidrogénio via quatro centros. 3) Avaliar o comportamento catalitico dos 6xidos
de ferro e nidbio quando hd aumento de carga sobre o centro metalico e quando
um e dois &tomos de oxigénios estdo coordenados a esse metal. 4) Avaliar a
natureza das ligacdes quimicas envolvidas nas reacdes investigadas usando para
isso célculos NBO e AIM, que sdo 0s métodos mais novos e eficientes nesse
intento. 5) Investigar a reatividade quimica dos Oxidos frente a ativacdo do
metano, tentado encontrar correlacGes entre as propriedades de ligacdo quimica
e 0s parametros de energias obtidos nos mecanismos analisados.

Com base em todo este contexto, este trabalho esta dividido em duas
partes: a primeira esta centralizada em uma abordagem geral dos estudos ja
descritos na literatura; na segunda uma descricdo dos resultados deste trabalho

presente nos artigos 1 e 2.
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3 REFERENCIAL TEORICO

3.1 Crise energética e a necessidade de renovacao da matriz energética do
Brasil

A energia é essencial para o desenvolvimento da sociedade humana, por
isso, a busca por diversas fontes de energia tem sido necessaria ao longo do
tempo. No periodo pré-industrial, a biomassa, era praticamente o Unico
energético utilizado pela humanidade. A partir da revolucdo industrial, o carvdo
mineral passou a ter um papel importante na economia, pois era utilizado para a
movimentagdo das maquinas a vapor. Mais tarde, no final do século XIX, os
derivados de petréleo comecaram a substituir o carvdo mineral tornando-se a
principal fonte de energia do mundo moderno (RICARDO; CLAUDIA, 2005).

O petroleo é um elemento de influéncia nas relacBes geopoliticas
contemporaneas, desde quando se tornou a matriz energética basica mundial,
devido a ndo distribuicdo uniforme das reservas de petréleo sob a superficie
terrestre (BARRQOS, 2007). As maiores reservas conhecidas estdo localizadas no
Oriente Médio, que é a principal regido exportadora de petrleo (AGENCIA
NACIONAL DO PETROLEO, GAS NATURAL E BIOCOMBUSTIVEIS,
2014). Os conflitos ocorridos nesta regido tém reflexos imediatos nos pregos dos
combustiveis nos mercados internacionais.

Por ser uma fonte de energia ndo renovavel e segundo estudos gedlogos,
0 pico da produgdo mundial de petréleo ocorrerd nos proximos cem anos
(BARROS, 2007). A Tabela 1 mostra que, a partir de meados da década de
1980, o consumo de petr6leo passou a ser superior as descobertas. Entretanto,
antes do pico do petroleo, o consumo devera oscilar sob crescentes dificuldades
na exploragdo, implicando um comportamento erratico da demanda
(CARVALHO, 2009).
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Tabela 1 - Novas descobertas de petroleo versus consumo (em Gbep/ano).

Ano Descobertas Consumo
1930 10,82 1,72
1940 26,36 2,54
1950 31,82 4,53
1960 49,27 8,90
1970 33,45 18,18
1980 27,27 22,72
1990 14,54 24,09
2000 10,09 28,18
2010 6,82* 34,10"
2020 4,55* 40,45
2030 2,82* 46,30"

*Extrapolagdes, ndo incluidas as reservas do pré-sal * PrevisGes (CARVALHO, 2009).

Além desse fator, acGes antrOpicas como a queima de combustiveis
fosseis (carvao, petréleo), liberam para atmosfera um conjunto de gases
chamados Gases do Efeito Estufa. Os principais gases responsaveis pelo efeito
estufa sdo: oxido nitroso (N,O), metano (CH,), diéxido de carbono (CO,) por
serem 0s mais abundantes. Em especial, o dioxido de carbono, tem efeitos
danosos para 0 meio ambiente, principalmente devido a velocidade crescente
com que vem sendo produzido por causa do aumento da demanda de energia
primaria no mundo. Devido a esse aumento de gases do efeito estufa, a
temperatura média da Terra aumentara entre 1,8 e 4 °C até o ano de 2100 e isto
devera acelerar o derretimento das geleiras, elevar o nivel do mar e provocar
intensos furacdes (CORDEIRO et al., 2011).

Tendo em vista a perspectiva da diminuicdo e até mesmo extingdo das
reservas mundiais de petréleo, em medio prazo, aliada as preocupacdes atuais
para se desenvolver tecnologias menos agressivas a0 meio ambiente, novas
matrizes energéticas tém despertado interesse na comunidade cientifica mundial
(COUTTENYE; VILA; SUIB, 2005). Em 2013, a participacdo de renovaveis na

Matriz Energética Brasileira manteve-se entre as mais elevadas do mundo, com
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pequena reducdo devido a menor oferta de energia hidraulica, como pode ser
observado pela Figura 1 (EMPRESA DE PESQUISA ENERGETICA, 2015).

Figura 1 - Participagdo de renovaveis e ndo renovaveis na Matriz Energética
Brasileira.

Brasil (2013)

Brasil (2012)

Mundo (2011)

OCDE (2011) ERF:

0% 20% 40% 60% 80% 100%

B Renovaveis © Ndo renovaveis

Fonte: (EPE, 2015).

Esforgos estratégicos e urgentes tornam-se necessarios para desenvolver
fontes de energias alternativas. O gas natural, atualmente surge como um recurso
alternativo promissor para o suprimento de energia devido ao seu baixo custo e
por ser um combustivel menos poluidor que outros derivados de fontes de
energia ndo renovavel (SANTOS et al., 2002).

3.2 Gas Natural

A historia mostra que o gas natural (GN) vem sendo utilizado pelo
homem desde a sua descoberta no Ird entre 6000 e 2000 a.C. Na Europa, o gas
natural so foi descoberto no ano de 1659, ndo despertando interesse por causa da

grande aceitacdo do gas resultante do carvdo carbonizado (town géas), que foi o
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primeiro combustivel responsavel pela iluminacdo de casas e ruas desde 1790
(SANTOS et al., 2002). Ja nos Estados Unidos, a sua utilizacdo deu inicio nos
anos de 1659 como o principal responsavel pela iluminagdo das ruas e casas e,
no Brasil, a sua utilizacdo comegou modestamente por volta de 1940, com as
descobertas de dleo e gas na Bahia (FIOREZE et al., 2013).

O Gés Natural é definido como todo hidrocarboneto ou mistura de
hidrocarbonetos leves que permaneca em estado gasoso ou dissolvido no 6leo
nas condigdes originais do reservatorio, e que se mantenha no estado gasoso nas
condicOes atmosféricas normais. Na natureza, ele é encontrado em acumulagdes
de rochas porosas no subsolo terrestre ou marinho e extraido diretamente de
reservatorios petroliferos ou gaseiferos (SANTOS et al., 2002).

A composicdo do gas natural pode variar de campo para campo, devido
a fatores relacionados ao reservatorio e sua forma de ocorréncia (associado ou
ndo associado), ao tipo de matéria organica que lhe deu origem, das condicdes
geoldgicas do solo, aos processos naturais que lhe foi submetido e também em
funcdo de ter sido ou ndo processado em unidades industriais (SANTOS et al.,
2002).

Portanto, em geral, 0 GN é uma mistura de compostos leves constituidos
de carbono e hidrogénio, em gue se encontra em maior concentracdo o metano
com um volume de 89%, possuindo também, embora em menores quantidades
propano, butano, hidrocarbonetos de elevados pesos moleculares e gases
inorganicos (Tabela 2). No estado bruto, apresenta também, baixos teores de
contaminantes (FRIOREZE et al., 2013).
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Tabela 2 - Composi¢Bes quimicas do gas natural.

Elementos Gas Associado Gas Nao Gas Processado
Associado
Metano 78,74 87,12 88,56
Etano 5,66 6,35 9,17
Propano 3,97 2,91 0,42
I-Butano 1,44 0,52 -
N-Butano 3,06 0,87 -
I-Pentano 1,09 0,25 -
N-Pentano 1,84 0,23 -
Hexano 1,80 0,18 -
Superiores 1,70 0,20 -
Nitrogénio 0,28 1,13 1,20
Dioxido de 0,43 0,24 0,65
Carbono
Total 100 100 100

Fonte: (FIOREZE et al., 2013)

O gas natural é inodoro, incolor, inflamavel e asfixiante quando aspirado
em altas concentracGes. Por ser inodoro, sdo adicionados compostos a base de
enxofre, do tipo mercaptano, ao gas para lhe conferir um cheiro marcante e
facilitar, portanto, a sua identificacdo quando estiver vazando. Por ja estar no
estado gasoso, 0 gas natural ndo precisa ser atomizado para queimar. 1sso resulta
numa combustdo limpa, com reduzida emissdo de poluentes e melhor
rendimento térmico, além de promover, também, melhores rendimentos de
reacdo (SANTOS et al., 2002).

Normalmente, este combustivel é encontrado na natureza em
reservatérios profundos no subsolo terrestre ou marinho, podendo ser
classificado em duas categorias: associado e ndo associado. O gas associado
(FIGURA 2) é aquele gue, no reservatorio, encontra-se em companhia do
petréleo, estando dissolvido no 6leo ou sob a forma de capa de gas. Como a
concentragdo de gas € superior a concentracdo de outros fluidos, neste caso, a

producao de gés é determinada basicamente pela producéo de 6leo, sendo o gas,
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utilizado na manutencdo da pressdo do poco de extracdo. O gas nao associado
(FIGURA 2) é aquele que, no reservatorio, estd livre ou em presenca de
quantidades muito pequenas de 6leo. As maiores ocorréncias de gas natural no
mundo sao de gas ndo associado (SANTOS et al., 2002).

Figura 2 - Reservatérios produtores de 6leo e gas natural.

Gas associado Gas ndo-associado

Fonte: (SANTOS et al., 2002).

O gas natural tem um grande leque de aplicacdes, tanto em uso
industrial quanto em uso doméstico. A Figura 3 apresenta as principais opcdes
para a conversdo e utilizacdo do gas natural. Na exploracdo petrolifera, grandes
guantidades de gas natural associado sdo injetadas em pogos de petroleo,
auxiliando em uma menor queda na pressdo de reservatorio, ou Sao
simplesmente queimados. O GN pode ser também utilizado para a geragdo de
eletricidade nas usinas termoelétricas, ou pode ainda haver a liquefacdo do
mesmo a gas natural liquefeito. Na indlstria, o gas natural pode ser utilizado
como matéria prima, na geracdo de energia, utilizado também na combustao
visando o aquecimento residencial. Existe ainda a possibilidade de se converter
0 gas natural diretamente em combustiveis liquidos (ROSTRUP-NIELSEN;
SEHESTED; NORSKOQV, 2002).
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Figura 3 - Principais opcdes para conversdo e utilizacdo do gas natural.

Diesel (FT)
— Gas de :: MoOH-I:: DME
. Sintese Gasolina (MTG)
Gas Natural ) MeOH
> - (Cowels.'w Direta C.H
' n"'m
= Gas Natural Liquefeito
Gas associado Y-
a0 Petréleo A # Eletricidade
> = Reinjecao
p Queima

Fonte: (ROSTRUP-NIELSEN; SEHESTED; NORSKOV, 2002)

3.2.1 Reservas de gas natural

O gas natural é uma fonte abundante, suas reservas sdo mais
uniformemente distribuidas e maiores que as de petrdleo possibilitando que este
seja um insumo energeético de suprimento mais seguro.

As reservas provadas nacionais estdo atualmente em 395,5 bilhdes de
metros cubicos (EPE, 2015), porém uma grande parte do gas natural consumido
no pais, ainda é fornecida pela Bolivia. Dentre as reservas nacionais, destacam-
se os estados do Rio de Janeiro, Amazonas e mais recentemente, a bacia de
Santos e o litoral do Espirito Santo, na regido Sudeste, devido ao grande volume
de gas natural encontrado. A maior parte das reservas encontra-se distantes dos
centros industriais e muitas delas em regies oceadnicas o que dificulta a sua
utilizacdo (EPE, 2015).

Desta forma, o uso de dutos ou a liquefagdo para o transporte elevam os
custos do gas natural. Desse modo, a oxidacgao direta de metano a um liquido de
facil transporte tem despertado grande interesse tedrico e experimental, devido a
sua importdncia como modelo mais simples para a oxidacdo de alcanos
(AASBERG-PETERSEN et al., 2001; CRABTREE, 1995). Em particular,
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metanol, convertido a partir de metano é de grande interesse como uma fonte de
energia importante para o século XXI, (YOSHIZAWA,; SHIOTA; YAMABE,
1998) e também, por ser um liquido facilmente transportavel.

3.3 Metano

O metano é um produto abundante de energia primaria e fonte de
carbono mais do que o carvdo ou 6leo (NOZAKI; OKAZAKI, 2013). E um gas
incolor, quando liquefeito, apresenta-se menos denso que a agua. Sua molécula é
tetraédrica e apolar (CH,), de pouca solubilidade em agua, mas muito solivel em
liquidos organicos e, quando adicionado ao ar se transforma em uma mistura de
alto teor inflamavel. E o composto mais simples dos hidrocarbonetos e,
encontra-se como componente principal nas exalagcdes naturais de regibes
petroliferas (SANTOS et al., 2002).

A inércia quimica do metano surge a partir dos &tomos constituintes de
alcanos serem mantidos unidos por ligacdes fortes e localizadas, C-C e C-H, de
modo que as moléculas ndo tém orbitais vazios de baixa energia ou orbitais
cheios de alta energia que poderiam facilmente participar de uma reacédo
quimica, como é o caso dos hidrocarbonetos insaturados tais como olefinas e
alcino. Além disso, 0 metano apresenta um elevado equilibrio molecular devido
a sua distribuicdo geométrica, sendo o numero de elétrons de camada de
valéncia igual ao nimero de ligagdes, o que ndo possibilita a presenca de centros
doadores e receptores de densidade eletrdnica, que torna essa molécula a mais
inerte de sua classe denominada parafina, que quer dizer baixa reatividade
(LAMBINGER; BERCAW, 2002).

O gas CH; é um dos principais gases causadores do efeito estufa,
fendmeno que tem sido foco de grandes discussdes e tratados internacionais
devido ao elevado potencial de alterar o sistema climatico do planeta
(DICKINSON; CICERONE, 1986; DONNER; RAMANATHAN, 1980).
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O metano € liberado para a atmosfera por um grande nimero de fontes
tanto naturais quanto antropogénicas. As emissdes antropogénicas surgem de
fontes bioldgicas relacionadas a agricultura, a pecuaria, residuos animal e
humano, queima de biomassa e pela decomposi¢do de residuos organicos em
meios anaerébios como aterros sanitarios e lagoas de decantacdo. Além das
fontes consideradas bioldgicas, 0 metano também pode ser emitido em processos
considerados ndo bioldgicos ou naturais, como no uso de combustiveis fésseis
devido aos vazamentos que ocorrem durante o processamento, a transmissdo e
distribuicdo do gas natural, em areas alagadas, pantanos, ruminantes selvagens,
oceanos, entre outros (PEER; THORNEOLE; EPPERSON, 1993).

O CH,4, como um dos principais constituintes do gas natural, tem sido
amplamente utilizado na sintese quimica e producdo de hidrogénio molecular
(gas de sintese) (ZHANG; SMITH, 2002), utilizado também na combustdo
visando o aquecimento residencial e industrial e na geracdo de energia elétrica,
sendo apenas uma pequena fracdo deste utilizado na inddstria quimica, além de
ser utilizado como combustivel renovavel e menos agressivo ao meio ambiente
guando comparado a combustiveis fdsseis (FERREIRA-APARICIO;
RODRIGUEZ-RAMOS; GUERRERO-RUIZ, 1997; ZHANG; SMITH, 2002).

3.4 Conversdo de metano em produtos de maior valor agregado

A conversdo de metano, em produtos quimicos de maior valor agregado
e de maior aplicabilidade, vem se tornando de grande interesse para a catalise
industrial devido ao crescente uso de gas natural como fonte de energia
alternativa. Nesses Ultimos anos, diferentes processos diretos e indiretos de
conversdo de metano em produtos quimicos liquidos ou produtos quimicos
intermediarios (FIGURA 4) tém sido considerados, motivados pelo alto impacto
econdmico, politico, ambiental e cientifico (ANDERSON, 1989).
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Figura 4 - Rotas de aproveitamento do gas natural.
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Fonte: (ROJAS, 2012)

Atualmente, o CH, é convertido em hidrocarbonetos superiores através
de duas rotas: a conversdo direta e a conversdo indireta e normalmente tais rotas
requerem a utilizacdo de catalisadores, sejam homogéneos ou heterogéneos. Os
processos de conversao quimica direta transformam gquimicamente as moléculas
de metano em hidrocarbonetos de cadeias mais complexas e com maior peso
molecular, utilizando catalisadores e rotas de sintese especificas. No entanto, o
alto grau de estabilidade do metano traz uma série de problemas para viabilizar
as reacOes envolvidas. Atualmente, os esfor¢os em pesquisa e desenvolvimento
dos processos de conversdo direta estdo focados na melhoria de catalisadores, na
elucidagdo dos mecanismos de reagdo e no desenvolvimento de novos
equipamentos. A conversdo indireta engloba trés etapas: a geracdo de gas de
sintese, sintese de Fischer-Tropsch (FT) e hidroisomerizacdo (acabamento dos
produtos). O problema desta tecnologia é 0 enorme consumo energético para
degradar a molécula de metano até CO (MARTIN; MIRODATOQOS, 1995).
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Tendo em vista a grande importancia que vem sendo dada ao estudo da
conversdao do metano, principal componente do gas natural, em hidrocarbonetos
de maior peso molecular, ou seja, em substancias de maior valor agregado no
mercado da industria quimica, a reacdo de conversdo direta do metano vem
sendo alvo de intensas pesquisas desde o estudo pioneiro realizado por Keller e
Bhasin em 1982 (KELLER; BHASIN, 1982; MARTIN; MIRODATOS, 1995).

O interesse da conversdo direta do metano a metanol é devido ao fato
desse processo ser termodinamicamente favoravel em comparacdo com o0s
processos comerciais disponiveis através do gas de sintese (CO e H,) (GESSER;
HUNTER; PRAKASH, 1985) e também, a conversdo indireta, via reacdo de
reforma, ser uma reacdo de dificil viabilidade econémica, pois a geracdo de gas
de sintese (mondxido de carbono e hidrogénio) requer grande quantidade de
energia (LUNSFORD, 2000).

Consequentemente, o grande desafio para a oxidagéo seletiva do metano
é o controle termodinamico desta reacgdo. Isto é devido ao fato de que para ativar
0 metano na auséncia de um catalisador uma grande quantidade de energia
inicial é requerida, que por sua vez ocasiona a desestabilizacdo irreversivel das
espécies intermediarias de maior interesse, tais como &lcoois, aldeidos, etc.
Dessa forma os processos de oxidacdo completa do metano (CO, e H,0)
predominam como resultados dessas reacdes (LAMBINGER; BERCAW, 2002).

Nas ultimas duas décadas, um maior esforgo tem sido aplicado em
pesquisa e desenvolvimento em relagdo as reagdes de ativacdo da ligacdo C-H
do metano em fase gasosa envolvendo metais de transicdo, motivados pela
procura de maneiras de um uso mais eficiente dos grandes recursos inexplorados

de metano.
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3.5 Ativacgéo da ligacdo C-H

O processo quimico envolvido na ativagao seletiva, ou seja, no aumento
da reatividade do metano devido a acdo de algum fator, e na funcionalizacdo de
ligagcdes C-H continua a atrair a atencdo de organicos, organometalicos, bidlogos
e quimicos tedricos de todo o mundo (AZAMBUJA; CORREIA, 2011). Esse
interesse se baseia, em parte, pelo desejo de pesquisadores em efetuar a
transformacdo de ligacbes C-H inativas em ligagdes em pontes com C-X (em
que X é um grupo funcional desejado) de forma régio e quimio-seletiva em
condigdes experimentais relativamente suaves (BAILLIE; LEGZDINS, 2014).

Embora muito esforco experimental tenha sido dedicado a exploracdo de
insercdo de metal em ligagdes C-H, a maior dificuldade na converséo do metano
é romper a primeira energia de ligacdo C-H da molécula (cerca de 435 kJ/mol),
porque a barreira substancialmente maior para ativacdo faz com que a clivagem
da ligacdo C-H seja menos favoravel. A ativagdo da ligacdo C-H promovida por
um metal de transicdo, como por exemplo, o Ferro, sob condi¢cdes homogéneas,
tornou-se um desafio importante nos ultimos anos (CAO; HALL, 2000).

A ativacdo de ligagbes C-H em pequenos hidrocarbonetos por varios
Oxidos de metais de transicdo na fase gasosa foi investigada experimentalmente
e teoricamente por varios grupos (ROITHOVA; SCHRODER, 2010).

Nas reacdes de ativacdo da ligacdo C-H, o hidrocarboneto, como por
exemplo, 0 metano, reage com um catalisador de metal de transi¢do para criar
um complexo organometalico, em que o hidrocarboneto estd coordenado a
esfera interior de um metal, conduzindo a uma ligacdo C-H intermediaria
(PERIANA et al., 2004). O intermediario resultante deste primeiro passo
conhecido como ativagdo da ligagdo C-H pode, em seguida, ser submetido a
reacOes subsequentes para produzir o produto funcionalizado.

O metal de transicdo presente no complexo metalico interage com o

hidrocarboneto a ser ativado (JASSAR et al., 2010) de duas maneiras possiveis,
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via esfera externa ou via esfera interna (DICK; SANFORD, 2006). No
mecanismo via esfera externa, o metal presente no complexo metalico ndo forma
uma ligagdo direta com o &omo de carbono presente na ligacdo carbono-
hidrogénio a ser ativada (SHILOV; SHUL’PIN, 1997). J& 0 mecanismo via
esfera interna apresenta, por sua vez, a insercdo direta do metal de transicdo
presente no complexo metalico na ligagdo C-H em questdo (BALCELLS;
CLOT; EISENSTEIN, 2010). Tal processo tem focado principalmente na
transformacdo de metano em metanol, num processo de grande utilidade
potencial para a conversdo de gas natural em um combustivel liquido.

Varios mecanismos de reacdes sdo experimentalmente reconhecidos
para a ativacdo da ligacdo C-H de alcanos. Um dos mecanismos € a insercao
oxidativa de um centro metalico a ligacdo C-H do metano. Essa reacdo, ilustrada
na Figura 5, corresponde ao primeiro passo do processo de desidrogenacdo do
metano. Esse processo inicia-se com a inser¢ao oxidativa de um centro metélico
na ligacdo C-H do metano, levando a formagéo de um primeiro intermediario - o
hidridometil. As reacGes de adicdo oxidativas sdo tipicas para complexos de
baixa valéncia dos metais de transicdo, como por exemplo, ferro e platina
(LAMBINGER; BERCAW, 2002).

Figura 5 - Esquema de reacdo da ativacdo do metano via processo de insercdo
oxidativa.

H H

| ~

M+ CHy —»> M & —» M:’“\
CH; CH;

Fonte: (LAMBINGER; BERCAW, 2002)
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Outros processos relacionados a ativagdo de metano sao 0s mecanismos
de abstracdo de hidrogénio de forma direta e abstracdo de hidrogénio de 4-
centros, como relatados no trabalho de Roithova e Schroder (2010). No
mecanismo de abstracdo de forma direta (FIGURA 6), o hidrogénio é abstraido
pelo oxigénio do 6xido de metal de transicdo para a formacdo de um radical

alquil.

Figura 6 - Esquema de reacdo da ativacdo do metano via processo de abstracéo
de hidrogénio de forma direta.

MO +CHy —= M—O0---H---CH; —= /U—M + ‘CHj;
H
Fonte: (Adaptado de YOSHIZAWA, SHIOTA; YAMABE, 1998).

Ja no mecanismo de abstracdo de 4-centros ou muitas vezes chamado de
migracdo oxidativa do hidrogénio (OHM), ilustrado na Figura 7, ocorre a
formacdo de um intermediario hidroximetil (YOSHIZAWA, 2002;
ROITHOVA; SCHRODER, 2010). Os mecanismos de abstracdo de hidrogénio
que ocorre nas fases iniciais da reacdo sdo a chave para a compreensdo da

hidroxilacéo direta de hidrocarbonetos.

Figura 7 - Esquema de reacdo da ativacdo do metano via processo de abstracdo
de hidrogénio de 4-centros.

0.
// ‘\\
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Fonte: (Adaptado ROITHOVA; SCHRODER, 2010)
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A ativacdo da ligacdo C-H de hidrocarbonetos pequenos em fase gasosa
por varios ions de metal de transicdo tem sido investigada experimentalmente
por varios grupos (ARMENTROUT; BEAUCHAMP, 1989). A conversdo em
fase gasosa metano-metanol por ions de Oxido de metal de transicdo é de
particular interesse uma vez que este processo pode ser visto como o modelo
mais simples para a hidroxilagdo de alcanos, e a reatividade dos metais de
transicdo com metano mostra ser essencial para o entendimento assim como a
determinacgdo dos fatores que controlam o mecanismo, a termodindmica e a
cinética dessa reacdao (YOSHIZAWA; SHIOTA; YAMABE, 1998).

O trabalho de revisdo de Roithova e Schroder (2010) mostra que 0s
varios processos de ativacdo da ligacdo C-H tém sido estudados por um nimero
impressionante de Oxidos de metais de transicdo, como por exemplo, éxidos de

ferro e nidbio, os quais foram abordados neste trabalho.
3.6 Oxidos de metais de transicio

Em meados da década de 1930, surgiram os primeiros relatos sobre a
interacdo entre metano e metais de transicdo. Esses trabalhos pioneiros
trouxeram importantes contribuicdes para o desenvolvimento da quimica dos
processos de conversdo de metano e foram a base de toda a longa lista de
estudos subsequentes que surgiram a partir de entdo sobre o processo de ativacao
de hidrocarbonetos (ROITHOVA; SCHRODER, 2010).

Varios metais de transi¢do tém sido utilizados como catalisadores em
reaces de decomposicdo catalitica do metano e segundo Dupuis (2005), a
habilidade desses metais para catalisar este tipo de reacdo estd ligada a sua
estrutura eletrénica, pois os metais de transi¢do tém orbitais “d” ndo preenchidos
gue sdo capazes de interagir com as moléculas de metano.

A catélise homogénea mediada por complexos de metais de transicdo é

uma das maneiras mais eficientes para garantir uma alta atividade e controle da
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seletividade na ativacdo C-H (BALCELLS; CLOT; EISENSTEIN, 2010). A alta
atividade nesta area esta mais relacionada com a grande reatividade de éxidos de
metal por um lado e o uso de éxidos metalicos como catalisadores por outro. As
formas catibnicas dos O0xidos de metal de transicdo de alta valéncia estdo entre
0s agentes oxidantes mais poderosos até agora estudados em experimentos na
fase gasosa (ROITHOVA; SCHRODER, 2010).

Os estudos sobre as reacGes em fase gasosa de ions de metais de
transicdo e hidrocarbonetos tém proporcionado uma riqueza de conhecimento
sobre as interacGes intrinsecas entre o sitio ativo de catalisadores e 0s substratos
organicos (SHIOTA; YOSHIZAWA, 2000).

Em relacdo a reacdo de ativacdo de metano, varios ions de déxidos de
metais na fase gasosa tém sido investigados, por Schwarz e seus colaboradores.
Tais autores verificaram que os fons de 6xido de metal de transi¢do, ScO*, TiO",
VO*, e CoO", ndo reagem, enquanto os outros fons de oOxido de metal de
transicdo, de MnO™ FeO", NiO" e PtO", reagem com metano formando metanol.
Por exemplo, FeO" reage de forma eficiente com o metano, resultando em uma
formacdo de metanol com 41% de rendimento (YANG; HU; QUIN, 2006).

3.6.1 Oxidos de ferro

O ferro é um metal da primeira série de transicdo que esta em quarto
lugar na escala dos elementos mais abundantes na crosta terrestre, sendo o mais
utilizado industrialmente e encontrado na forma de minério de ferro nas formas
mais comuns de hematita (Fe,Os), magnetita (FesO,) e siderita (FeCOs)
(OLIVEIRA; FABRIS; FERREIRA, 2013). Os estados de oxidagdo mais
comuns para o ferro sdo +2 e +3, com configuracbes eletronicas d® e d°
resultando em orbitais d semipreenchidos. O Fe é um metal que apresenta uma
grande importancia em sistemas bioldgicos e processos cataliticos, pois esta

presente na hemoglobina e participa de processos de transferéncia de oxigénio
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em nosso organismo, em enzimas fixadoras de nitrogénio e decompositoras de
peroxido de hidrogénio (H,O,), além de servir como suporte para outros
catalisadores. Existe uma alta afinidade entre o Fe®" e ligantes contendo
oxigénio e estes ainda sdo capazes de formar pontes entre os &tomos do metal
(TAKAHASHI et al., 1985).

Devido a sua ampla disponibilidade e propriedades quimicas e fisicas, os
Oxidos de ferro sdo utilizados como catalisadores ou promotores na indUstria
quimica, tais como, na sintese de amoénia, reacGes de desidrogenacdo de
etilbenzeno a estireno e sintese de Fischer-Tropsch (WAJE et al., 2010). Tais
Oxidos, também sdo utilizados em reacdo de ativacdo de metano.

A conversdo direta de metano em metanol usando FeO é provavelmente
0 mais interessante processo entre as varias reacGes em fase gasosa usando
complexos de MO, em que M é um metal de transicdo (SCHORODER,;
SCHWARZ, 1995). Na fase gas, dentre as varias vias reacionais de conversdo de
metano em metanol por dxidos de ferro, duas vias sdo competitivas levando a
formacdo dos intermediarios metoxi e hidroximetil, ilustrada na Figura 8
(YOSHIZAWA, SHIOTA; YAMABE, 1998). Cada via de reacdo para a
conversdo de metano-metanol por FeO inclui, basicamente, um intermediario,
dois estados de transicdo bem como reagentes e produtos, como indicado na
Figura 8.

Segundo estudos, a reacdo através do hidroxi intermediario é
energeticamente mais favoravel, desempenhando um papel central na reacdo em
fase gasosa entre o metano e FeO (YOSHIZAWA, SHITOA, YAMABE, 1998).
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Figura 8 - Vias reacionais da conversdo de metano em metanol por 6xidos de
ferro.

783 TS4

Fe~0cH,
+ Fei" ":CH‘-_’ ‘/Fe'—OCHg ". ".',‘
™ H ? H

H Metoxi intermediario \
/ CHj
FeO* + CHs —» O—Fe—CHj4 'Fe‘—O\H —» Fe' + CH30H
\ TS1 / TS2
0. Fi
/™ *Fe——CHg §'*<CHj

*Fe .H —

C Hidroxi intermedidrio
Hs

Fonte: (YOSHIZAWA; SHIOTA; YAMABE, 1998)

As reacBes processam-se da seguinte forma: encontro dos reagentes
forma um complexo O-Fe-CH,, produzido por uma interacdo eletrostatica entre
os 6xidos de ferro e metano. Para a formacdo do TS3, ocorre a migracdo de um
grupo metila, conduzindo ao intermedidrio metoxi e para a formacdo TS1,
ocorre a migracdo de um atomo de hidrogénio, conduzindo ao hidroxi
intermediario (YOSHIZAWA; SHIOTA; YAMABE, 1998).

Em sistemas biol6gicos, a conversao de metano-metanol é conhecida por
ocorrer de forma muito eficiente. Esta oxidagdo é enzimaticamente catalisada
pela mono-oxigenase do metano MMO, que contém centros de ferro no seu sitio
(WALLAR; LIPSCOMB, 1996).

De acordo com Varios estudos envolvendo a ativacdo de metano por
Oxidos de ferro, mais de um estado de spin deve estar envolvido em reacGes

catalisadas por organometélicos em contraste com os sistemas de reagdes
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organicas, os chamados fenémenos de cruzamento de spin. Estes fenémenos de
cruzamento de spin sdo vistos entre os complexos de metais de transicdo, com
distribuicdo eletrdnica 3D° como por exemplo, o metal ferro. De acordo com a
Figura 9, a superficie de energia potencial do estado quarteto que se encontra
abaixo do estado sexteto no meio da via de reagdo, desempenha um papel
essencial neste mecanismo. As mudancas de multiplicidades do estado sexteto
para o estado quarteto ocorrem no canal de entrada e no canal de saida da reacdao
e tais inversbes de rotagdo, desempenha um papel significativo nesta reacao,
resultando numa diminuicdo nas alturas de barreira de TS1 e TS2
(SCHAWARZ, 2011).

Figura 9 - Superficie de energia potencial simplificado da reagdo FeO" com
metano.

CH,+FeO TS1
Quarteto wm CH;0H + Fe

Sexteto

= ./ _CHs;
CH, Fe\ Fe—o/
OH \H

Fonte: (Adaptado de SCHAWARZ, 2011)
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Devido a quantidade de estudos sobre os éxidos de metais de transicéo,
por serem considerados como modelos protétipos de reagdes envolvendo
processos oxidativos, os Oxidos de niébio vém sendo investigados como
catalisadores no mecanismo de conversao de metano em metanol devido a sua
abundancia relativa na crosta terrestre e a sua versatilidade como catalisador
(HARVEY et al., 1999). Entretanto, um numero limitado de estudos tem sido

realizado para os ions de metais de transicdo da segunda fila em fase gasosa.
3.6.2 Oxidos de Nidbio

O ni6bio é um material metalico de cor prateada, com nimero atbmico
41. Sua massa atdmica é de 92,9064 u e apresenta excelentes propriedades como
resisténcia a alta temperatura, a corrosdao e a oxidacdo, boas propriedades
mecénicas além de caracteristicas de supercondutor em determinadas ligas com
titAnio. Tais atribuicGes conferem a este material um grande valor econémico
(NOWAK; ZIOLIK, 1999).

No Brasil, encontram-se as principais reservas de niobio, o que faz do
pais o lider mundial na extracdo do metal, concentrando-se no estado de Minas
Gerais a maior oferta (YOSHIDA et al., 1996).

Existem inimeras aplicacdes do nidbio na inddstria. Atualmente a mais
importante é como elemento de liga para conferir melhoria de propriedades em
produtos de aco, além de leveza, supercondutividade e resisténcia mecénica.
Tem sido também, bastante empregado em superligas que operam a altas
temperaturas em turbinas das aeronaves a jato. O niébio é também adicionado ao
aco inoxidavel utilizado em sistema de escapamento dos automoveis, na
soldagem, industrias nucleares, eletronica, Gtica, dentre outros (CHELGANI et
al., 2012; TANABE, 2003).

Pesquisas recentes tém demonstrado a eficiéncia do niébio como

catalisador em reacOes de compostos organicos em meio aquoso, em reagles de
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desidratacdo, desidrogenacdo, oxidacdo (OLIVEIRA et al., 2007; TANABE,
2003).

Uma abordagem que tem sido bastante importante nos ultimos anos é o
estudo das reacGes de ions de metal em fase gasosa, como por exemplo, o uso do
nidbio na ativacdo de dioxido de carbono, com o objetivo de reduzir as emissdes
do principal gas causador do efeito estufa (TOMMASO et al., 2007) e também,
na desidrogenacdo do metano (ALMEIDA et al., 2013).

Um fato importante constatado é que grande parte dos catalisadores
desenvolvidos e disponiveis atualmente, bem como aqueles utilizados
comumente na indastria envolve a presenca de pelo menos um metal de
transicdo. Consequentemente, o entendimento tedrico da estrutura eletronica
desses sistemas ndao é uma tarefa simples por causa da maior complexidade
quimica desses elementos. Neste contexto, estudos computacionais da estrutura
e da reatividade de complexos organometalicos ja provaram ser uma ferramenta
essencial na catalise homogénea (BALCELLS; CLOT; EISENSTEIN, 2010).

3.7 Quimica computacional

A Quimica Computacional, de carater multidisciplinar, engloba areas
como a farmacologia, a bioquimica, a quimica orgénica, entre outras, na busca
do desenvolvimento de novos compostos (VERLI; BARREIRO, 2005).

As bases que regem a quimica computacional ab initio estdo na quimica
quantica, que comecgou a ser “escrita” por Max Planck em 1900, a partir de seus
estudos sobre a radiagdo do corpo negro e a quantizacdo de energia. Em 1905,
Albert Einstein, com o efeito fotoelétrico, aplica as hipbteses sugeridas por
Planck. A partir de entdo, varios brilhantes cientistas ajudaram a edificar a
mecanica quéantica e, assim, foi possivel chegar a nossa atual capacidade de
calculo de propriedades de 4&tomos e moléculas (TRSIC; PINTO, 2009).
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InvestigagBes através de céalculos quénticos sdo atualmente um suporte
valioso na analise de sistemas quimicos. Essas pesquisas podem fornecer
informacBes tais como: as energias relativas entre espécies moleculares
observadas  experimentalmente,  estruturas moleculares de  espécies
intermediarias e excitadas de reagdo com tempo de vida curto, informacdes
sobre orbitais envolvidos no processo em estudo e avaliacdo de cada etapa dos
mecanismos possiveis de reacdo observados experimentalmente.

Ao longo da dltima década e meia, a quimica computacional,
particularmente usando a técnica Teoria do Funcional de Densidade (DFT),
avancou até o ponto em que estudo quimicamente realista de sistemas de médio
porte (até 200 atomos, incluindo metais de transi¢cdo) é possivel, no qual a DFT
tem se mostrado extremamente eficiente comparada a outras metodologias
(GATT; STRANGER; PACE, 2011).

Com a evolugdo dos sistemas computacionais, observa-se um grande
crescimento na utilizacdo de métodos ab initio que incluem correlacdo
eletronica, o que é geralmente denominado métodos p6s Hartree-Fock. Entre
estes, destaca-se a utilizacdo de teoria de perturbacdo de muitos corpos. A Teoria
do Funcional de Densidade (DFT) tem sido crescentemente aceita, devido a
qualidade dos dados produzidos com menor custo computacional (MARTINS,
2010).

3.7.1 Teoria do Funcional da Densidade (DFT)

A Teoria do Funcional de Densidade (DFT) tornou-se, nas ultimas
décadas, um importante método para o estudo de estrutura eletrdnica de sélidos
e moléculas. Tal importancia estd relacionada ao fato de que sistemas de
tamanho moderado a grande podem ser estudados, com uma precisdo quimica

aceitavel, a um custo computacional que, algumas vezes, corresponde a uma
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fracdo daquele obtido utilizando-se métodos correlacionados tradicionais, como
a teoria de perturbacéo e coupled cluster (MORGON; COUTINHO, 2007).

Atualmente, a DFT é vista como um dos métodos mais populares em
calculos de estrutura eletronica. Diferentemente das aproximacgdes de Hatree-
Fock (HF) e da interacdo de configuracdes, o objeto fundamental na DFT € a
densidade eletrénica e ndo a funcdo de onda do sistema. Isto reduz
significativamente o custo computacional, uma vez que a fungdo de onda de um
sistema de N elétrons € um objeto de 3N variaveis, fora o spin, enquanto que a
densidade eletrénica € um objeto de apenas trés variaveis. Além disso, 0s
métodos baseados na DFT, comparados aos métodos HF e semiempiricos,
apresentam a vantagem da inclusdo implicita da correlacéo eletrénica no calculo
(BERGNER et al., 2009).

A teoria do funcional da densidade se baseia no teorema de Hohenberg-
Kohn (HOHENBERG; KOHN, 1964), que permite formular o problema de
muitos corpos em termos da densidade eletrénica como variavel basica. Este
teorema estabelece que a energia do estado fundamental é um funcional Unico da

densidade eletrdnica. Este teorema prova que existe um nico funcional tal que:

E[p(r)] = Eciec 1)

Em que Egec € a energia eletrbnica exata. Além disso, demonstra-se que
a densidade do elétron obedece ao teorema variacional. A fim de resolver a
energia pelo método DFT, Kohn e Shan propuseram que o funcional tem a

forma, de acordo com a Equacéo 2:

Elp(r)] = Telp(M]+ Vaelp(M] + Veelp(r)] + Exc[p(r)] @

Em que o termo da energia potencial de atragdo nucleo-elétron V, é:
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nuclei

Vaelp(r)] =

Zj
E _Tklp(r)dr 3)

Ve € a energia potencial de repulsdo elétron-elétron dada pela Equacédo

ffﬂ(ﬁ)ﬂ(rz) dr,dr, (@)

|7y — 15l

e E., o0 funcional de correlacdo e troca, que é geralmente escrito como
uma soma de dois componentes, um componente de troca e outro de correlacéo.

Eles sdo usualmente escritos em termos de uma energia de densidade &:

Ex[p®)]= B[]+ Edlp(®)] = f p()e, [p(D)}dr+ f b Me [p@ldr  (5)

A energia de troca e correlacdo € definida como um funcional de
densidade eletronica, e inclui todos os termos ndo classicos. A correlacdo
eletronica introduz o termo de troca referente a correlagdo entre elétrons de
mesmo spin e a diferenca entre a energia cinética exata e a do sistema de
elétrons que ndo interagem. Esse funcional é que torna a DFT diferencial frente
aos métodos ab initio (JACOB; NEUGEBAUER, 2014).

Outro método alternativo & DFT, para incluir a correlacdo eletrénica no
tratamento computacional, é a teoria de perturbacdo. Neste método, apresenta-se
um tratamento perturbativo (MP2) para &tomos e moléculas em que a funcéo de
onda ndo perturbada é a funcdo HF. O método coupled cluster (CC), que

descreve a fungdo de onda ndo relativistica molecular no estado fundamental em
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termos da funcdo de onda ndo perturbada HF e de um operador chamado cluster,
é apresentado (MORGON; COUTINHO, 2007).

3.7.2 Programa Amsterdam Density Functional (ADF)

O programa Amsterdam Density Functional (ADF) estd sendo
desenvolvido desde os anos setenta, naquela época era chamado de HFS, por
Hartree-Fock-Slater, com o propdésito explicito de explorar as vantagens
computacionais do método DFT. Com posteriores (e ainda em curso) adicoes e
melhorias, através da pesquisa de grupos em Quimica Teorica de Amsterdam e
Calgary, o ADF evoluiu para um pacote de estado da arte para pesquisa em
quimica quantica (PARAGI et al.,, 2013; POATER et al.,, 2012; SETH;
ZIEGLER, 2012; WOLTERS; BICKELHAUPT, 2012). O ADF suporta uma
ampla variedade de funcionais de troca correlacdo (XC) e incorpora os efeitos
relativisticos com o formalismo da aproximacao normal de ordem zero (ZORA),
na abordagem escalar ou com os termos de spin-Orbita ZORA-SO incluidos.
Conjuntos de base sdo construidos com fungBes orbitais do tipo Slater.
Gradientes de energia e derivadas de segunda ordem (calculado analiticamente)
permitem célculos de minimos de energia, estados de transicdo, caminhos de
reacdo e frequéncias harménicas com intensidades na regido do infravermelho.
Efeitos de solvatacdo e ambiente do campo elétrico podem ser levados em
consideracdo e propriedades moleculares, incluindo deslocamentos quimicos de
RMN, ESR e varias propriedades de resposta utilizando a teoria do funcional de
densidade dependente do tempo (TDDFT): energias de excitacdo, (hiper)
polarizabilidades dependentes da frequéncia, intensidades Raman e coeficientes
de dispersdo podem ser calculados (TE VELDE et al., 2001).

O metodo DFT, assim como os métodos ab initio ndo considera os
efeitos relativisticos. Esses efeitos podem ser incorporados de forma aproximada

pelo uso da equagdo (ZORA) na descricdo de energia. O formalismo
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implementado pode ser usado para tratar tanto os efeitos devido a mudangas em
massa dos elétrons e a interacdo spin-Orbita média (efeitos escalares) que é
devido ao acoplamento spin-orbital. O formalismo é efetuado através da
incorporagdo de componentes relativistas nas integrais 1-elétron (FAAS et al.,
1995).

A equacdo ZORA (6) descreve o atomo no estado de equilibrio,
portanto, a variacdo dos momentos de primeira ordem ou superiores € nula. A
vantagem da utilizacdo dessa equacdo é a obtencdo de resultados mais precisos

das energias dos elétrons na regido do ndcleo (FAAS et al., 1995).

_ pZCZ
Hzora = (chz—V) Vv (6)

O spin deve ser utilizado para solicitar a inclusdo de termos de
acoplamento spin-orbita no formalismo ZORA (FAAS et al., 2000). Trata-se de
uma mudanca para um complexo formalismo de dois componentes. A interacdo
spin-6rbita entra no hamiltoniano a partir de uma aproximacdo ndo relativistica

da equacdo de Dirac, como pode ser visto pela Equacéo 7:

Heo = — —2— 0.px (V) 7

2.2
4mgc

Em que h € a constante de Planck, m, ¢ a massa de um elétron livre, p ¢
o0 operador do momento linear, V, é o potenacial de Coulomb do nicleo atbmico
e ¢ é 0 vetor da matriz de Pauli (ACOSTA, 2013).

3.7.3 Teoria de pertubacdo (MP2)

Esquemas perturbativos usados para se obter a energia de correlagdo
eletrdnica, concebida por Schrodinger, em 1926, para explicar os resultados

experimentais obtidos no estudo do 4&tomo de hidrogénio na presenca de um
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campo elétrico uniforme, a teoria de perturbacdo é até hoje uma das mais
poderosas ferramentas em fisica de muitos corpos (MORGON; COUTINHO,
2007).

Com o propésito de melhorar a precisdo de resultados HF, fisicos e
quimicos desenvolveram métodos perturbativos para tratar sistemas de muitas
particulas que interagem, como por exemplo, elétrons em atomos ou em
moléculas. Tais métodos constituem a teoria de perturbacdo de muitos corpos
Moller e Plesset, propuseram um tratamento perturbativo de &tomos e moléculas
em que a fungdo de onda ndo perturbada era a funcdo HF. Essa forma de teoria
de perturbacdo ficou conhecida como método de perturbacdo (MP) (MORGON;
COUTINHO, 2007).

A aplicacdo da teoria de perturbacdo num sistema composto de muitas
particulas interagindo é geralmente chamado de teoria de perturbacdo de muitos
corpos (Many Body Perturbation Theory, MBPT).

Considere um sistema descrito por um Hamiltonia H:
HY, = E,¥, (8)
e uma hamiltoniano H(0), de acordo com a Equacéo (9)
HOPY = EV9 ©)
O método de perturbacdo de Moller e Plesset é baseado na teoria da
perturbacdo de Rayleigh-Schrodinger, no qual o operador Hamiltoniano
verdadeiro H é expresso como Hamiltoniano de ordem zero e a perturbagdo V

(MORGON; COUTINHO, 2007).

H=H®+v (10)
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Supondo que a perturbacio se aplica gradualmente desde o sistema nao
perturbado até o sistema perturbado, o hamiltoniano poderia ser representado da

seguinte forma:
H=HO® + Av (11)
Em que o pardmetro A é introduzido para facilitar o ordenamento das

correcdes na energia e na funcdo de onda. Assim, tanto a energia como a funcéo

de ondas perturbadas dependem parametricamente de A, ou seja,
EO = EO ﬂ/ (12)
Yo =¥(4,9) (13)

Em que g representa o conjunto das coordenadas de onda.

No método perturbativo de Moller e Plesset o hamiltoniano néo
perturbado é a soma de todos os elétrons do operador de Fock, como descrito na
Equacéo 14:

HO =3 F(i), (14)

em que F é o operador de Fock, definido na Equagao 15:

Sii(hi + 2L (Ji — Kij) (15)

A perturbacéo é determinada subtraindo o hamiltoniano ndo perturbado

do hamiltoniano total:
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V=H—-H® = 5L h+ Ve — ZL, (h) + 2L, (Jij — Kij) (16)

Desta expressdo pode-se ver que a correlacdo de primeira ordem da

energia, que seria a energia média de perturbacdo € a energia de Hartree-Fock.
E@ = (gOly|g®@) = 5l (17)

A correcdo de primeira ordem de energia é o valor esperado do operador

perturbado sobre a funcdo de onda de ordem zero:
EQ = (WO|PO) = (V0) = 2(Vee) = — (Vee) (18)

A inclusdo da energia de correlagdo eletrbnica comeca a partir da

segunda ordem:

(PO V|waP))2

EO-EZP (19)

E(MP,) = 22527,

Com o desenvolvimento de MBPT ficou claro que o avango para ordens
superiores da teoria de perturbacdo seria mais convenientemente desenvolvido
usando a técnica alternativa, conhecida como coupled cluster (MORGON;
COUTINHO, 2007).

3.7.4 Método Coupled Cluster

O meétodo de coupled cluster é capaz de fornecer a energia de correlagdo
de maneira sisteméatica e bastante eficiente. E um esquema alternativo 8 MBPT
(MORGON; COUTINHO, 2007).
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Atualmente, o método coupled cluster é reconhecido como uma das
ferramentas mais poderosas para se obter a energia de correlagéo e de se prever
propriedades moleculares. O interesse pelo método sé foi despertado no inicio
dos anos 70, quando Cizek e Paldus rederivaram algebricamente as expressoes
diagramaticas para o método coupled cluster mais simples, Coupled Cluster
Doubles (CCD). A implementacdo computacional deste método, no entano, s6
veio a acontecer no final dos anos 70. O método coupled cluster mais utilizado
na atualidade é o Coupled Cluster Singles and Doubles (CCSD), cuja
implementagdo em pacotes computacionais como Gaussian, ocorreu no inicio
dos anos 80 (CIZEK, 1966).

A ideia do método é tratar um sistema de muitos elétrons separando-0s
em varios aglomerados com poucos elétrons. Calculam-se as interacdes entre 0s
elétrons de um mesmo aglomerado e depois em diferentes aglomerados
(MORGON; COUTINHO, 2007).

A equacdo fundamental da teoria é:
q) - eT(DO (20)
em que ® é a funcdo de onda eletr6bnica molecular do estado
fundamental, ®, é a funcdo de onda de Hartree Fock do estado fundamental
normalizada e T é chamado operador de cluster e definido como
T=T:+T+... T, (21)

Em que

Ty = Xy, t4r +a (22)
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To=2gcpZres Topr +s +ab (23)

E assim por diante, até T,. Nas equagOes, a e b representam orbitais
ocupados no determinante HF, enquanto r e s representam orbitais virtuais. Os
coeficientes T sdo reais e sdo chamados amplitudes de cluster. Basicamente T1 é
operador que gera as configuracdes simples substituidas, T2 é o operador que
gera as duplamente substituidas e assim por diante (MORGON; COUTINHO,
2007).

As amplitudes de cluster, t, devem ser tais que a fungdo de onda @ seja

uma solucdo da equacdo de Schrodinger. Assim,
HeT &y = EeT @, (24)
A expressdo da energia é:

_ (DyleT HeT|Dy)
CI>0|eT+eT|CI>0

E

(25)

Para a determinacdo das propriedades geométricas e eletrbnicas dos
Oxidos de metais de transicdo que serdo abordados neste trabalho, a fim de obter
informacGes detalhadas do ponto de vista atbmico e molecular das caracteristicas
das ligagBes quimicas, serdo realizadas anélises dos orbitais naturais de ligacdo
(NBO), anélise de orbitais moleculares de fronteira efetivos para reacdo

(FERMO) e célculos da teoria quantica de a&tomos em moléculas QTAIM.
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3.7.5 Analise dos Orbitais Naturais de Ligacao (NBO)

Os orbitais naturais de ligacdo estdo relacionados aproximadamente a
nocdo de ligagcBes quimicas localizadas e pares de elétrons isolados como
unidades basicas da estrutura molecular. Tal método realiza a anélise de uma
funcdo de onda molecular de varios elétrons em termos de pares de elétrons
ligantes localizados (REED; CURTIS; WEINHOLD, 1988).

A analise dos orbitais naturais de ligacdo (NBO, do inglés, natural bond
orbitals) transforma os orbitais moleculares canonicos deslocalizados em
orbitais localizados, que possuem a maxima ocupacao, isto é, uma aproximacao
da estrutura de Lewis. Diferentemente dos orbitais moleculares, os orbitais
naturais sdo localizados na estrutura molecular, mais especificamente se
encontram entre determinadas ligagBes. Os orbitais naturais de ligacdo sdo
formados a partir de orbitais naturais hibridos dirigidos ortogalmente (REED;
CURTIS; WEINHOLD, 1988; GAUZE, 2008).

OpB= CAHA + CB HB (26)

A formacdo de orbitais naturais de ligacdo também conduz a orbitais

desocupados, 0s ¢* na estrutura formal de Lewis que podem ser utilizados na
descricdo de efeitos de ndo covaléncia (GAUZE, 2008).

0" 4p = CyHy — CgHp (27)

Outra metodologia utilizada para estudar interac@es intramoleculares é a

teoria quantica de atomos em moléculas (QTAIM).
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3.7.6 Teoria quantica de &tomos em moléculas

Algumas décadas apds Pople propor os primeiros conjuntos de base ab
initio, Bader também criou um método para estudar a estrutura eletronica e,
principalmente, a ligacdo quimica (VASCONCELOS; LIMA JUNIOR, 2009).
Batizada por Bader de Teoria Quantica de Atomos em Moléculas (QTAIM -
Quantum Theory of Atoms in Molecules) (BADER, 1991). Este modelo
quantico é considerado inovador no estudo da ligagdo quimica, (CORTS-
GUZMAN; BADER, 2005), mas também eficiente na caracterizacdo de
interacBes intra e/ou intermolecular (GRABOSKI; SOKALSKI; LESZCZNSKI,
2004; OLIVEIRA et al., 2009).

Segundo os conceitos mecanico-quanticos da metodologia QTAIM, as
propriedades observaveis de um sistema quimico estdo contidas em sua
densidade eletrdnica molecular, X(r), em que a densidade é usada como
observavel mecéanico-quantica para execucao de integracBes numeéricas, no qual
0 vetor gradiente Vp(r) é a condi¢do basica para se determinar a topologia
molecular (MATTA; BODY, 2007).

A densidade eletrénica se molda para descrever um sistema quimico.
Estas trajetorias ndo se originam do infinito, mas de um ponto localizado entre
dois atratores, os chamados pontos criticos de ligacdo (bond critical point ou
BCP). A localizacdo dos BCP é feita por meio do laplaciano da densidade
eletrénica (Vp) de acordo com a Equagédo 28 (MATTA; BOYD, 2007).

) 8%p 8%p

2, 2P, 0P, 0P
Vip = 5% 6% = 6% (28)

S,

M A2 A3
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E neste ponto, 0 BCP, em que o laplaciano é calculado para ser utilizado
como parametro na modelagem topoldgica da ligacdo quimica. Na Figura 10,
mostra-se um exemplo de BCP entre dois a&tomos A e B (BADER, 1994,
POPELIER, 2000).

Figura 10 - Ponto critico de ligacdo (BCP) entre dois atomos A e B.

@:0—@

Fonte: (OLIVEIRA; ARAUJO, 2010)

Por meio da densidade eletronica p, do laplaciano V?p, muitos estudos
tém sido realizados a fim de elucidar fenbmenos quimicos fundamentais, como,
por exemplo, o comportamento &cido/base segundo a teoria de Lewis.
Resumidamente, a QTAIM proporciona uma descricdo quantica sobre a
localizacdo e o comportamento dos 4tomos em uma ligacdo quimica (BADER,
1994; POPELIER, 2000).

Segundo 0s conceitos mecanicos-quanticos da QTAIM, as propriedades
observaveis de um sistema quimico estdo contidas em sua densidade eletr6nica
molecular, p (BADER, 1980).

3.7.7 Andlise de Orbitais Moleculares de Fronteira (FERMO)

Orbitais moleculares (MOS) e suas propriedades, como energias e
simetrias, sdo muito Uteis para os quimicos. A diferenca de energia entre orbital
molecular ocupado de mais alta energia (HOMO) e o orbital molecular ndo

ocupado de mais baixa energia (LUMO) tem sido utilizada para explicar varios
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fendbmenos quimicos (FUJIMOTO; HOFFMAN, 1974). No entanto, a
abordagem HOMO-LUMO néo é adequada para explicar a reatividade de alguns
sistemas (SILVA et al., 2006). O conceito do orbital molecular de fronteira
efetivo para reagdo (FERMO) foi introduzido para resolver limitagbes HOMO-
LUMO e explicar melhor o comportamento quimico de moléculas. No conceito
FERMO, composicéo e forma dos orbitais moleculares sdo tidas em conta para
identificar qual orbital estara envolvido em uma dada reagdo (SILVA et al.,
2006).

O conceito de Orbitais Moleculares de Fronteira eficazes para reagdo
(FERMO), que foi introduzido por Silva e colaboradores, fornece novas pistas
para 0s mecanismos de reacdo investigados. A abordagem FERMO surge da
intuicdo quimica juntamente com os critérios para a composicao e localizacdo a
fim de determinar corretamente o 6xido do metal (MO) reagente. A contribuicao
a partir de um orbital molecular de um atomo é calculada pela soma do quadrado
dos coeficientes de expansdo dos orbitais atdbmicos centrados naquele atomo
(SILVA et al., 2006).
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4 CONSIDERAGOES FINAIS

O presente trabalho consiste de duas investigacfes independentes sobre
a reatividade quimica em fase gasosa dos ¢xidos de ferro e niébio (NbOLt e
FeOl (m=1, 2; n=0, 1, 2)) frente a ativacdo da ligacdo C-H do metano. Esses
estudos foram conduzidos usando principalmente os métodos de calculos
baseados nas teorias DFT e CCSD (T). Os efeitos relativisticos escalares foram
considerados por meio da aproximacdo ZORA.

Com base nos resultados obtidos para os 6xidos de nidbio, importantes
caracteristicas geométricas e eletrénicas podem ser usadas para entender o
comportamento quimico dos 6xidos nas reacdes investigadas. As analises AIM
de ligagdes quimicas indicam contribuicbes parciais de carater ibnico e
covalente para as ligacdes quimicas dos éxidos e de complexos formados que
variam com a carga e numeros de ligantes sobre o centro metalico. Nas analises
dos mecanismos de ativacdo, os principais resultados mostram que apenas o
mondxido neutro NbO pode reagir com metano via 0 mecanismo de adi¢do
oxidativa, enquanto para 0 mecanismo de migracdo oxidativa de hidrogénio, as
espécies carregadas positivamente mostraram uma melhor performance
catalitica. Dentre os éxidos de nidbio investigados, NbO?* e NbO3* mostraram
ser cineticamente e termodinamicamente favoraveis na reacdo com o metano

Os principais resultados encontrados para os éxidos de ferro indicam
que, de acordo com os resultados experimentais anteriores, apenas FeO" é
cineticamente e termodinamicamente viavel através do mecanismo de abstracao
de hidrogénio. J& o mecanismo OHM, as espécies de ferro-oxo com carga Unica,
foram as mais estaveis, enquanto o mecanismo de inser¢do oxidativo tem lugar
de preferéncia para os monoxidos em relacdo aos didxidos.

Uma comparagao entre os resultados obtidos para os 6xidos de ferro e de
niébio mostram que os éxidos de ferro sdo mais eficientes no processo de

ativacdo do metano, considerando condic¢Ges de energias térmicas. Contudo, a
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variagdo de temperatura e pressdo podem alterar a capacidade cataliticas dos
Oxidos investigados.

Para 0 mecanismo de insercdo oxidativa, os monoxidos de ferro
desempenham um melhor desempenho catalitico em relagdo ao mondxido de
niébio neutro. Uma razdo para este resultado é relacionada com o fato de que os
aspectos termodindmicos desta reacdo dependem da capacidade do centro de
metal para fazer duas ligacdes covalentes com hidrogénio e atomos de carbono,
de metano e, por conseguinte, para formar um complexo estavel produto
hidridometil. Em todos os casos, os mondxidos de ferro sdo capazes de alcancar
este requisito de acordo com as suas configuragdes eletronicas.

Em relacdo ao mecanismo de abstracdo de hidrogénio, FeO®" mostrou
uma melhor performance cinética e termodindmica em relacéo aos fons NbO** e
NbO%* para o mecanismo de abstragdo de hidrogénio de 4-centros ou OHM.
Esse resultado pode ser devido aos elevados estados de spin do ferro,
ocasionando cruzamento de spin entre as multiplicidades quarteto e sexteto no
canal de entrada da reacdo, bem como no final da reacdo, ocorrendo a formacéo
de um intermediario OH-Fe-CH; mais estavel em relacdo ao intermediario

FeOH + CHgy, devido a formacdo da ligacdo entre o ferro e o carbono.
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ABSTRACT

The catalytic properties of NbOLF (m= 1, 2; n= 0, 1, 2) on the methane
C-H bond activation were investigated using B3LYP and CCSD (T)
calculations. The spin-orbit relativistic effects were evaluated by means of
ZORA approximations. The main results indicate that in agreement with the
previous experimental findings only the neutral NbO monoxide is Kinetically
and thermodynamically feasible via the oxidative addition, whereas the
remaining oxides and dioxides show Dbetter theoretical predictions in the
hydrogen abstraction pathways. In these reactions, a known mechanism
described as “Oxidative Hydrogen Migration (OHM)” was found to be more
stable for the neutral and singly charged niobium-oxo species, while competitive
direct H abstraction (DHA) and OHM pathways were obtained for the doubly
charged niobium oxides, with slightly preferential conditions observed in DHA.
Overall, the increase of charge on the metal center and the presence of the oxo
ligands favors the initial electrostatic interaction between niobium oxides and
methane, decreasing the activation barrier heights in the H abstraction pathways
due to the electron acceptor nature of oxo ligands. Among the investigated
oxides, NbO?*" and NbOZ* show the best performances in the methane activation
process, with activation barriers computed to be around 1.5 e 5.9 kcal mol™.
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1 INTRODUCTION

There is a huge need for improved methane-oxidation catalysts. This is
motivated by the fact that methane is the largest constituent of natural gas and its
proven natural reserves have doubled in the last decade, mainly from increasing
of unconventional gas such as those from shale, coal and tight gas [1]. Transition
Metal (TM) oxides are considered as prototype models for the methane
oxidation processes as the neutral and charged CH, + MO} reactions are the
simplest models involving oxidation-catalysts. These reactions may therefore be
used to understand the intrinsic mechanisms of the more complex catalytic
processes, including those found in biological systems. In particular, there is a
great interest in the selective conversion of methane to methanol as it is well
known that soluble methane monooxygenase (SMMO) enzyme catalyzes this
oxidation process under physiological conditions [2, 3]. Several experimental
and theoretical studies have therefore been performed for understanding how to
apply the catalytic behavior of this biological system in the development of new
catalysts with maximized selectivity and efficiency [4, 5]. In this respect,
methane activation is the first step of catalytic processes, including the methane
to methanol reactions by niobium oxides. This process has been recognized as
the rate determining step of reactions between TM species and methane in the
gas-phase. Furthermore, the C-H bond activation has been successfully used to
evaluate the reactivity of the TM series toward methane [6-9].

Gas-phase reactions of TM oxides and methane have been
systematically investigated by Schroder, Schwarz, Armentrout and coworkes
[10a, b, c, d, ¢, f, 11a, b]. The results for the first row TM oxide ions indicate the
late TM monoxide ions can efficiently react with methane, whereas the early
TM oxides cannot [11]. Theoretical results of Shiota and Yoshizawa research

group coincide with the above experimental conclusions [12, 13]. The early
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studies on the effects of oxo ligands on the TM ions have been carried out by
Ben S. Freiser [14]. It has been found that these ligands behave in different ways
depending on the TM ion taken into account. In 2010, Roithova and Schroder
have performed a detailed revision about the gas-phase experimental and
theoretical reactions of the TM species with methane and small alkanes [15].
Very recently, Chen and co-workers performed a computational study about the
gas-phase VO3 + CHj, reaction [16]. With regard to gas-phase reactions of the
niobium species with alkanes and other organic molecules, few theoretical and
experimental studies can be found in the literature [17-23]. A study using
Fourier-transform mass spectrometry has been carried out by Harvey et al., [18]
where the hydrogen abstraction from water and the simplest hydrocarbons were
evaluated considering the following metal dioxide cations MO (M= Ti, V, Zr,
Nb). The results show that NbO3F and VO} behave as closed-shell species,
whereas TiO3 and ZrO3 follow the radical-type reaction pathway. The neutral
reactions involving NbO and NbO, with CH, have been studied by Wang and
co-workers [20] by using matrix isolated infrared absorption spectroscopy. In
this study, the products of the methane C-H bond activation were found for both
neutral niobium monoxide and dioxide. Furthermore, a theoretical prediction of
the molecular structures of the detected products was done by means of density
functional theory. To the best of our knowledge, so far there is no theoretical and
experimental study about the reactions of the charged niobium monoxides and
dioxides with methane and other alkanes.

Recently, we have investigated the gas-phase methane dehydrogenation
process by the Nb* and Nb?* ions. [24] In this study, it was indicated that doubly
charged bare niobium cations are calculated to be kinetically and
thermodynamically more accessible than the singly charged ion. In the present
work, we report detailed analyses about the geometrical, bonding and energy

parameters of the methane C-H bond activation by NbORF (m=1, 2; n=0, 1, 2)
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oxides. The main purpose of the present computational study is to assess the
ability of the niobium monoxide and dioxide species towards methane
activation. Furthermore, we compare the similarities and differences in
investigated parameters that provide some insights into the chemistry of niobium
oxides. Particularly our main interest is to assess the role that the oxo ligand

plays in this activation process.

2 COMPUTATIONAL DETAILS

We have used two different approaches of density functional theory
(DFT) to evaluate the geometrical and electronic properties of the gas-phase
reactions of the NbORF (m=1, 2; n=0, 1, 2) oxides and methane. Firstly, DFT in
its three-parameter hybrid B3LYP formulation was used together with the ATZP
basis set for the niobium [25a, b-29]. For the remaining atoms the 6-311G**
atomic basis set was employed [30a, b, c]. These DFT calculations are referred
to B3LYP hereafter and they have been successfully used in the previous works
involving TM species [20, 21]. The relative energies in the title reactions were
also refined by the CCSD (T) single-point calculations, using the same atomic
basis sets. [31, 32] All electronic spin states of Nb (doublet, quartet and sextet),
Nb* (singlet, triplet and quintet) and Nb?* (doublet, quartet) were taken into
account for all niobium oxides and their respective stationary molecular
complexes. This is important due to the possibility of the spin crossovers, which
can be involved in the TM reaction pathways, a feature generally referred to as
two-state reactivity [33a, b]. The B3LYP zero-point energy (ZPE) corrections
were considered in all relative energies. The B3LYP calculations were carried
out using ultrafine grids in the GAUSSIAN 09 package [34]. In the second
approach of the DFT calculations, the zero-order regular relativistic
approximation (ZORA) [35] calculations were carried out in the ADF2012.01
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software package [36a, b, c]. This methodology was also used together with the
B3LYP density functional, non-collinear approach and a triple-{ basis set
(TZ4P) [37]. The single-point energy calculations including the spin-orbit
effects were performed by means of ZORA implementation. These B3LYP
ZORA calculations have been successfully employed in previous studies,
providing several important results for TM systems [21-23].

In optimization calculations, no symmetry restriction has been imposed.
Furthermore, for each reaction pathway, all previously reported structures were
taken into account in each stationary point of the activation process. In order to
ensure the correct reaction pathway the lowest-energy structures of two
consecutive intermediates were used in the intrinsic reaction coordinate (IRC)
calculations for correctly optimizing the transition state which connects the
intermediates under investigation. The vibrational analyses were then performed
to determine the character (minimum or saddle point) of all stationary points.
We have ensured that each transition state (TS) structure obtained on PESs
shows only one imaginary frequency, which correctly leads to the correct
intermediate complex. Open-shell calculations were performed by using the spin
unrestricted methods, where spin contamination was not found to be serious.
The natural bond orbital (NBO) scheme in the Gaussian package was also used
with the purpose of gathering insights about the participation of the atomic metal
orbitals in the chemical bonds of niobium species [38a, b]. The topological
properties of the electron density localized at the bond critical points (bcp) of the
Nb-O, Nb-C and Nb-H chemical bonds were performed by using the Atoms in
Molecules (AIM) theory of Bader as implemented in the AIM2000 program
[39]. The AIM parameters are a useful tool for providing some insights into the
nature of the chemical bonds involved in the reactions under investigation [40a,
b, c]. Finally, the computed energetics were used to correlate with the energy

differences of molecular orbitals, i.e. the energy gap between the highest
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occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), namely Enomo-Lumo. In addition, another definition called
Erermo-Lumo Was also used, where FERMO is the frontier Effective-for-Reaction
Molecular Orbital (FERMO) concept, which was introduced by Silva and co-
workers [41].

3 RESULTS AND DISCUSSIONS

3.1 Oxide results

The experimental and computed geometrical parameters and ionization
potentials for niobium oxides are shown in Table 1. All niobium oxides were
obtained at the B3LYP, ZORA and CCSD (T) levels of theory. The use of these
approaches was done to evaluate the performance of the different methodologies
to predict geometrical properties of niobium oxides. The results in Table 1 show
that the Nb-O bond length smoothly decreases along the monoxide and dioxide
series as the charge on the niobium center increases. It is worth noting that the
values of the Nb-O bond lengths in dioxides are larger than those computed in
their analogous monoxide species, with the largest difference of 0.13 A observed
for the neutral species at CCSD (T) level of theory. This feature suggests weaker
Nb-O chemical bonds in dioxides than in monoxides. A decreasing behavior is
also verified in the O-Nb-O angles of the dioxide series, with the ZORA values
varying from114.2° in NbO; to 91.6° in NbO3™.

The DFT Nb-O stretch frequencies become larger with the increase of
charge on the niobium center, with pronounced increased values computed in
monoxide than in dioxide series. With regard to the experimental value of 963.9
cm™ for NbO [20], a generally good agreement with the calculated vibrational

frequency for this oxide is observed for all applied computational methods. The
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largest deviation of 10.4 cm™ is observed with the B3LYP result, whereas the
smallest difference of 4 cm™ is verified with the CCSD (T) value. Comparing to
the experimental vibrational frequencies of 869.9 and 931.2 cm™ for the neutral
niobium dioxide, the best agreement is found with ZORA results, whose values
are 923.8 and 944.3 cm™. The B3LYP and ZORA calculations for the first
ionization potential in monoxide series overestimate the experimental value
(7.16 eV) by 0.3 eV. On the other hand, the CCSD (T) calculations reproduce
this experimental value very well, with an underestimated variation of only 0.03
eV. The first ionization potential in niobium dioxides was computed to be 7.98
and 8.23 eV at the CCSD (T) and B3LYP levels of theory, respectively. In
general, the DFT results show to be as good as the CCSD (T) data. These
features suggest, therefore, that B3LYP can safely be used in the remaining
calculations of the niobium molecular species involved in reactions under
investigation. After that, the CCSD (T) and ZORA single-point calculations can
provide the energy corrections relative to the dispersion and relativistic effects,
which can be important to correctly describe the TM reactions in the gas-phase.
This methodology has been previously used, allowing access to the accurate

geometries and energetics for the TM reactions [15, 46].
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Table 1 The experimental and computed bond lengths, bond angles, vibrational
frequencies and ionization potentials of niobium oxides.

R(Nb-O) 2 O-Nb-O v (Nb-O) IP
Species Method (A Degree (cm™) eV
NbO [4]* B3LYP 1.679 - 979.3 7.46

ZORA 1.688 - 976.0 7.46
CCSD(T) 1.669 - 967.0 7.13
EXp. - - 967.4 7.160°
- - 963.9" 7.91 (2)°
- - 7.65+
- 0.22*
- - 7.91+
0.02°
NbO* [3] B3LYP 1.647 - 1040.0 155
ZORA 1.650 1047.0 154
CCSD(T) 1.645 1108.6 15.1
NbO?* [2] B3LYP 1.610 - 1113.7 -
ZORA 1.616 - 1110.0 -
CCSD(T) 1.596 - 1083.4
NbO; [2] B3LYP 1.797 113.7 344.1 935.6 977.3 8.23
ZORA 1.795 114.2 349.1 923.8 944.3 8.13
CCSD(T) 1.794 112.9 414.6 1410.01448.5 7.98
Exp. - - 869.9 1931.2
NbO," [1] B3LYP 1.760 103.0 388.5993.6 1038.2 17.5
ZORA 1.762 103.2 387.7 985.0 1033.8 17.1
CCSD(T) 1.758 103.5 372.6 937.2973.3 17.0
NbO,%[2] B3LYP 1.727 92.6 399.5 997.7 1048.8 -
ZORA 1.718 91.6 397.8 995.3 1070.7 -
CCSD(T) 1.715 92.9 394.9 999.9 1074.3 -
* The lowest-energy state (multiplicity) of oxides are in parentheses. * From Ref.

[20]. * From Ref. [42]. ? From Ref. [43]. * From Ref. [44]. ° From Ref. [45].

In order to get further rationalization of the computed results in Table 1,

the molecular orbital (MO) analyses were performed for the niobium oxide

species. The neutral NbO monoxide has a quartet ground state with two unpaired

electron at the o4 and &, anti-bonding MOs. In NbO”, the anti-bonding electron

is withdrawn leading to the increase of the bond order of the system. This

explains the decrease of the Nb-O bond distance and the increase of the

vibrational frequency. For the NbO*, the second electron will be withdrawn
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from the &, Non-bonding MO contributing to the decrease of the Pauli repulsion
and, consequently, the decrease of the Nb-O distance. This also affects the Nb-O
vibrational frequency increasing it but not in the same extent as the NbO".
Similar analysis has been carried out for the M-Sn dimers (M= Ru, Rh, Pd) [47].
For the NbO3* species it is important to start from the homologous VO3 species,
which is one of the most known stable ions. According to Duarte et al. [48] in
this species the ds hybrid orbitals are formed directed toward the p oxygen
orbitals, forming ¢ bonds. The angle formed is about 105.5° at the BP86/TZVP
level of theory for VO3, very close to the presently estimated angle of 103.0° for
the NbOF. The remaining single occupied p oxygen atomic orbitals form =
orbitals with the adequate metal d atomic orbitals. This valence bond analysis
explains the stability of the VO species and can be extended to the NbO3}
species. If the electron charge is withdrawn from a bonding MO, the bond order
of the Nb-O chemical bonds will decrease. Consequently, the Nb-O bond
distances increase and the Nb-O strength frequencies decrease.

Finally, the different shapes of frontier molecular orbitals for niobium
oxides species, i. e, the HOMO and LUMO orbitals are shown in figure S1. I. in
Support Information. As can be seen the LUMO consists of large orbital
contribution of the metal d. With regard to the HOMO, the largest contributions
are related to the p orbitals of oxygen atoms. In addition, calculations for
FERMO were performed for all niobium oxides. In fact, the FERMO approach
arises from chemical intuition, with the criteria for the composition and location
to correctly determine the metal oxide (MO) reagent. The contribution from one
atom of a MO is calculated as the sum of the square of the atomic orbitals
expansion coefficients centered at that atom. The localized FERMO for the
methane C-H bond activation by niobium-oxo as well as for the niobium ions
[24] are quite similar and show besides a major contribution of d metal orbital a

small participation of s orbital from oxygen atoms.
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3.2 Methane C-H bond activation process

In the present investigation, two accepted reaction mechanisms were
taken into account for the methane activation process by niobium oxides as

shown in Fig. 1.

n+
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Fig 1 Reaction mechanisms for the methane C-H bond activation by niobium
oxides.

The first one is the oxidative addition of the niobium-oxo species into
the methane C-H bond, leading to a hydridomethyl intermediate complex (PC).
The second competitive reaction pathway is the hydrogen atom abstraction from
methane by niobium oxides. Let us look, however, at how an H atom of
substrate can be abstracted by a niobium-oxo species. Fig. 1 shows that there are
two possible transition states for the H atom abstraction from methane. In the
first reaction pathway, namely direct H abstraction (DHA), the niobium oxo
species abstracts an H atom from substrate to yield a niobium-hydroxo
intermediate (PC1) and an alkyl radical species. This type of H atom abstraction

is widely believed to take place in the initial stages of the so-called oxygen re-
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bound mechanism [49, 50]. In the second reaction pathway, the four-centered H
atom abstraction was proposed to occur in methane hydroxylation by the bare
FeO" and VO' complex [16, 51]. This is clearly different of DHA in that there is
a significant interaction between the niobium active center and a carbon atom of
substrate in the four-centered abstraction. A hydroxyl intermediate (PC2) is
formed in this reaction, where the carbon atom is bound to the coordinatively
unsaturated niobium after the H atom abstraction is completed; all possible
weakly-bound n-type complexes (MP), which can be formed in the beginning of
the entrance channel were considered in the investigated reaction mechanisms as
can be seen in figure S1. 2 of Support Information. The conformations show
three different metal-hydrogen interactions, i.e., n'-, n°- and n°type models, for
which the subscribed numbers mean the number of the hydrogen atoms directed
to the metal center. In addition, all MP options with one oxygen atom of the oxo
ligands initially directed to the respective hydrogen atoms of methane were

considered.
3.2.1 Geometrical results: oxidative addition
The optimized MP, TS and PC structures for the oxidative addition are

shown in Fig. 2, while their bond lengths and bond angles are displayed in Table

S2. | of Support Information.
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MP TS cp

Fig2 The B3LYP optimized molecular structures of the lowest-energy spin
states of the MP, TS and PC complexes in the oxidative insertion
mechanism.

In the optimization process all weakly bound MP complexes go to a n*
like conformation, with the niobium center directly oriented to the hydrogen
atoms of methane. All MP structures in which the oxygen atom was initially
directed to the hydrogen atoms of methane converged also to the same n*-model
conformation. The TS structures of the niobium monoxides were stabilized as a
cis conformation relative to the hydrogen atoms of the Nb-H’ and C-H chemical
bonds, whereas a trans structure was computed for all TS complexes of the
dioxide series. On the other hand, all monoxide and dioxide PC structures were
found as a cis conformation. The optimized TS and PC structures involving
niobium dioxides show Cs symmetry.

The B3LYP computed values for the Nb-C bond length in the MP, TS
and PC complexes decrease along the monoxide and dioxide series. A

significant decrease is observed in the MP complexes, with values varying from
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3.060 (NbO) until 2.400 A (NbO?") in the monoxide series, while smaller values
of 2.603 (NbO,) and 2.356 A (NbO3*) were computed in dioxide complexes.
These results indicated that the increase of charge and the presence of the oxo-
ligands coordinated to metal center lead to improved initial electron interaction
between methane and niobium oxides in the beginning of the entrance channel
of the gas-phase reactions. The B3LYP results for 2O-Nb-O indicate that there
is nearly no change of this angle with the formation of the niobium dioxide
complexes. The highest difference is computed to be 4.4°, comparing the
isolated NbO3* oxide and its PC complex. Keeping in mind the values of this
angle in MP complexes, they slightly increase in the TS complexes, smoothly
decreasing in the PC complexes. The 2C-Nb-H’ angle becomes significantly
large as it goes from the TS to PC dioxide conformations. The variations of 82.1
and 103.1° can be observed in the singly and doubly charged dioxide species,
respectively. It is worth noting that an intersystem crossing occurs between
PESs of the neutral and singly charged monoxides in the region between of the
TS and PC structures. Both B3LYP and CCSD (T) calculations were used to
confirm the spin state investigated of all stationary points. After the crossing
point, in the neutral monoxide reaction, the doublet PES follows with higher
energy than the quartet PES, while, for the singly charged monoxide, its singlet
PES becomes more stable than triplet PES when starting from the ground state.
Finally, experimental work performed by Wang and co-workers has
reported the hydridomethyl niobium (CH3 Nb(O)H) complex for the neutral
niobium monoxide [20]. The vibrational frequencies of 1686.6 and 975.8 cm™
were indicated for this PC species. The B3LYP vibrational frequencies are
computed at 1764.6 and 990.3 cm™ and they are assigned as Nb-H and Nb-O
stretching modes, respectively, in good agreement with the experimental
findings. The analogous calculated IR frequencies for the charged niobium

monoxides are increased by 87 and 69 cm™ for NbO* and 123 and 68 cm™ for
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NbO*, respectively. Another IR measurement was done for weakly-bound
ONb(CHA4) reactant complex, which show vibrational absorptions at 1289.1 and
947.1 cm™ in niobium experiments. The B3LYP calculations predicted that the
first absorption is localized at 1310.3 cm™ and is assigned as a CH, deformation.
This normal mode in free methane is computed at 1298.5 cm™, with a red-shift
of 11.8 cm™ The next vibrational frequency due to Nb-O streching was
computed at 967.3 cm™ with a red-shift of 4.9 cm™ compared to that computed
in the ground-state NbO (*"). These two IR bands are calculated at 1351.2 and
985.1 cm™ for the singly charged niobium MP structures, while for the doubly
charged MP structures they are blue-shifted by 9.6 and 7.3 cm™ compared to
those found in the ONb*(CHy,) species.

3.2.2 Geometrical results: hydrogen abstraction

The optimized structures of the MP, PC and TS complexes involved in
the hydrogen abstraction from methane by the niobium oxides are shown in
Fig.3. Their bond length and angle geometrical parameters are displayed in
Table S2. Il of Support Information. As can be seen, the weakly-bound MP
structures were obtained with one oxygen atom of niobium oxides directly
oriented to one hydrogen atom of methane. In the direct H abstraction pathway,
the results show a smooth decreasing trend in the computed Nb-C bond lengths,
with a variation of around 0.5 A observed between MP and TS1 complexes in
both niobium series. In contrast, the values of Nb-O bond lengths slightly
increase along the analogous MP, TS1 to PC1 structures. This feature is
highlighted by comparing the computed values of both series with those found
in the oxidative addition complexes, where a noticeable difference of around 0.2
A can be observed. Considering the computed bond angles, the optimized 2Nb-

O-C values are larger in dioxide than monoxide series, with the highest
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difference of 7.4° computed in the neutral MP complexes. Finally, the 2O-Nb-O
angle in the dioxide complexes is significantly larger than those computed in the
oxidative addition. Even though a marked increase of around 5° is observed as
going from MP to TS1, a very small variation of this angle occurs as the TS1
and PC1 complexes of each dioxide species are compared.

CP1

Fig 3 The B3LYP optimized molecular structures of the lowest-energy spin
states of the MP, TS and PC complexes in the hydrogen abstraction
mechanism.

In the four-centered H atom abstraction pathway, Fig. 3 shows important
features for TS2 structures of niobium-oxo reactions with methane. The main
one is a four-centered conformation marked by a strong interaction between the
H atom and the niobium center. The results indicate that all reactions between
niobium oxides and methane lead to this four-centered TS2 conformation. The
geometric constraints of a four-centered transition state (Fig. 1) has been often
found in o-bond metathesis, a reaction particular to d® and d® f" metal

compounds that results in ligand exchange [52]. At this TS, however, the
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hydrogen atom remains weakly bound to other atoms involved in the four-
centered interaction system, in particular the metal center. This type of structure
was previously reported in reactions of VO™ and CuO" ions with methane [16,
53]. Similar structures to the hydride TS2 conformations have been already
described in theoretical investigations of other reactions of TM oxides with
methane, in particular for FeO" + CH,4 [15, 51, 54]. Furthermore, neutral hydride
niobium complexes have been experimentally reported in literature, although
these species are typically so highly reactive species which are not easily
isolated [55-57]. The reported Nb—H bond lengths vary from 1.987 to 1.802 A,
very close to the present computed values, which are 1.917 A in the TS2
conformation in the neutral NbO + CH, and 1.899 A in correspond species
involving the neutral NbO, species. Although the computed TS2 conformation
has been, in most cases, denominated only as four-centered TS species, previous
computational studies have indicated a mechanism described as “Oxidative
Hydrogen Migration (OHM)”, a sort of hybrid mechanism, where the TS
structure is characterized by an H atom strongly bound to the metal center, as in
oxidative addition, but also interacts weakly with both oxygen and carbon
centers as in o-bond metathesis [58-62]. Several attempts were made to obtain
the o-bond metathesis TS for each niobium-oxo under investigation. All
structures converged, however, for the OHM TS2 structure despite our best
efforts.

Wang and co-workers have reported the vibrational analyses of the
neutral NbO, + CH, reaction, where experimental measurements for NbO,(CHy)
and CHz; Nb(O)OH complexes were found [20]. The vibrational absorptions at
3707.8 and 960.5 were reported for the neutral CHs Nb(O)OH complex. These
bands were assigned to O—H and Nb-O stretching vibrations, respectively. The
correspondent harmonic vibrational frequencies were calculated at 3893 and

1016 cm* for the neutral PC2 species, respectively. The O-H frequency
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undergoes a rather small effect relative to the increase of charge on the niobium
center in PC2 complexes, with a red-shift of 23 and 46 cm™* compared to those
found in the singly and doubly charged PC2 dioxides, respectively. Larger shifts
of 45 and 67 cm ' to higher frequencies are computed for the Nb—O stretching
mode of the correspondent PC2 structures. The experimental IR absorptions of
the neutral O,Nb(CH4) complex were obtained at 1282, 915 and 853 cm . The
first one is assigned to the CH, deformation mode, while the two remaining
frequencies are due to anti-symmetric and symmetric ONbO stretching
vibrations. The computed values of 1297.3, 941.1, 900.3 cm ' were calculated to
the neutral MP dioxide structure in a very good agreement with experimental
values. Considering the charged niobium MP complexes, the B3LYP values of
1314.2, 973.4, 939.3 cm ! were computed for the singly charged MP structure,
while the correspondent values of 1342.4, 992.1, 946.5 cm™* were obtained for
NbO%*(CH4).

3.2.3 Energetic results: oxidative addition

Energetics of the oxidative insertion of niobium oxides into the methane
C—H bond are shown in Table 2. As can be seen, all reactions start with the
formation of the initial MP complex (Fig. 2) by an exergonic process. The
B3LYP and CCSD(T) Eponging Values vary from —0.21 and —2.68 kcal mol * for
the neutral monoxide to —26.59 and —28.02 kcal mol * for NbO3*, respectively.
The relativistic ZORA calculations slightly change the computed Eponging Values,
which are calculated to be —1.97 for NbO and —27.60 kcal mol™ for NbO3*. Our
previous results for the bare Nb* and Nb** reactions with methane show that the
singly charged View the NbCH," MP complex is stabilized by around —11 kcal
mol* relative to its reactants, while a value around —20 kcal mol * is calculated

for the Nb®* ion at the CCSD(T) level of theory [24]. As shown in Table 2,
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higher Eponding Values are computed for NbO* (-17.73 and -16.56 kcal mol™) and
NbO* (-25.71 and -22.42 kcal mol™) oxides at the CCSD (T) and ZORA levels,
respectively. Based on these results, we can indicate that indeed the presence of
the oxo ligand coordinated to the metal center favors the initial electrostatic

interaction between niobium oxides and the closed-shell methane.



Table 2 The bonding energies (Epondging), activation barriers (E..;) and reaction energies (Er.c) for the oxidative insertion of
niobium oxides into the methane C-H bond.*

*

Ebonding Eact Ereac
Species ~ B3LP  CCSD(T) ZORA B3LP CCSD(T) ZORA B3LP CCSD(T) ZORA
NbO -0.21 -2.68 -1.97 23.68 25.81 24.72 -28.12 -27.41 -27.67

NbO" -15.32 -17.73 -16.56 37.86 40.55 38.33 -15.62 -17.76 -18.84
NbO* -23.63 -25.71 -22.42 50.20 50.61 51.02 -10.11 -13.27 -15.27

NbO, -2.69 -2.12 -2.78 31.80 33.01 32.44 -29.85 -32.62 -30.27

NbO¥ -18.96 -19.86 -19.01 49.96 51.13 53.81 -21.68 -22.98 -22.54

NbO3Z* -26.59 -28.02 -27.60 63.96 65.18 61.27 -13.59 -15.01 -13.67
* Energies in k cal mol™; * E.= E(TS) - E(MP).
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With regard to the TS complexes, lower E..s are computed for
monoxide than dioxide series. The CCSD (T) value of 25.81 kcal mol™ is
calculated for NbO, while the 50.61 kcal mol™ value is obtained for NbO**. The
activation barriers of dioxides vary from 33.01 (for NbO,) to 65.18 kcal mol™
(for NbO%*). The CCSD (T) difference of the computed E.«s along the dioxide
series is 32.17 kcal mol™, whereas a slightly smaller value, 29.80 kcal mol™, is
verified in the monoxide series. The B3LYP and ZORA E, values show a slight
difference of less than 3%. In general the results therefore indicate that the
increase of the number of the oxo ligands as well as the increase of charge on the
metal center make the oxidative insertion of niobium oxides into the methane C-
H bond kinetically unstable. This result can arise from the fact that both features
remove the electron density from the metal center.

Based on thermodynamics, in Table 2 it can be seen that the reactions of
niobium oxides with methane are all exothermic. However, the exothermic
process becomes unfavorable as the charge on the metal center increases. A
reason for these results is related to the fact that the thermodynamic aspects of
these reactions depend on the capability of the metal center to make two
reasonably strong covalent bonds with hydrogen and carbon atoms of methane
and, consequently, to form a stable hydridomethyl product complex. To
accomplish this, the metal oxide must have a ground-state or accessible low-
lying excited state with suitable electronic configurations to make two covalent
bonds. Nevertheless, when the charge on the metal center increases, the number
of the available valence electrons decreases, inhibiting the formation of PC
complexes.

Overall, the energy profiles of the oxidative insert mechanism show that
the increase of the number of oxo ligands coordinated to the metal center favors
the initial electrostatic interaction between reactants as well as the

thermodynamics of the chemical reactions. On the other hand, the charge on the



92

metal center and the presence of oxo-ligands make the oxidative insertion
kinetically difficult to take place. Therefore, the balance between these factors
will define if the methane activation process will take place via this reaction
mechanism. The energetics shown in Table 2 indicate that the lowest activation
barrier is found for NbO oxide, for which a thermodynamically feasible pathway
should occur in the gas-phase. This result is in agreement with the previous
experimental study performed by Wang and co-workers that shows that in the
NbO and NbO, reactions with methane the neutral PC complex (Fig. 2) was only

detected for the neutral niobium monoxide [20].

3.2.4 Energetic results: hydrogen abstraction

The energetics of the hydrogen atom abstraction from methane by
niobium oxides are displayed in Table 3, while their optimized molecular
structures of the MP, PC and TS complexes are shown in Fig. 3. As shown in
this figure, a n-like MP structure was obtained for all niobium oxides under

investigation.



Table 3 The bonding energies (Enondging), activation barriers (E.) and reaction energies (Ere,c) for the methane hydrogen
abstraction by niobium oxides.*
Evonding Eae E@ae E(Dreac E@)reac
Species B3LP CCSD(T)ZORA B3LP CCSD(T)ZORA B3LP CCSD(T) ZORA B3LP CCSD(T)ZORA B3LP CCSD(T) ZORA
NbO -1.42 -0.84 -2.04 4594 46.97 4425 31.63 30.84 32.06 6.95 7.48 6.42 063 252 421
NbO* -5.61 -558 -6.71 26.14 27.34 28.27 21.57 22.73 2297 258 303 371 -844 -936 -10.21
NbO?* -13.75 -15.86 -16.23 320 340 3.18 541 494 575 -12.38 -11.62 -12.99 -22.93 -24.03 -21.43

NbO, -17.03 -19.96 -20.71 20.53 20.19 21.78 16.58 15.94 16.12 -11.54 -12.42 12.69 -34.21 -36.62 -34.28
NbO¥ -34.11 -37.99 -38.23 10.31 1478 1381 7.82 823 869 -17.58 -16.40 -17.92 -40.24 -43.59 -45.25
NbO3* -41.89 -43.63 -4461 1.02 366 175 591 528 6.26 -23.72 -21.98 -23.79 -48.71 -50.24 -52.27

* Energies in k cal mol™; * Eact= E(TS) - E(MP).

€6
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The energy bonding (Epondging) Values relative to MP conformations
become more exergonic as the charge on the metal center increases and with the
presence of the second oxo-ligand coordinated to niobium oxide. The CCSD (T)
values vary from —0.84 to —15.86 kcal mol * in the monoxide series, and from
—19.96 to —43.63 kcal mol " in the dioxide series. These results may suggest that
in the hydrogen abstraction the increase of the oxo-ligands coordinated to the
metal center really plays an important role in the beginning of the entrance
channel of these gas-phase reactions. The ZORA relativistic corrections slightly
favor the bonding energies, providing the final values which vary from —2.04
kcal mol ™ for NbO to —44.61 kcal mol* for NbO3*.

Interesting results were found for the activation barriers of the DHA
(TS1) and four-centered OHM (TS2) pathways as shown in Table 3. Both
activation barrier energies (Ea) pronouncedly decrease as the charge on the
metal center increases. Furthermore, the addition of the second oxo-ligand
favors the Kinetics of the hydrogen abstraction even more, considering both
reaction pathways. A comparison of the size of the TS1 and TS2 activation
barriers for each niobium oxide shows that these two mechanisms are, in fact,
competitive along the reaction coordinate. Among the niobium monoxide and
dioxide series, the neutral NbO and NbO, oxides show the highest CCSD (T)
values for the DHA TS1 barrier, which are computed to be 46.97 and 20.19 kcal
mol™, respectively. The CCSD (T) TS2 barriers for the OHM pathway are
significantly smaller by 16.13 kcal mol™ for NbO, while a smooth reduction of
4.25 kecal mol—1 was calculated for NbO,. The methane C—H bond activation by
the neutral monoxide species leads to endothermic processes to the formation of
both PC1 and PC2 intermediates at the CCSD (T) level of theory, i.e. 7.48 and
2.52 kcal mol™*, respectively. On the other hand, exothermic conditions were
computed for the neutral niobium dioxide, for which —12.42 and —36.62 kcal

mol™ values are computed at the CCSD (T) level for reaction energies of the
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PC1 and PC2 dioxide species, respectively. Comparing to the oxidative addition
energy profile, the results indicate the neutral niobium monoxide are Kkinetically
and thermodynamically more stable via oxidative addition, whereas NbO, may
react to methane under thermal conditions by means of four-centered OHM path.
These results are in good agreement to the previous experimental findings of
Wang and co-workers [20], for which the IR measurements indicate the presence
of CH3Nb(O)H (PC) and CH3Nb(O)OH (PC2) for the neutral niobium monoxide
and dioxide, respectively.

With regard to the charged niobium oxides, the reactions with methane
show to be kinetically and thermodynamically more stable than those observed
for the neutral species. However, different feasible reaction pathways were
computed for the singly and doubly charged niobium-oxo species. The four-
centered OHM transition state is more stable than DHA TS1 species by 4.61
kcal mol™ for NbO* and 6.55 kcal mol™ for NbOJ at the CCSD (T) level of
theory. On the other hand, the doubly charged monoxide and dioxide may, in
principle, react preferentially with methane via the DHA pathway. Nevertheless,
rather small differences are observed in the activation barriers relative to the
doubly charged TS1 and TS2 dioxide species. While the CCSD(T) values are
3.40 kcal mol™ for TS1 and 4.94 kcal mol™® for TS2 in the NbO* + CH,
reactions, the correspondent values are 3.66 and 5.28 kcal mol™ NbO3* + CH,.
Theoretical predictions for reaction energies of the singly charged niobium
oxides show an endothermic process of 3.03 kcal mol™ to the formation of the
NbOH" + .CH3 (PC1) intermediates, while the OHM CH;NbOH" (PC2) species
are formed by an exothermic process of —9.36 kcal mol * at the CCSD (T) level
of theory. The analogous dioxide species are localized at —16.40 (PC1) and
—43.59 (PC2) kcal mol™ below the reactant energies.

In Figure S1 3 in Support Information, we displayed the computed spin

density for the TS1 and TS2 structures of each niobium monoxides. It has
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recently been suggested that the spin density at the abstracting H atom at the
transition state can be critical for the hydrogen abstraction reactivity [63a, b, c].
As expected this spin density distribution is the difference between the total a-
spin and B-spin distributions and is localized in regions where the SOMO a-spin
has no contribution. As can be seen, the spin density is not equally shared
between the atoms of the two transition states of each niobium monoxides: a
strong unbalance of the positive spin density can be observed in niobium center,
which is larger in OHM than DHA. This is mainly observed for the neutral and
singly charged niobium-oxo species. On the other hand, the negative
contribution for spin density is localized at the O and C atoms, which are
directly involved in the H transfer process. Comparing DHA TS1 structures, an
increase of the negative spin density on these atoms is observed as the charge on
the metal center increases. In contrast, in the OHM TS2 structures, the
correspondent spin density is nearly constant. The computed spin densities for
the niobium dioxides follows very similar trends. The general results suggest,
therefore, that the presence of more spin density at the specific atoms that are
involved in the H transfer process can be related to the extra stability of the
DHA TS1 structure for the doubly charged niobium-oxo species, whereas for
OHM the major contribution of the positive spin density on niobium center
seems to be responsible for the preferential stability of the TS2 structures for the
neutral and singly charged niobium oxides.

The most stable CCSD (T) reaction energies are obtained for the doubly
charged PC1 and PC2 species, where exothermic conditions of —11.62 (PC1)
and —24.34 (PC2) kcal mol* are calculated for NbO?*, while the values of
-21.98 (PC1) and —50.24 (PC2) kcal mol™ are obtained for NbO2*. On this
point, it is worth noting that in several reactions, it could happen that the
intermediates are so stable that the catalytic process becomes unfeasible, i.e., the

catalyst is poisoned. In the present study, this could be the case of NbO3™, for
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which the CCSD (T) Eponding @nd Ereat values are calculated to be —43.63 and
—50.24 kcal mol*. Nevertheless, several computational studies have been
reported with really more stable intermediates, compared to those found here
[13, 53, 64, 65]. In particular, the methane-to-methanol conversion by CuO* was
experimentally and theoretically studied by Dietl and co-workers [53]. The
computational results indicate that the most stable intermediate of this successful
experimental gas-phase process lies 112 kcal mol™* below the reactant energy.
Therefore, this feature indicate that, in agreement to the previous theoretical
studies, the only computational criterion for a gas-phase reaction takes place at
thermal conditions is that all intermediate and product species must be localized
bellow reactant energies. Furthermore, it should be kept in mind that the
unrestricted calculations for transition metal systems with real atomic orbitals
are state to give approximately correct S values for ground states in all cases, but
this approach can be poor to provide correct L values. In this case the reactant
energy will be high by some amount [66]. Based on these features, we believe,
therefore, that the niobium intermediates presented in this investigation are not
sufficiently stable to stop the present catalytic process. Overall, a comparison to
the oxidative addition energetics of the charged niobium species lead us to
conclude that the doubly charged NbO* and NbO3* ions are kinetically and
thermodynamically more stable via the hydrogen abstraction, showing quite
competitive DHA and OHM pathways with slightly preferential conditions
obtained for the four-centered OHM path. In these cases, however, all stationary
complexes are localized below the reactant energies, thus indicating the presence
of both species in the reaction with methane. Finally, the relativistic ZORA
corrections provide a small increase in the hydrogen abstraction barrier energies
by an average value of 1.5 kcal mol*and, in general, from thermodynamic point
of view, they favor the gas-phase reaction energies by an average of less than 5

kcal mol ™.
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3.3 Methane reactivity towards niobium oxides

In the present analyses, the energetics of hydrogen abstraction was taken
into account to provide some correlations with the AIM parameters of niobium
oxides. The AIM parameters are powerful tools for the characterization and
analyses of chemical bonds involved in reactions under investigation. [39, 67, a,
b, ¢, d, e] Before starting the discussion, it is important to note that it is well-
known from chemical concepts about reactivity that this property should be
related to the nature and strength of the chemical bonds which will be broken
and formed along the reaction coordinate. Fig. 4 shows the bonding (Eyonging) @nd
activation (E,«) energies plotted as a function of electron density p(r) on the
niobium oxides. The p(r) parameter was computed in the bond critical points
(bcp) of the Nb—-O chemical bond of niobium oxides. According to this figure,
both Eponding aNd Eact show a strong linear correlation with p(r). The general trend
is that when p(r) increases, the initial electrostatic interaction (Eponging) Detween
the reactants becomes more exergonic. From the kinetic point of view, the
increase of this AIM parameter is followed by a decrease of the activation
barriers of the monoxide and dioxide series. It is worth noting that p(r) has been
related to the strength of the chemical bond in which it has been computed.
Therefore, high p(r) values in the monoxide and dioxide series indicate strong
chemical bonds in these oxides. It is interesting to note that the doubly charged
oxides, for which the best kinetic and thermodynamic results were found, show
the highest p(r) values, i.e. 0.3455 au for NbO?* and 0.2975 au for NbO3™.
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Fig 4 Correlation of p(r) with Eyonging and Eac: Values of the hydrogen abstraction
from methane by niobium oxides. (a) the energy parameters are obtained
at the B3LYP level; (b) the energy parameters are obtained at the CCSD
(T) level of theory.

Another analysis is done in Fig. 5, where Eponging and Eaq are plotted
against Laplacian (V?p(r)) and density of the total energy of the electron (H(r))
parameters. As can be seen, the computed values of V?p(r) are all positive,
increasing as the Eponging S become thermodynamically more stable and the size
of activation barriers decrease. These positive V?p(r) values indicate an ionic
character for the Nb—O bonds of oxides under investigation. The highest V2p(r)
values are obtained for the doubly charged monoxide (0.7179 au) and dioxide
(0.6769 au). Nevertheless, the interpretation of V2p(r) cannot be done alone. This

parameter should be interpreted together with H(r), which is also plotted as a
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function of Eyonging @nd Eaq in Fig. 5. There, Ea and Eponging ShOw a direct linear
dependency with the H(r) values, which are calculated to be negative for all
monoxides and dioxides. This feature is related to the covalent character of the
Nb—O chemical bonds. As it can be seen in Fig. 5, more negative values of H(r)
are associated to higher values of the activation barriers and a
thermodynamically unfavorable process. This effect is maximized for the neutral
niobium oxides, for which the following H(r) values of —0.2473 and —0.2517 au
are found in NbO and NbO,, respectively. Therefore, the correlation by using
H(r) nicely completes the conclusion drawn from the V?p(r) correlations, i.e. the
niobium Nb—O chemical bonds have a partial ionic and covalent character. The
oxides with a major contribution of ionic character in their chemical bonds are,
however, computed to be kinetically and thermodynamically more feasible to
react with methane. This is the case of NbO?* and NbO3*. In contrast, less
efficient methane activation is observed for both neutral monoxide and dioxide,
for which a more pronounced covalent character was found in the chemical
bonds of these systems. The AIM parameters of the TS and PC complexes are
displayed in Table S2. 1l of Support Information, where very similar trends are

observed between the AIM parameters and energetics of investigated reactions.
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Finally, another chemical property used to provide some additional
information about the methane reactivity towards niobium oxides is the energy
differences of molecular orbitals, Enomo-rumo @and Ergrmo-rumo, Of the niobium
oxides, which are displayed in Fig. 6, together with the energetics of the
hydrogen abstraction process. It is well-known that Egomo-rumo has been related
to the reactivity of several systems, in particular, those involving organic
molecules [68]. As can be seen in Fig. 6, the energy gaps between HOMO -
LUMO orbitals show a rather poor linear correlation with Eponging and Eae. FoOr
the monoxide series, the increase of Epomo-Lumo leads to the decrease of E,q,
with more stable Eponging Values. On the other hand, turning to the dioxide series,

these energetic behaviors are followed by decreasing of Euomo-rumo. These
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results can be explained by the fact that in several cases, the HOMO-LUMO
approach fails to rationalize the reactivity of the chemical systems. [69-72] For
instance, in some conjugated bases of carboxylic acids and phenols/alcohols, the
HOMO energies cannot describe their acid base behavior, because their HOMOs
simply do not have the adequate shape and composition to correlate with their
pKa [70, 71]. Nevertheless, there is another definition called Ergrmo-Lumo, Which
was introduced by Silva and co-workers. [41] The results in Fig. 6 show that the
Erervo-Lumo Values have a good and strong correlation with Eponging @nd Eact. The
increase of Ergrmo-rumo IS followed by more favorable initial electrostatic
interaction between methane and the charged niobium oxides as well as the
decreased E, values. The highest Ergrvo-rumo Values are 0.08964 and 0.07661
au, which were respectively computed for the doubly charged monoxide and
dioxide, for which the best kinetic and thermodynamic parameters were
computed in the present study. Interestingly, it is well-known that methane
shows a high Enomo-rumo, @ fact which has been used to explain its high
chemical inertness [46]. According to the hardness softness acid base principles
(HSAB), the inert methane is a hard acid (High Exomo-rumo and Ergrmo-rumo)
and hence it must react only to hard species, i.e. those with high Ergrmo-rumo OF
Erermo-tumo. These features are, therefore, in complete agreement with the

present results obtained for the niobium oxides.
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4 Final remarks

The present work was performed regarding the gas-phase reactivity of
methane in the presence of the niobium monoxide and dioxide series. The
methane C—H activation by NbOLt (m =1, 2; n =0, 1, 2) were investigated by
using the DFT and CCSD (T) calculations. The spin—orbit relativistic effects
were evaluated by means of ZORA approximation. The main results show that
only the neutral NbO monoxide may react to methane by the oxidative addition,
whereas the remaining oxides are Kinetically and thermodynamically more
stable in the hydrogen abstraction pathways. In these reactions, a known

mechanism described as “Oxidative Hydrogen Migration” was found to be more
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feasible for the neutral and singly charged niobium-oxo species, while quite
competitive DHA and OHM pathways were obtained for the doubly charged
niobium oxides, with slightly preferential conditions observed for DHA.
Overall, the initial electrostatic interaction between methane and niobium oxides
plays a key role in the methane activation process by niobium oxides. Eponging
becomes favored by the increase of charge on the metal center as well as the
increase of the number of the oxo-ligands coordinated to the metal center. These
two factors provide an efficient polarization in the inert methane, favoring its
activation. In addition, these features decrease the activation barrier height, in
particular due to the good electron acceptor nature of the oxo-ligands
coordinated to the niobium metal. Among the investigated niobium oxides,
NbO* and NbOZ* ions show to be kinetically and thermodynamically preferred.
The spin-orbit relativistic corrections smoothly increase the size of the
activation barriers, favoring the thermodynamics of the investigated reactions,
with an energy correction less than 5%. The AIM bond analyses indicate a
partial ionic and covalent character for the chemical bonds of the niobium
species. The major contribution of ionic character in the chemical bonds, which
was found for NbO?* and NbO2™*, can be associated to an efficient methane C—H
bond activation in the gas-phase. The orbital FERMO analyses show that the
reactive molecular orbital is energetically more stable in NbO** and NbO3*,
leading to the highest Ergrmo-Lumo gaps. This feature is in agreement with the
HSAB principles since, in these cases, NbO?* and NbO3* can be considered as

hard species, like methane.

APPENDIX A. SUPPLEMENTARY DATA

The following is the supplementary data related to this article:
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Figure S1.1 Spatial distribution of HOMO and LUMO frontier orbitals for all
niobium oxide species.



107

4 — @ -~ <

nZmodel n3 model

Figure S1. 2 The coordination modes of the weakly bound MP o-complexes.
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NbO NbO * NbO 2+

(b)

Figure S1.3 Spatial distribution of spin density for the niobium monoxide
transition state. (a) the DHA TS1 structures; (b) the four-centered
OHM TS2 structures.



Table S2. | The B3LYP geometrical parameters for the lowest spin states of molecular precursor (MP), transition
state (TS) and product complex (PC) of the niobium complexes in the oxidative insertion mechanism. The
bond lengths are in A and the bond angles are in degrees.

NbO NbO* NbO?*
Parameter MP(4A) TS(4A) PC(2A) MP(3A) TS(3A) PC(1A) MP(2A) TS(2A) PC(2A)
Nb-C 3.060 2.636 2.158 2.653 2518 2.047 2.400 2.441 2.029
Nb-O 1.687 1.699 1.687 1.654 1.656 1.656 1.624 1.627 1.630
Nb-H’ - 1.804 1.797 - 1.757 1.744 - 1.722 1.733
£C-Nb-0 175.3 157.6 108.9 127.2 105.7 101.7 1115 98.7 98.8
£C-Nb-H’ : 68.6 106.7 - 67.6 99.6 . 54.1 59.3
NbO, NbOZ NbO3*
MP(2A) TS(2A) PC(2A) MP(1A) TS(1A) PC(1A) MP(2A) TS(2A) PC(2A)
Nb-C 2.603 3.426 2.163 2.494 2.910 2.326 2.356 2.821 2.554
Nb-O 1.724 1.710 1.717 1.681 1.683 1.717 1.713 1.652 1.717
Nb-H’ - 1.832 1.796 - 1.801 1.937 - 1.795 2.147
£0-Nb-O 110.5 106.9 105.3 104.7 105.3 98.6 92.5 93.8 93.3
£C-Nb-0 123.2 127.9 109.4 108.3 94.6 105.4 106.5 91.5 104.3
£C-Nb-H’ - 51.2 111.1 46.5 128.6 - 32.8 135.9

60T



S2 1l The B3LYP geometrical parameters for the lowest spin states of the molecular precursor (MP), transition state (TS)
and product complex (PC) of the niobium complexes in the hydrogen abstraction mechanism. The bond lengths are
in A and the bond angles are in degrees.

NbO NbO* NbO*
Parameter MP* TS1* TS2* PC1® PcC2 MpP® Ts1® TS pC1*  pC2? MP? TS1? TS2*? PC1® PC2?
O-H 2661 1784 1244 0967 0961 2556 1.629 1218 0.971 0967 2231 1482 1.214 0.999 0.988

Nb-C 5410 4.873 2373 - 2168 5273 4580 2250 - 2077 4967 4354 2184 -  1.997
Nb-O 1.780 1.794 1797 1902 1886 1746 1751 1741 1791 1805 1724 1.712 1.747 1736 1.760
Nb-H - - 1917 - - - 1875 - - - 1865 - -
C-H - 1138 1500 - - 1179 1599 - - 1215 1617 - -
£Nb-O-C 169.2 1769 - 1417 1722 1743 - 1136 1653 1711 - - 1073
£O-Nb-C - - 781 - - - 836 - - - 85 - -
£H-Nb-C - - 301 - - - 445 - - - 458 - -
NbO;, NbO3 NbO3*

MP? TS1? TS2> PCL1® PC2 MP! TS1t TS PC1®?  PC2 MP? TS1*? TS2> PC1® PC2
O-H 2507 1.814 1310 0960 00950 2434 1640 1269 0968 0969 2231 1493 1.234 0.995 0.985

Nb-C 5431 4793 2358 - 2170 5143 4611 2271 - 2114 4148 4361 2.216 - 1993
Nb-O 1708 1808 1.811 1917 1913 1671 1762 1768 1839 1842 1630 1743 1758 1771 1.792
Nb-H - - 189 - - - - 1886 - - - - 1.867 - -
C-H - 1148 1451 - - - 1185 1528 - - - 1231 1.586 - -

«Nb-O-C 176.6 1781 - - 1568 1724 1753 - - 166.3 170.7 1736 - - 108.7



£0-Nb-C - 1774 792
£H-Nb-C - - 27.9
<0-Nb-O 1163 1215 116.8 120.2

117.2

176.1 823 -
- 41.9 -
105.6 1172 106.6 111.7 108.9

- 1747 846 - -
- . 438 - -
1027 1158 1007 104.0 102.4

171
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In the optimization process of oxidative addition all weakly bound MP
complexes go to an n’-like conformation, with the niobium center directly
oriented to the hydrogen atoms of methane. All MP structures in which the
oxygen atom was initially directed to the hydrogen atoms of methane converged
also to the same n*-model conformation. The TS structures of the niobium
monoxides were stabilized as a cis conformation relative to the hydrogen atoms
of the Nb-H’ and C-H chemical bonds, whereas a trans structure was computed
for all TS complexes of the dioxide series. On the other hand, all monoxide and
dioxide PC structures were found as a cis conformation. The optimized TS and
PC structures involving niobium dioxides show a Cs symmetry.

As shown in Table S2.1, the calculated Nb-C bond lengths in TS
structures vary smoothly from 2.636 A in the neutral monoxide complex to
2.441 A in the doubly charged monoxide species, thus showing a variation of
about 0.2 A. A wide variation of 0.6 A was computed for this bond length in the
dioxide series. A small decrease of 0.13 A is observed in the Nb-C bond lengths
of the PC monoxide complexes. In contrast, the Nb-C bond lengths of the PC
dioxide complexes significantly increase going from 2.163 A in the neutral
species up to 2.554 A in the doubly charged complexes. The results of the Nb-C
chemical bonds in the PC complexes show to be smaller in monoxide than in
dioxide series, thus indicating thermodynamically more stable complexes in the
former series. Another important geometrical difference in the Table S1. 1 is
related to the Nb-O bond lengths, which decrease as the charge number
increases, whereas a successive increase can be observed in this parameter as
going from isolated oxides (Table S1.1) to monoxide and dioxide complexes.
Considering the computed bond angles, a pronounced decrease is observed in
the C-Nb-O angle of all complexes along the monoxide and dioxide series. The
widest variation is observed for the MP monoxide structures, whose values vary

from 175.3 to 111.5 degrees, whereas a smaller variation of 5.1 degrees is
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observed for this angle in the TS dioxide complexes. A notable difference can be
observed for £C-Nb-O as it goes along the analogous MP, TS to PC species.
The largest decrease is observed in the neutral monoxide complexes, with the
values of 175.3 degrees for MP, 157.6 degrees for TS and 108.9 degrees for PC
structure.

With regard to table S1.2, we can see that the computed Nb-C and Nb-
O bond lengths of TS2 structures show a decreasing variation of 2.373 and 1.797
A (in NbO) to 2.184 and 1.747 (NbO?"), respectively. Slightly smaller values of
around 0.02 A are calculated for the Nb-C chemical bonds of the analogous
dioxide systems, whereas the Nb-O bond lengths of these complexes are larger
in a same extension. The computed £Nb-O-C and £H-Nb-C bond angles are
very close in the analogous niobium monoxide and dioxide TS2 species, with
values increasing from 78.1 and 39.1 degrees in the NbO up to 86.5 and 45.8
degrees in NbO?, respectively. The main changes between TS2 and PC2
structures are the increase of Nb-O bond lengths by an average value of 0.05 A
and the decrease of O-H and Nb-C bond lengths by average values of 0.3 and
0.2 A, respectively. Another notable difference is the increased 2O-Nb-C bond
angle, which goes from average values of 90 to 170 degrees in the niobium

monoxides and dioxides.



Table S2. 11l The B3LYP AIM parameters, electron density (p(r)), laplacian (V3(r)), total electron energy density (H(r)),
kinetic electron energy density (G(r)), and potential electron energy density (V(r)) for bcp of the Nb-C and
Nb-H chemical bonds of the lowest-energy TS2 and PC2 niobium complexes in the hydrogen abstraction

mechanism.*
Oxides Species p(r) (a.u) V2p(r) (a.u) Gr) (a.u) V (r) (a.u) H(r) (a.u)
Nb-C
NbO TS 0.0333 0.07682 0.02071 -0.02221 -0.00550
PC 0.1239 0.12120 0.08881 -0.14732 -0.05851
NbO* TS 0.0365 0.10550 0.03147 -0.03115 0.00332
PC 0.1524 0.14972 0.10251 -0.19509 -0.04258
NbO** TS 0.0448 0.12372 0.02372 -0.02927 -0.00155
PC 0.1719 0.16454 0.11590 -0.20316 -0.03726
NbO, TS 0.0423 0.13314 0.04796 -0.06263 -0.01467
PC 0.1352 0.13231 0.02987 -0.05017 -0.02030
NbO¥ TS 0.0441 0.07552 0.02214 -0.02550 -0.00336
PC 0.1419 0.13875 0.02544 -0.02944 -0.00400
NbO3Z* TS 0.0526 0.06368 0.01781 -0.01970 -0.00189
PC 0.1701 0.15043 0.02380 -0.02638 -0.00258
Nb-H

NbO TS 0.1135 0.04254 0.07048 -0.13031 -0.05983

PC 0.1206 0.11415 0.06642 -0.13280 -0.06638

14"



NbO*
NbO*
NbO,
NbO¥

NbO3Z*

TS 0.1257 0.04455 0.07233 -0.13593 -0.04360
PC 0.1339 0.12508 0.05808 -0.13228 -0.05420
TS 0.1405 0.13224 0.04203 -0.11712 -0.03509
PC 0.1570 0.13225 0.04201 -0.11459 -0.04258
TS 0.1163 0.02809 0.06031 -0.11361 -0.06330
PC 0.1181 0.10956 0.07624 -0.30628 -0.23004
TS 0.1455 0.03408 0.05368 -0.09888 -0.04520
PC 0.1351 0.11048 0.05118 -0.10428 -0.05310
TS 0.1556 0.00780 0.04779 -0.01970 -0.02809
PC 0.1585 0.12564 0.04286 -0.08108 -0.03823

* Computed results were performed using AIM program.

GTT
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ABSTRACT

The need for renewal of existing energy resources and more efficient
and less harmful use of environmentally have provided a great deal of interest in
studies of methane conversion processes, the main constituent of natural gas to
liquid fuels. Processes in gas phase have been extensively studied by
experimenters and theoretical due to the fact that these reactions are considered
prototypes of more complex reactions, including those found in biological
medium. In this aspect, B3LYP, CCSD(t) and ZORA-B3LYP calculations were
used to study mechanisms and chemical reactivity involved in the methane C-H
bond activation toward FeOLt(m =1, 2; n =0, 1, 2) series. The main results
indicate that, in accordance with previous experimental findings, only FeO*
monoxide is kinetically and thermodynamically feasible through hydrogen
abstraction mechanism. In these reactions, a known mechanism described as
"Oxidative Hydrogen Migration (ohm)" was found to be more stable for the
iron-oxo species with single charge, while the oxidative insertion mechanism
preferably takes place with the monoxides in relation to dioxides. The overall
results indicate better thermodynamic and Kkinetic conditions for all iron
monoxide than for iron dioxides. The best theoretical predictions were computed
for FeO™. Among the investigated oxides, FeO" showed better performance in
the methane activation process.

1 INTRODUCTION

The growing concern for world oil demand combined with the several
environmental issues has motivated great interest in researchers for alternative

L2 The current investigations in this field have prompted

energy resources.
worldwide efforts and an interesting and viable choice has been natural gas, due
to huge number of available natural gas reserves. Furthermore, natural gas,
whose methane is its main constituent (> 90%), has low contaminant levels
(high purity), and is, therefore considered as a clean fuel.* Nevertheless, the
effective use in large-scale of this resource is only possible by its conversion in
liquid fuels since most of the natural gas reserves are located in remote areas,
where transportation and storage become inconvenient and uneconomical.

Motivated by this fact, the development of effective and selective catalysts for
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the oxidation of methane has become the central focus of several experimental
and theoretical studies.

Methane is, however, highly inert due not only to the great strength of
its C-H bonds, but also due to its low polarizability coupled with high energy
gap between HOMO and LUMO orbitals.>’ Gas-phase reaction studies
involving hydrocarbons and transition metals (TM) species have provided a
wealth of knowledge about the intrinsic interactions between the active site of
catalysts and organic substrates and also,® the TM oxides have an important role,
since these simple molecular systems are used as prototypes of enzymes, where
the direct conversion of methane to methanol takes place on physiological
conditions.*® ®** A deeper understanding of the reaction mechanisms on a
molecular level is needed, thus allowing the development of tailored catalysts
capable of selective functionalization of the C-H and C-C bonds.*

The gas-phase reactions of FeO" and CH, have been widely studied by
both experimental and theoretical investigations.>*® 1?2 One of the first studies
involving TM oxides and methane was in mid-1990, Schroder and Schwarz
reported on their work, under thermal conditions, that the methane-to-methanol
conversion takes place by FeO" ions.” % These studies experimental, it was
found that in the first TM oxide series ScO*, TiO", VO*, and CoO", do not react
to methane, whereas MnO™, FeO", NiO* and Cu" are able to convert methane to
methanol. In particular, it was found that FeO™ can react with several organic
substrates, including molecular hydrogen, methane and benzene.? Subsequent to
these studies, the results theoretical of the Shiota research group using DFT
calculations for the analysis potential energy of the FeO® with methane
coincided with earlier experimental analysis.”® In the theoretical works by
Fiedler et al and Shaik et al. it was indicated that more than one state should be
involved in the methane-to-methanol conversion, causing a reverse rotation,

which occurs at the crossing region of two ground-state potential energy
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surfaces, leading to a decrease of the main activation barrier, thus increasing the
process efficiency. In the work by Schroder, Schwarz and co-workers, it was
observed the occurrence of methane reaction by iron oxide ions under ion-
cyclotron-resonance conditions.? 2> #

The reaction mechanism of methane with neutral iron oxides in the gas
phase has also been theoretically and experimentally investigated by Guanjun et
al using spectroscopy insulation array of infrared absorption study and DFT
calculations of the characterization of products the reaction.? In this study, the
results showed that no spin crossing occurred for FeO reactions, which is quite
different from the MO™ + CH, and also FeO states quintet is more stable for the
mechanism studied.?

In the present work, the main goals were to perform a detailed
investigation on the CH4 + FeORt(n = 0, 1, 2; m= 1, 2) reactions by using
relativistic and nonrealistic quantum calculations, varying the charge on the
metal center and the number of the coordinated oxo ligands. Additionally, to
verify the chemical reactivity trends of iron oxides, observing the electronic and
structural parameters which can be correlated. This kind of analyses can provide
deep insights about mechanistic aspects, catalytic behavior and the chemistry of
iron oxides, which can't easily accessible to experimentalists, providing rich

interpretations and conclusions about the experimental findings.® %’

2 METHODS

Unrestricted calculations were performed to investigate the geometries
and electronic properties of iron oxides: (FeO%", n=0, 1, 2 and m= 1, 2) and
their molecular complexes involved in the CH; + FeO%f(n=1, 2, m=0, 1, 2)
reactions. All electronic states of neutral bare Fe (singlet, triplet and quintet),

charged Fe* (doublet, quartet and sextet) and Fe®* (singlet, triplet, quintet) ions
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were considered in order to accurately compute the energy differences between
different spin metal potential energy surfaces (PES). Furthermore, this kind of
calculation allows us to determine possible spin-crossings involved in the
investigated reaction pathways, a characteristic commonly referred to two-state
reactivity and often found in mechanisms involving TM species.® 1% ¢

Firstly, different calculations were used to perform geometry
optimization and frequency analysis of the isolated iron oxides. In this task,
Density Functional Theory (DFT) calculations were done with the hybrid
B3LYP functional [28]. Second order Mgller—Plesset perturbation (MP2) and
Coupled-Cluster (CCSD (T)) calculations were also employed.??" 3 All these
gas-phase calculations were performed in Gaussian program.** For the iron
atom, the WACHTERS-F atomic basis set was used while the extended
polarized 6-311++ (d,p) basis sets were directly employed for the remaining
atoms.> % The B3LYP/ WACHTERS-F level of theory has been successfully
employed in the previous investigation of the FeO* + CH, reaction.'® * % Due to
this B3LYP/ WACHTERS-F calculations were used for the optimization process
of the investigated molecular systems, while single-point CCSD (T) calculations
were performed to ensure the high quality of energy differences, for which the
zero-order energy corrections were also taken into account.

No symmetry restriction and ultrafine grid were imposed during DFT
geometry optimization. The vibrational analysis was performed to determine the
character (minimum point or saddle) of all stationary points. In addition,
relativistic corrections were included by zero-order normal approximation
(ZORA) as implemented in ADF2009 software package.* Both scalar and spin-
orbit (SO-ZORA) relativistic corrections were taken into account in the single-
point DFT calculations.*” The applied functional in these calculations were
OPBE, gradient generalized approximation (GGA), and B3LYP functional.”® *
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¥ The atomic basis sets employed in these calculation were the Slater- type
polarized quadruple-zeta (QZ4P) for the iron and the other atoms.

Calculations based on the analysis of natural bonding orbital (NBO)
were used in order to get insights on the participation of atomic orbitals of metal
in the chemical bonds of the iron species. In addition, the bonding analyses and
excited states populations involved in chemical bonds were obtained from
analyzes of natural orbital. These results can provide important information
about the covalent or ionic character of bonds, as well as the participation of the
d and f-orbitals in the formation of chemical bonds of molecular systems
investigated. Finally, the topological properties of the electron density in
chemical interactions were performed with the atoms into molecules (AIM),
based on the Bader theory as implemented in the program AIM2000. *° The
AIM parameters located in the critical points of the bonds (BCP) are useful tools
for characterizing chemical bonds. However, these properties can be used to
correlate the reactivity of the inert methane in relation to iron oxides. Another
calculation in this way is Frontier Molecular Orbital effective (FERMO)
calculations which was introduced by Silva and coworkers, and provides new

clues to the reaction mechanisms investigated.?

3 RESULTS AND DISCUSSIONS

3.1 Oxide results

The computational parameters of the theoretical and experimental

geometry for the most stable iron oxides are shown in table 1. **?
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Table 1 The optimized bond lengths, bond angles, vibrational frequencies and
ionization potential of iron oxides.

Species Method R(Fe-O) VFe-O Energia do
A) (cm™) ponto-zero
(Hartree)
FeO [5] B3LYP/ Wachters(F) 1.614 888.2 -1338.89
CCSD(T)/ Wachters(F) 1.617 910.5 -1337.60
MP2/ Wachters(F) 1.612 890.5 -1337.56
ZORA/ OPBE 1.615 919.1 -0.4338
ZORA-SO/OPBE 1.623 918.6 -0.4768
ZORA/B3LYP 1.621 -0.5970
Exp* 1.630 838.4 -
FeO" [6] B3LYP/ Wachters(F) 1.642 813.4 -1338.56
CCSD(T)/ Wachters(F) 1.638 900.4 -1337.31
MP2/ Wachters(F) 1.624 858.9 -1337.29
ZORA/ OPBE 1.641 900.5 -0.1291
ZORA-SO/OPBE 1.600 900.0 -0.1058
ZORA/B3LYP 1.630 -0.322
Exp* 1.638 - -
FeO? [5] B3LYP/ Wachters(F) 1.605 900.5 -1337.87
CCSD(T)/ Wachters(F) 1.590 915.6 -1336.58
MP2/ Wachters(F) 1.584 919.4 -1336.56
ZORA/ OPBE 1.571 917.1 -0.5321
ZORA-SO/OPBE 1.582 915.4 -0.4986
ZORA/B3LYP 1.601 -0.3674
Exp* 1.590 - -
FeO;[3] B3LYP/ Wachters(F) 1.610 910.30 -1414.10
CCSD(T)/ Wachters(F) 1.641 914.10 -1412.59
MP2/ Wachters(F) 1.732 920.82 -1412.57
ZORA/ OPBE 1.645 917.80 -0.7058
ZORA-SO/OPBE 1.697 925.75 -0.6895
ZORA/B3LYP 1.610 - -0.887
Exp* - - -
FeOF [2] B3LYP/ Wachters(F) 1.561 1024.52 -1413.69
CCSD(T)/ Wachters(F) 1.575 1035.8 -1412.42
MP2/ Wachters(F) 1.572 1040.31 -1412.29
ZORA/ OPBE 1.535 1050.8 -0.3383
ZORA-SO/OPBE 1.542 1041.9 -0.3093
ZORA/B3LYP 1.560 -0.3569
Exp*
FeO3* [3]  B3LYP/ Wachters(F) 1.62 849.32 -1412.93
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CCSD(T)/ Wachters(F)  1.622  841.42  -141151

MP2/ Wachters(F) 1.630 851.35 -1411.51

ZORA/ OPBE 1.552 852.59 -0.3451

ZORA-SO/OPBE 1.590 855.78 -0.3215

ZORA/B3LYP 1.600 -0.2211
Exp*

AT, 22

All obtained B3LYP, MP2, CCSD (T), ZORA/OPBE, ZORA-SO/
OPBE, ZORA / B3LYP results for geometric, frequency and energy parameters
were displayed in Table I. The use of these approaches was conducted to
evaluate the performance of different methodologies in order to analyze the
geometrical and electronic properties of iron species under investigation. As can
be seen, the all obtained values show a little difference as different
methodologies are considered. Overall, MP2 calculations underestimate of the
computed bond lengths by less than 0.01 A, while the ZORA relativistic results
trend to overestimated the Fe-O bond lengths of iron oxides. In the iron
monoxide series, the computed Fe-O and Fe-O* bond lengths are shorter than
that observed Fe-O" oxide, independent on the employed methodology. An
opposite trend is observed in the iron dioxide series, where the Fe-O bond
lengths of FeO, and FeO3* are longer than that found for Fe — O3 by around
0.1 A. A reason for these results could be due to the decrease of electrons on the
d-orbitals as the charge on metal center increases. Considering the monoxide
series, the ground sextet state of FeO”, shows three and two unpaired electrons
occupying three bonding and two anti-bonding orbitals, respectively. On the
other hand, on the ground quintet states of FeO and FeO?, the anti-bonding
orbitals loose one unpaired electron, thus favoring the decrease of their bond
lengths.

The striking result is that B3LYP and CCSD (T) Fe-O bond lengths of

iron oxides show really small variations relative to their values, showing a very
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good agreement with the available experimental data. Comparing B3LYP with
CCSD (T) results of the iron monoxides, there is a variation of about 0.003 A,
for FeO, of 0.004 A for FeO* and of 0.015 A for FeO*. We can, therefore
conclude that, in fact, the B3LYP method correctly reproduces the geometrical
properties of the iron oxides.

The vibrational frequency results shown in table 1 indicate that the
values for the single charged monoxide are smaller than those computed for the
neutral and double charged monoxide species, whereas a variation of values
vibrational frequencies is observed along dioxide series. It is worth noting that
the computed frequency values of dioxides are significantly higher than those
computed for monoxide series. These results suggest that stronger chemical
bonds should be observed in dioxide than in monoxide series. The CCSD (T)
vibrational frequency of FeO is 910.5 cm™ and is in a very good agreement to
the experimental date of 838.4 cm™. In general, the results show the B3LYP
values are as good as the CCSD (T) data, thus indicating that indeed B3LYP
calculations can be safely used to evaluate the geometry of all the molecular
reaction systems under investigation. Finally, considering relativistic effects, we
can realize that according to table 1, the B3LYP/ZORA and ZORA-SO
calculations show results quite close to each other, showing a rather smaller

difference with CCSD (T) bond and frequency results, i.e. less than 3%.

3.1.1 NBO Analysis

NBO results are shown in Table 2, where the computed values are
presented relative to the natural charge and electronic configuration for the most
stable ground state iron oxides. In essence, the NBO results can be described as
molecular orbitals are localized in the chemical bonds. This concept of natural

orbitals is used to distribute electrons from atomic to molecular orbitals, in order
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to describe atomic charges and molecular bonds from the electron density
involved among atoms.

As it can be seen in table 2, the natural charge on the iron centers
increase along of the iron monoxide and dioxide series, whereas negative values
are shown for oxygen becoming less negative along this iron series with the
smallest value of -0.863 a.u. calculated for the neutral iron monoxide. It is
important to note that the addition of the second oxo ligand in dioxides is
followed by the significant increase of the natural charge on the metal center.
Comparing FeO and FeO,, there is an increase of 0.158 a.u. This feature may,
therefore, indicate that a positive electron inductor effect of the oxo-ligand on

the metal center.



Table 2 The Natural Bond Orbital Analyses for the Iron Oxides at the B3LYP/Wachters (F) level of theory.*

Species Natural Charge Natural Electron Configuration
Fe o] Fe (0]

FeO [5] 0.863 -0.863 45047 3655 4p0.12 4d°01 251942 2p4.91 3p0.01
FeO" [6] 1.476 -0.476 45021 3628 4po.os 44°% 2gL9% 2p4.50 3po.o1
FeO* [5] 1.992 0.007 45710387 40 % 4400 25t 2p* ot

Fe 0 0]
FeO,[3] 1.021  -0.515 -0.515 450039 3¢ (4% 4p©31) 440D 440 25190 2(40)
FeO3 [2] 1.296  -0.148 -0.148 450099 3(®:3) 4033 440D 25192 op*22)
FeO3* [3] 1.707  -0.146 -0.146 450021 3¢(>91 4017 440D 2519 9289

* All natural charge values are in a.u.

GeT
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Regarding the natural metal atomic configuration for the chemical bonds
along of iron oxide series, the results in table 2 indicate less involvement of the
atomic metal 4s and 4d orbitals and a greater contribution to the 3d atomic
orbitals in chemical bonds, with 3d values varying from 6.55 to 5.87 along iron
oxide series. In relation to the oxygen, there is a variation in the participation of
2p atomic orbital from 4.91 to 4.01, and an increase in participation of the 2s
orbital from 1.948 to 1.97 in the iron oxides series.

3.1.2 AIM Analysis

The AIM calculations are very important in attempting to understand the
nature of the chemical bond (for example, if the binding is covalent, non-
covalent or partially covalent). From these calculations, it is possible to
characterize hydrogen bonds among the atoms involved and to investigate the
orbital participation in these interactions with their respective energy values. In
table 111 are collected the AIM parameters computed in the bond critical points
(BCP) of the Fe-O chemical bonds of the iron oxides.

According to the results shown in table Ill, the computed p(r) values
range from 0.2284 to 0.2414 au along the iron monoxide series and from 0.2310
to 0.2687 au for iron dioxides. These results indicate stronger chemical bonds
are found in the iron dioxide than monoxide series. This is due to the fact the
p(r) parameter has been associated to the strength of chemical bonds. Therefore,
these p(r) results indicate that the increase of the oxo ligands increase the
strengths of Fe-O chemical bonds in the iron oxides, thus confirming our
previous interpretation of the geometrical parameters of the oxides, in which
indicate the stronger Fe-O chemical bonds are found in the iron dioxide than

monoxide series.
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Table3 The AIM B3LYP/ Wachters(F) parameters, electron density (p(r)),
Laplacian (V2p(r), total electron energy density (H(r)), kinetic electron
energy density (G(r)), and potential electron energy density (V (r)) for
bcp of the Fe-O chemical bonds of the ground-state iron oxides.**

Species  p(r) (a.u) V()  G@r)(@au) V() -GIV.  H(n)
(a.u) (a.u)
FeO +0.2284  +0.9543 +0.3647  -0.4909 0.7429 -0.1262
FeO" +0.2144  +1.0939 +0.3831  -0.4928 0.7774 -0.1097
FeO*  +0.2414  +1.2669 +0.4569 -0.5971  0.7652 -0.1402
FeO, +0.2310  +1.3046 +0.4544  -0.5826  0,7429 -0.1282
FeO," +0.2233  +1.2972 +0.5006 -0.6770 0,7394 -0.1764
FeO,”* +0.2687 +1.0376  +0.3241 -0.3888  0.8335 -0.1847
**Computed results were performed using AIM program.

The computed Laplacian V?(r) results are all positive, increasing along
monoxide series and decreasing along dioxide series. Positive values of this
property have been related to the ionic character of the investigated chemical
bonds. To confirm this feature, we have to analyze other parameters such as: -
G/V (which are all > 0); H (r) (which are all negative). From these results, it can
be concluded that the Fe-O chemical bonds have a partial ionic and covalent

character.

3.1.3 FERMO Analysis

It is well-known that the HOMO-LUMO approach can fall to rationalize
the reactivity of some systems.” In order to overcome the limitations of the
HOMO-LUMO approach, the concept of Molecular Orbital effective for the
reaction has been recently introduced.”® The new vision to reaction mechanisms
can come from MQOs that govern the chemical reaction given, i.e., the FERMO
orbital of the reaction under investigation.”® The FERMO concept comes from a
dose of intuition, as well as the criteria for the composition and location to

properly determine the molecular orbital reagent. The contribution of an atom of
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an MO is calculated as the sum of the square of the expansion coefficients of the
atomic orbitals centered on this atom. Thus, the FERMO for a reaction system in
particular should be the MO which has the highest contribution of that particular
site. Figure 1 shows the FERMO of the iron oxides. However, some restrictions
could be imposed by MO ways. It should also be kept in mind, however, that
these analysis, both HF and Kohn-Sham orbitals lead to the same conclusions
about the chemical reactivity.

We can realize that, according to Figure 1, it shows the different ways of
molecular orbitals of a molecule borders, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO). In the figure,
the red color represents the positive portion of the HOMO and LUMO orbitals
and the green part is the negative portion of their orbitals.

We note that the LUMO frontier orbital consists of large orbital
contribution of the metal d. With regard to the HOMO, the largest contributions

are related to the p orbitals of oxygen atoms.

oGP - o@o -
“ 8 FeO™ m

Figure 1 The computed B3LYP FERMO orbitals for iron oxides.

FeO,"

oPe
29
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3.2 Methane C-H bond activation process.

Two known reaction mechanisms for the alkane C-H bond activation are
the hydrogen abstraction and oxidative addition. In the first one, two different
pathways can be followed by the metal oxide, forming a direct hydrogen
abstraction transition state (TS) and four-centered hydrogen abstraction TS. In
oxidative addition, a three centers TS is formed. A more detailed description of
these mechanism has been done in our previous work of niobium.”® It is
important to note that in the previous theoretical studies of iron oxides and
methane only four-centered hydrogen abstraction pathway has been considered.

The complexes involved in methane activation mechanisms are the
molecular precursor (MP) structure, which is a weakly bound complex formed in
the initial channel of reactions under investigation. All the possible n*, n?and n?
molecular interactions of H atom with iron center were considered in
investigated reaction mechanisms. Also, all these options with one oxygen atom
of the oxo ligands initially directed to the respective methane hydrogen atom
were taken into account in calculations. After MP structures, the respective
transition state (TS) complexes are formed followed by the first intermediate

product complex (PC).

3. 2. 1 Oxidative insertion mechanism

Figure 2 reports the B3LYP optimized monoxide and dioxide structures
for MP, TS, and PC complexes species, which are involved in methane
activation process via oxidative addition pathway. As can been see, all MP
weakly bound complexes show a preferred n’-like conformation, as being the
most stable localized structure. On the other hand, the TS structures of iron

monoxides after optimization showed a cis conformation, which is stabilized in
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relation to Fe-H and C-H chemical bonds. For the dioxides, the preferred TS
structure was found to be trans, whereas all PC structures converged to a cis

conformation for the iron oxides

A
e
¢

J
o9 d,a : -qj

. : !
9 2 P2 p h

J
TS PC

Figure 2 The B3LYP optimized molecular structures of the lowest-energy metal
spin state MP, TS and PC complexes in the oxidative insertion
pathway.

In table 4, the main optimized B3LYP bond lengths and bond angles for
the iron oxide complexes are reported.

Based on these results, we can observed decreasing trend in the Fe-O
bond lengths of the MP complexes along the iron monoxide and dioxide series,
with an exception observed in FeO™, for which an increased Fe-O bond length is
observed in comparison to that computed for FeO monoxide. A comparison
between Fe-O bond lengths of the isolated species with those computed for the
corresponding MP monoxide and dioxide complexes shows an average variation
of 0.17A as going from monoxides to dioxides. In the case of TS complexes, a
decrease of the Fe-O bond lengths occurs along both iron oxide series.

Analyzing the computed Fe-C bond lengths, the results indicate a

decrease of these values along the MP and PC monoxide and dioxide series,
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whereas an increased behavior can be observed in the obtained results for TS. In
fact, the variation for MP and PC is of 2.491 to 2.099 and 1.945 to 1.766 A in
monoxide series, while the values of 2.237 to 2.082 and 3.227 to 3.131 can be
observed in dioxides series, respectively. Comparing Fe - C distances of the MP
monoxide and dioxide complexes, we can note that these distances are smaller in
dioxide than monoxide series. This feature suggests, therefore, that the presence
of two oxo ligands favors the electrostatic interactions between the metal center
and methane in the beginning of the reaction channel. This trend was also
observed in Fe-C bond lengths of TS complexes. However, a strong and
contrary tendency is observed for the PC Fe-C and Fe-H' lengths, with an
increasing more than 1 A, when it goes from monoxide to dioxide series. These
results indicate, therefore, that the increase of oxo-ligands coordinated to the

metal center should weaker both Fe-C and Fe-H' chemical bonds.
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Table4 The B3LYP / Wachters (F) geometrical parameters for the lowest spin state of the iron complexes via the 5
oxidative addition pathway mechanism. The bond lengths are in A and the bond angles are in degrees.

FeO FeO" FeO™*

Parameter _MP(5) TS(5) PC (5) MP(6) TS(6) PC(®) MP() TS (5) PC (3)
Fe-C 2.491 1.987 1.945 2.285 2.286 1.894 2.099 2.528 1.766
Fe-O 1.622 1.644 1.556 1.638 1.639 1.565 1.586 1.565 1.683
Fe-H’ 2.124 1.585 1.548 2.127 1.886 1511 2.512 1.558 1.556

<C-Fe-O 176.7 154.2 120.9 174.8 123.3 125.1 173.1 118.5 118.8
<C-Fe-H’ 26.23 98.9 125.7 28.93 99.8 125.7 31.40 110.3 130.7

FeO, FeO," FeO,*
Parameter MP(3) TS(3) PC MP(2) TS(2) PC(2 MP@B) TS () PC(@3)
(3)
Fe-C 2237  1.978 3.227 2185 2.043 3.182  2.082 2.111 3.131
Fe-O 1.794  1.576 1.625 1592 1555  1.644  1.533 1.534 1.882
Fe-H’ 1511  2.983 2.683 2523 2922 2632 1593 2.532  2.163

<C-Fe-O 116.7 113.7 164.59 125.2 109.4 166.9 114.6 101.87 166.4
<C-Fe-H 17.74 91.93 23.5 18.2 74.20 24.7 30.5 92.56 24.5
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Considering «C-Fe-O bond angle in monoxide species, it follows a
similar trend in MP, TS and PC systems, i.e. it decreases with the increase of
charge on the metal center, showing only one deviation in PC of FeO*, for
which the a increase of 4.2 degrees was found in comparison the computed
value of FeO . The lower ZC-Fe-O values were computed for MP and TS
dioxide structures, with values ranging from 116.7 to 114.6 degrees in the MP
structures and values from 113.7 to 101.8 degrees for TS complexes. The angle
Z/0-Fe-H' becomes increasead with the initial interaction between dioxides and
methane in MP complexes.

The oxidative addition results for the bonding, activation and reaction
energies for each iron oxides in reaction to methane are shown in table 5.

As it can be seen, the FeO%t + CH, (m=1, 2n =0, 1, 2) reactions start
with the initial formation of a weakly bound MP complex (Figure 2), and such
complexes lie in very low energies in comparison to their respective reagent
energies, with CCSD(T) values decreasing from -37.65 to -81.57 kcal mol-! in
monoxide series, while the values of -45.65 to -112.95 kcal mol-! values are
found in dioxide series. Thus, based on the results, we can conclude that the
formation of electrostatically bound MP complex is favored by the increased
charge on the iron metal center, and the presence of oxo ligands coordinated to

the metal center.



Table 5 Bonding (AEgonding), activation (AEaq) and reaction (AEges) energies for the oxidative addition of

oxides into the methane C-H bond*

niobium

EBonding EAct EReac
Species B3LYP CCSD(t) Zora B3LYP CCSD(t) Zora B3LYP CCsd(t) Zora
FeO -31.37 -37.65 -38.6 18.82 18.8 16.6 -42.55 -48.8 -46.4
FeO" -43.92 -40.20 -39.5 6.27 6.27 7.09 -60.27 -62.5 -67.0
FeO? -81.57 -81.57 -76.1 37.65 32.7 33.16 -94.1 -92.7 -91.3
FeO; -41.31 -45.65 -33.6 22.8 25.1 26.12 -45.1 -43.9 -60.3
FeO," -69.02 -74.12 -83.8 31.3 37.6 34.1 -112.9 -117.6 -118.4
FeO,”* -94.12 -112.95 -107 63.9 62.7 67.4 -123.9 -124.8 -124.7

*Energies in kcal.mol*
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The MP initial molecular complexes lead to the first TS structure as
shown in figure 2 and for which an increased activation barrier are observed
along the monoxide and dioxide series (see Table 5) in all employed
methodology. An exception is observed in FeO" reaction, where the lowest
CCSD (T) activation barrier of 6.27 kcal mol™ was obtained. The CCSD (T) Euq
values of iron dioxides vary from 25.1 (for NbO,) to 62.7 kcal mol™ (for
NbO,*"). Lower values were calculated for monoxides, with the CCSD (T)
values varying from 18.8 to 32.7 kcal.mol™. According to the results of dioxide
reactions, the energy activation barrier values increase with the increase of the
metal charge and the presence of the oxo-ligand, becoming the activation
process kinetically unfavorable by iron oxides. However, it is important to note
that the presence of oxo ligands facilitates initial electrostatic interaction
between the metal oxide and methane, in the region of the MP complex.
Therefore, the balance between thermodynamic and kinetic factors will define if
the methane activation process will take place. To answer this, it is well known
that gas phase reactions should occur only if all stationary points are located
below the reagents energy.

With respect to the thermodynamics relative to PC intermediate, it can
be seen in table 5 that the reactions of iron oxides with methane are all
exothermic. The reason of these results can be correlated to the electronic
configurations of the species Fe, Fe* and Fe?*, which are [Kr] 3d%s? [Kr]
3D%s" and [Kr] 3d°, respectively. In the formation of the PC complex, it is
necessary an electronic configuration capable of making two covalent bonds, Fe-
H and Fe-CHj; to form the PC complex, in all cases, the iron oxides are able to

accomplish this requirement.
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3.2.2 Hydrogen abstraction (HA)

Two reactions pathways were investigated in HA. The optimized
structures for MP, TS and PC complexes involved in the methane activation
process via direct HA are shown in Figure 3, while the corresponding optimized
structures obtained in four-centered HA pathway are displayed in Figure 4.
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Figure 3 The B3LYP optimized molecular structures of the lowest-energy spin
state MP, TS and PC complexes in the direct hydrogen abstraction.
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Figure 4 The B3LYP optimized molecular structures of the lowest-energy spin
state MP, TS and PC complexes in the 4-centers abstraction
mechanism.
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According to figures 3 and 4, we can see important differences in
structures involved DHA and 4HA pathways. First of all, in contrast with n*-like
4-HA MP complexes, the oxygen atom of iron oxides directly interacts with
only one of the hydrogen atoms of methane in DHA MP complexes. In table 6
are shown the main optimized bond parameters for iron complexes of DHA
pathway. It can see that the O-H distance is the measurement of approximation
between methane and iron oxides. The computed values vary from 1.761 to
1.700 A in monoxide series, while smaller distances are found in dioxide ones,
with values varying 1.683 to 1.480 A. Similar structures are observed in TS
complexes, being the main difference the shorting of around 0.6 A for the O-H
distances as comparison to those found in MP complexes. For the other hand,
the optimized TS structures in four-centered HA pathway are quite different
from their MP complexes. As can be seen in figure 6, there is a strong

interaction between the iron center and carbon from methane.



Table 6 The B3LYP/ Wachters (F) geometrical parameters for the lowest spin state of molecular precursor (MP),
transition state (TS) and product complex (PC) of the iron complexes in the direct hydrogen abstraction pathway.

The bond lengths are in A and the bond angles are in degrees.

FeO FeO* FeO**
Parameter  MP (5) TS PC(5) MP(@®) TS(®) PC(®6) MP((B) TS(5) PC(5
(5)
O-H 1.761 1.123 0.978 1.747 0.990 0.948 1.700 0.955 0.993
Fe-O 1.703 1.794 1.846 1.644 1.706 1.743 1.612 1.666 1.712
Fe-H’ 2.492 1.925 2.555 2.485 2.690 2.525 2.472 2.744 2.711
<Fe-O-H’ - - 127.0 - - 136.9 - - 177.7
FeO, FeO," FeO,™"
Parameter  MP (3) TS PCB) MP(2) TS(@) PC(@2 MP@B TS@B PC(@3)
3
O-H 1.683 0.976 0.962 1,496 0.910 0.984 1.480 0.900 0.955
Fe-O 1.582 1.625 1.835 1.571 1.601 1.755 1.555 1.592 1.822
Fe-H’ 2.431 2.564 2.477 2.464 2.482 2.45 2.492 2.395 2.752
<Fe-O-H’ 74.3 13.38 121.0 75.2 14.08 1245 42.80 9.70 173.9
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Table 7 The B3LYP/ Wachters (F) geometrical parameters for the lowest spin state of molecular precursor (MP),
transition state (TS) and product complex (PC) of the iron complexes of 4-centers abstraction mechanism. The
bond lengths are in A and the bond angles are in degrees.

FeO FeO* FeO?*
Parameter MP TS PC MP (6) TS PC MP (5) TS PC
(%) () ®) (6) (4) (5) (5)
Fe-C 4.581 2.106 2.015 4.423 1.734 1.682 4.322 1.983 2.172
Fe-O 1.623 1.824 1.794 1.632 2.062 1.524 1.664 1.631 1.684
Fe-H’ 4,582 2.102 2.671 4.401 1.721 2.475 4.235 1.692 2.641
<C-Fe-O 461 84.60 178.3 4.44 87.48 138.1 4.36 90.90 158.1
<C-Fe-H> 13.78 45.70 168.2 14.24 43.90 129.0 14.87 40.64 113.1
FEOZ FEOQ+ F9022+
Parameter MP TS PC MP (2) TS PC MP (3) TS PC
(©) @) ®) ) ) 3) 3)
Fe-C 4.682 2.316 1.971 4.322 2.082 1.973 4.242 2.103 1.973
Fe-O 1.583 2.105 1.792 1.633 1.663 1.722 1.663 1.722 1.712
Fe-H’ 4.481 2.244 2.611 4.361 1.715 2.581 4.131 1.701 2.611
<C-Fe-O 5.13 3.25 114.4 4.44 80.67 101.2 4.36 77.27 100.4

<C-Fe-H 13.44 40.45 101.2 14.24 35.70 92.7 14.87 40.64 100.2

6v1
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The optimized geometrical parameters for MP, TS and PC structures of
4-HA pathway are reported in table 7. The computed values of Fe-C bond
lengths vary from 2.106 to 1.983 A in monoxide series, while the increased
distances varying from 2.316 to 2.103 A were obtained in dioxide series. It is
interesting to note that in TS structures the iron center interacts also to abstracted
hydrogen from methane. This is clearly seen in monoxide series, where
computed values range from 2.102 to 1.692 A, with dioxide values varying from
2.244t0 1.701 A.

In the four-centered HA mechanisms, seen in table 7, while the Fe-C
bond length decreases significantly going from MP to PC. An opposite effect
takes place for the Fe-O bond which indicates that this bond length of the oxides
become weaker with coordination with methane. In particular, this feature is
highlighted as the number of oxo ligands.

The energy parameters for DHA and 4HA are collected in table 8 and 9,
respectively.

According to the table 8 and 9, the Egqniing Values decrease along the
monoxides and dioxides series and iron for both abstraction mechanism favoring
the initial interaction between the iron oxides and methane. The CCSD (t) values
can range from -12.55 to -39.4 kcal mol™ for the series of monoxide, while
values for dioxides may vary from -39.9 to -77.15 in kcal mol™ for hydrogen
direct abstraction mechanism. Regarding the 4-centers abstraction mechanism,
the Egonding Values for the monoxides series vary from -37.65 to -81.57 kcal

mol™, while for dioxides values are -45.65 to -112.95 kcal mol™.



Table 8 Computed bonding energies (Egonding),

activation barriers (Eac) and reaction energies (Eres) for the direct

hydrogen abstraction (DHA) from methane by iron oxides.*

Egonding Eact Ereac
Species B3LYP CCSD(t) Zora B3LYP CCSD(t) Zora B3LYP CCsSd(t) Zora
FeO -18.82 -12.55 -14.3 6.27 6.27 7.95 -6.27 -6.82 -5.3
FeO* -20.1 -20.1 -24.7 18.8 17.5 16.6 -25.1 -25.1 -30.3
FeO* -38.05 -39.4 -38.8 31.37 30.2 323 -65.30 -66.02 -62.9
FeO, -31.37 -39.9 -38.9 12.55 18.82 18.56 -27.65 -26.47 -25.4
FeO¥ -69.02 -69.02 -68.2 31.37 33.2 36.7 -43.92 -49.02 -48.1
FeO3* -76.87 -77.15 -78.3 37.65 36.4 40.8 -74.12 -77.85 -12.4

*Energies in kcal.mol™"
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Table 9 Computed bonding energies (Egondging), activation barriers (Eai) and reaction energies (Eres) for the four-
centered hydrogen abstraction (4HA) from methane by iron oxides.*

EBondi ng EAct EReac

Species B3LYP CCSD(t) Zora B3LYP CCSD(t) Zora  B3LYP CCSD(t) Zora

FeO -31.37 -37.65 -38.6 43.9 41.5 40.8 -56.4 -50.2 -49.1
FeO" -43.92 -40.20 -39.5 15.55 17.2 14.8 -55.02 -56.48 -56.1
FeO* -81.57 -81.57 -76.1 40.2 46.5 40.0 -95.6 -96.4 -94.4
FeO, -41.31 -45.65 -33.6 62.7 61.7 63.7 -62.7 62.7 -61.1
FeO3 -69.02 -94.12 -83.8 311 37.6 30.3 -116.5 -114.4 -125
FeO3* -94.12 -112.95 -107 52.7 55.4 59.3 -138.3 -137.4 -133

*Energies in kcal.mol™
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The results of the activation energy barriers shown in Tables 8 and 9
show that the activation energy values increase with charge on the metal center
and the addition of oxo ligand for the mechanics DHA . The activation barrier
ranges from 6.27 to 30.2 kcal. mol™ for monoxides, and from 18.82 to 36.4 kcal.
mol™ for the dioxides series. For the 4-centers abstraction mechanism, the values
range from 41.5 to 46.5 kcal. mol™ for the monoxides series and from 61.7 to
55.4 kcal. mol™ for the dioxides series. Overall, the main results indicate better
thermodynamic and kinetic conditions for all iron monoxide compared with iron
dioxides. However, the best theoretical predictions were computed for FeO". In
this case, all the stationary complexes were expected to be located below their
reagents energies.

Finally, the Zora relativistic effects increase the activation barrier sizes
of around 10 kcal mol™ and, in general, favored thermodynamic energies of
reactions under investigation. The best results for the mechanism of 4HA were
for the singly charged iron monoxide. It may be due to the high spin states, and
due to the crossing of spins between quartet and sextet multiplicities in the initial
channel of reaction as well as in the end of the reaction. Direct abstraction
occurs only in sextet state of high rotation due to interaction of the CH; fragment
with the oxygen orbitals and such a structure will be stabilized in the sextet state
of high rotation where all orbitals will be occupied with five electrons. As for
the four-centered abstraction mechanism takes place in the quartet of low
rotation and sextet states of high rotation. According to the imaginary frequency
for the TS structures, we can see that the DHA mechanism takes place resulting
in the formation of FeOH and CHs;. For 4HA mechanism, there is the formation
of a OH-Fe-CHjs intermediate.
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4. CONCLUSIONS

The methane activation has attracted increased attention in recent years
because of its industrial and environmental importance. In particular, the
conversion of methane to methanol, which is an alternative fuel of great interest
in XXI century. Thus, the gas phase methane-to-methanol reactions by
transition metal oxides appear as a simpler model for the alkane oxidation. The
experimental and theoretical understanding of the electronic structure of these
systems is not a simple task because of its high chemical complexity.

Based on the present investigation results, we found out that the Fe-O
and Fe-O** bond lengths are smaller than that found in Fe-O*. These values are
related to larger electrostatic force between the Fe* and O, which may indicate
that the Fe-O and FeO?" are stronger and show a partial ionic and covalent
character based on the AIM calculations.

Among the investigated reaction pathways, the main results indicate
that, for the OA pathway, initial interaction between the iron oxides and methane
has a key role in methane activation process since Egoning IS favored by the
increase of both charge and number of oxo ligands. In particular, the presence of
oxo ligands gives rise to an extra electrostatic dipole interaction to methane,
thereby improving the polarization of this inert molecule at the beginning of the
reaction channel. On the other hand, in OA, the presence of oxo ligands become
the reactions kinetically unfeasible. This is due to the fact that oxo ligands show
good electron acceptor capability, thereby making it difficult to oxidative
addition of the metal center in methane CH bond.

Regarding the hydrogen abstraction mechanism (HAM), we can see the
differences between the studied abstraction mechanisms. In 4HAM TS, a strong
interaction takes place between the iron center with both carbon and abstracted
hydrogen of methane. Furthermore, in this pathway there is spin-crossing

between PES involved in reaction mechanism.
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According to the imaginary frequency for the transition state, we can see
that in the direct abstraction mechanism, it happens a dissociation resulting in
the formation of FeOH and CH;. Based on the energy values and the values of
optimized geometries, we can conclude that the 4-centers abstraction mechanism
should be thermodynamically more favorable in relation to the direct abstraction
mechanism; this is due to the lack of Fe-C interaction for the direct abstraction

mechanism.
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