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RESUMO

A referida Tese apresentara os principais trabalhos publicados durante o periodo de
doutoramento, no que se refere a sintese de nanoparticulas metalicas em liquidos i0nicos a
partir de precursores metalicos, bem como as evidéncias da interagdo do liquido i6nico com
as nanoparticulas. Posteriormente serdao abordadas as aplicagdes de complexos metalicos
em liquidos i6nicos em catdlise homogénea, principalmente rea¢des de hidroformilacio e

producao de hidrogénio a partir de acido férmico.

ABSTRACT

The present Thesis will show the main articles published during the PhD period referred
to the synthesis of metal nanoparticles in ionic liquids from their correspondent metallic
precursors as well as the evidences of the interaction between the ionic liquid and the metal
NPs. Further, it will be present the applications of metal complexes dissolved in ionic
liquids in homogeneus catalysis, focusing on hydroformylation reactions and hydrogen gas

production from formic acid.
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OBJETIVOS

O objetivo geral desta Tese realizada por integracdo de artigos € abordar os principais
trabalhos desenvolvidos referentes a sintese de nanoparticulas metalicas em liquidos
ionicos e também a utilizacdo de precursores metalicos em reagdes de hidroformilacao
bifasicas e catalise em meio homogéneo visando a produgao de hidrogénio molecular.

Na primeira abordagem serdo mostrados estudos para um melhor entendimento das
espécies envolvidas durante a preparacdo de nanoparticulas metalicas em liquidos i6nicos,
uma vez que estas podem auxiliar na estabilizacdo das nanoparticulas bem como influenciar
na atividade e secletividade destes nanomateriais em reagOes cataliticas. Para finalizar,
pretende-se apresentar as investigagdes a respeito das possiveis espécies formadas em
processos de hidroformilagdo bem como a otimizacdo da decomposicao de acido féormico

em liquido i6nico para a produc¢do de hidrogénio molecular.



LISTA DE ABREVIATURAS

acac: acetilacetonato

AF: acido férmico

(BCN)MI: 1-butironitrila-3-metilimidazoélio
B(CN)y: tetracianoborato

BF,: tetrafluoroborato

BnEt;N: benziltrietilamonio

BMEI: 1-n-butil-2-etil-3-metilimidazolio
BMI: 1-n-butil-3-metilimidazélio

B,MI: 1,2-di-n-butil-3-metilimidazolio
BPy: N-butilpiridinio

COD: 1,5-ciclooctadieno

COE: cis-cicloocteno

COT: 1,3,5-ciclooctatrieno

CgDg: benzeno deuterado

CsH;70S05: octilsulfato

CNT: carbon nanotubes (nanotubos de carbono)
Cy(CH;)sMI: 1-(3-cicloexil)propil-3-metilimidazélio
Cy2(CH)(CH2)MI: 1-(2,2-dicicloexil)etil-3-metilimidazolio

diglime: bis(2-metoxietil)éter
DMF: dimetilformamida

DMI: 1-n-decil-3-metilimidazoélio
DMSO: dimetilsulfoxido

dppe: 1,2-bis(difenilfosfino)etano

DRIFT: diffuse-reflectance infrared Fourier transform (infravermelho por transformada de

Fourier via refletancia difusa)

DRX: difracdo de raio-X

EDS: energy dispersive spectroscopy (espectroscopia de energia dispersiva)

EMI: 1-etil-3-metilimidazolio
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ESI/MS: electrospray ionization mass spectrometry (espectrometria de massas por
ionizacao eletrospray)

Et;N: trietilamina

EtSOy: etilsulfato

FID: flame ionization detector (detector por ionizagdo em chama)

FWHM: full width at half maximum (largura maxima a meia altura)

GC: gas chromatography (cromatografia gasosa)

GC/MS: gas chromatography mass spectrometry (cromatografia gasosa com
espectrometria de massas)

HDA: hexadecilamina

HexNMe,: N,N-dimetilexilamina

HM,I: 1-n-hexil-2,3-dimetilimidazolio

HRMS: high resolution mass spectrometry (espectrometria de massas de alta resolugdo)
IV: infravermelho

LIs: liquidos i6nicos

MeOc3N: metiltrioctilam6nio

MET: microscopia eletronica de transmissao

N(CN),: dicianoimida

NHC: N-heterocyclic carbenes (carbenos N-heterociclicos)

NPs: nanoparticulas

NTf,: N-bis(trifluorometanosulfonil)imida

OAc: acetato

PEM: polymer electrolyte membrane (membrana de polimero eletrolitica)
PF¢: hexafluorofosfato

Ph(CH,);MI: 1-(3-fenil)propil-3-metilimidazélio

Phy(CH)(CH2)MI: 1-(2,2-difenil)etil-3-metilimidazolio

PhCN: benzonitrila

PPhs: trifenilfosfina

IPr,NEMI: 1-(2-diisopropilaminoetil)-3-metilimidazolio

PVP: polivinilpirrolidona

RMN: ressonancia magnética nuclear

xii



SAXS: small angle X-ray scattering (espalhamento de raio-X em baixo angulo)
Sulfoxantphos: 4,5-bis(difenilfosfino)-9,9-dimetilxanteno-2,7-disulfonada

TCD: thermal conductivity detector (detector por condutividade térmica)

THEF: tetraidrofurano

TPPMS: meta-sodium monosulfonated-triphenylphosphine (trifenilfosfina mono-sulfonada)
TPPTS: meta-sodium trisulfonated-triphenylphosphine (trifenilfosfina tri-sulfonada)

tpy: (2,2°,6°,2°)terpiridina

TOF: turnover frequency (freqiiéncia de rotacao)

TON: turnover number (nimero de rotagao)

tos: 4-toluenosulfonato

TPD/MS: temperature-programmed-desorption mass spectrometry (dessor¢io a
temperatura programada com espectrometria de massas)

Xantphos: 4,5-bis(difenilfosfino)-9,9-dimetilxanteno

XPS: X-ray photoelectron spectroscopy (espectroscopia de fotoelétrons excitados por raio-
X)
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CAPITULO 1

INTRODUCAO



A presente Tese descreve a aplicacdo de complexos metalicos dispersos em liquidos
16nicos (LIs) na sintese de nanoparticulas (NPs) metalicas e em sistemas homogéneos. A

Tese sera dividida nos seguintes capitulos:

Capitulo 1: Introdugao. Apresentacao dos capitulos a serem discutidos na Tese.

Capitulo 2: Revisao Bibliografica. Breve abordagem revisando os trabalhos de maior

impacto publicados na literatura a respeito dos assuntos discutidos na Tese.

Capitulo 3: Nanoparticulas Metalicas em Liquidos Ionicos. Neste capitulo serdo
apresentados trés artigos publicados a respeito da sintese e aplicacdo catalitica de NPs

metalicas em LlIs.

Capitulo 4: Aplicacdes em Sistemas Homogéneos. Neste capitulo sera introduzido um
artigo publicado a respeito do uso de LIs deuterados em reagdes de hidroformilacao de
olefinas em sistema bifasico (apesar de ser um sistema bifasico, considerou-se como uma
catalise homogénea, pois o sistema de Rh/fosfina ¢ soluvel no LI). O outro trabalho se
refere ao uso de LIs como meio reacional e co-catalisador na desidrogenacao de acido

férmico na presenca de um precursor organometalico de Ru.

Capitulo 5: Referéncias

Capitulo 6: Conclusoes

Os artigos publicados referentes aos trabalhos mencionados seguem em anexo ao final

da Tese.



CAPITULO 2

REVISAO BIBLIOGRAFICA



2.1. Nanoparticulas Metalicas em Liquidos Ionicos

Dentre os diversos tipos de estabilizantes utilizados na sintese de NPs metalicas, a
classe denominada de liquidos i6nicos (em particular os baseados no cation imidazolio)
apresenta papel de destaque. Além de ser um meio reacional apropriado para a geragio e
estabilizacdo de NPs, estes LIs ou sais fundidos (sais liquidos a temperatura ambiente)
apresentam propriedades bastante atrativas, tais como: baixa densidade e viscosidade, alta
estabilidade térmica e quimica, baixa pressdo de vapor, e suas propriedades fisico-quimicas
podem ser moduladas através de mudancas nos grupos alquila do cation imidazélio.!"! Estes
sais fundidos se diferenciam dos sais classicos em pelo menos um importante aspecto: eles
apresentam estruturas altamente organizadas principalmente através de ligacdes de
hidrogénio que induz direcionalidade estrutural.** A sintese de NPs metalicas em LIs
pode ser realizada de diferentes formas: i) reducdo de precursores metalicos na presenga de
agentes redutores (H,, NaBHy), ii) decomposi¢ao térmica de precursores onde o metal se
encontra com nox zero; iii) bombardeamento de metal bulk com ions gasosos ou iv) através
de transferéncia de fase. A formacdo e estabilizacdo de NPs metalicas em LIs ocorre,
possivelmente, através da reorganizagdo das ligacdes de hidrogénio intermoleculares e a
geracdo de nanoestruturas polares e ndo-polares. O LI forma uma camada protetora
localizada proximo a superficie metalica da NP, evitando a agregacao e oxidacdo das
particulas. Esta camada ¢ composta, provavelmente, por agregados moleculares do tipo
{[(Ox(A)ycn] " [(C)xn(A)]" }m onde C é o cation imidazolio e A o anion. Este argumento é
suportado por estudos independentes de SAXSI7 e troca isotopica™ utilizando NPs
dispersas em LI. Entretanto, um recente trabalho de simulacdo molecular sugere que a
estabilizacdo ocorra principalmente através de uma tnica camada idnica onde os cations e
os anions do LI interagem com o metal, excluindo os mecanismos de estabilizagdo via
dupla camada eletrostatica e por efeitos estéreos.”’

A revisdo bibliografica sobre NPs metalicas em LIs sera baseada em um “critical
review” publicado na revista Chemical Society Reviews no ano de 2010. Este review
abordara a sintese de NPs, bem como os métodos de caracterizagdo e suas aplicagdes em

diferentes processos quimicos (ver Artigo I).



2.2. Hidroformilacao de Alcenos

A reagdo de hidroformilacdo se tornou um dos processos mais investigados na area de
catalise.l'” "' Descoberto por Roelen em 1938,!'?! esta reagio ¢ um importante processo
catalitico homogéneo aplicado na industria, sendo um método bastante conveniente para a
sintese de aldeidos a partir da ativacdo de ligagdes C=C.!"*! O primeiro catalisador utilizado
por Roelen foi [HCo(CO)4], o qual demonstrou-se mais tarde que sua seletividade
aumentava na presen¢a de um ligante fosfina.!'¥ A seletividade observada para o aldeido
linear ou ramificado depende de fatores eletronicos e estéreos do precursor metalico. De
forma geral, os fatores estéreos sdo preponderantes frente aos eletronicos. Na etapa de
inser¢ao/migracdo do hidreto a ligagdo C=C da olefina, a adi¢do Markovnikov (hidreto
migra para o carbono com maior nimero de hidrogénios) gera um grande impedimento
estéreo entre os ligantes na esfera de coordenacdo e o metal. Uma vez que a repulsdo
estérea se torna menor pela adicdo anti-Markovnikov, os catalisadores metélicos
normalmente empregados oferecem uma seletividade maior para o produto linear (ver
Esquema 1).

Utilizando como exemplo um complexo tipo [MHL4], onde M é um metal com
configuragio eletronica d’ e L um ligante a 2 elétrons, 0 mecanismo aceito para o processo
de hidroformilacao pode ser visto em seguida (Esquema 1). A primeira etapa do mecanismo
comega com o precursor metalico (M', 18 elétrons) perdendo um ligante L formando uma
espécie de 16 elétrons (I) que iniciard o ciclo catalitico. A etapa seguinte corresponde a
coordenacio da olefina no sitio vacante do metal gerando a espécie II (M, 18 elétrons).
Posteriormente, uma inser¢do/migracao 1,2 do hidreto a ligacdo C=C (no esquema
mostrado adicdo anti-Markovnikov) produz o intermediario III contendo uma ligagdo o
metal-alquila (M', 16 elétrons). A entrada de uma molécula de CO gera primeiramente uma
espécie [ML3(CO)(alquil)] (M', 18 elétrons; nio mostrado) que, com a posterior migragio
da alquila na ligacao o metal-CO, forma-se um composto metal-acila IV contendo um sitio
vacante (M', 16 elétrons). Em seguida ocorre uma adigdo oxidativa de H, ao centro
metalico aumentando o nNoX do metal em duas unidades acarretando na geragdo do
intermediario V (M", 18 elétrons). Para finalizar o ciclo, um hidreto participa de uma etapa

de eliminagao redutiva formando o aldeido linear (mostrado no esquema) e regenerando a



espécie inicial T (M', 16 elétrons). A formacdo do aldeido ramificado difere apenas na etapa
de inser¢ao/migracdo do hidreto na olefina. Neste caso, a inser¢ao/migragao ocorre tipo
Markovnikov seguido por etapas idénticas as apresentadas. Esta seqiiéncia das etapas

mecanisticas pode ser extrapolada para o uso de quaisquer outros precursores metalicos.

e ™
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Esquema 1. Adicdo Markovnikov ou anti-Markovnikov do hidreto a ligagdo C=C (esquerda). Ciclo

mecanistico aceito para a hidroformilag¢ao de alcenos (direita).

Os precursores metalicos mais comumente utilizados sio baseados em Rh,!'>'® Col"*-

20 21 1 o A o ~
I'¢ Pt Complexos metalicos suportados também tém sido empregados em reagdes de
hidroformilagdo na tentativa de combinar as vantagens de um sistema heterogéneo com a

[22, 23

eficiéncia da catalise homogénea. I Além disso, diferentes meios reacionais como

24, 25] 26] CO, supercriticoml e LIs®® foram utilizados no

solventes organicos, agua,!
processo de hidroformilagdo. Em particular, o uso de LIs apresenta muitas vantagens como
meios reacionais para reagdes de hidroformilagdo bifasicas. Dentre as vantagens pode-se
destacar a estabilidade do catalisador na fase do LI com posterior reciclagem e a facilidade
na separacdo dos produtos (decantacdo, destilacdo). A seguir serdo mostrados alguns
trabalhos referentes ao uso de LIs como eficientes meios reacionais para processos de

hidroformilagao.



2.2.1. Hidroformilacdo de Alcenos em Liquidos 16nicos

Os primeiros estudos a respeito da reagdo de hidroformilacdo em LIs catalisada por
complexos de Rh/fosfina foram realizados por Chauvin e colaboradores (Esquema 2).*”) O
precursor de Rh [Rh(acac)(CO),] (acac = acetilacetonato) na presenca de ligantes
triarilfosfinas apresentou atividade catalitica na hidroformilagdo bifasica de 1-penteno em
BMI.PFs. Ao empregar a fosfina PPh;, uma considerdvel por¢cdo do catalisador de Rh
migrou da fase idnica (LI) para a fase dos produtos. Apesar de controlar a lixiviagdo ao
utilizar a fosfina sulfonada TPPMS (meta-sodium monosulfonated-triphenylphosphine),
uma significativa desativacdao do catalisador em LI foi observada pelos valores de TOF (59
h™' para TPPMS; 333 h™' para PPh;). Apenas seletividades moderadas entre 50-80% foram

encontradas para o aldeido linear usando o referido sistema catalitico.

o)
-
CO/H, (20 bar)
/v\ » /W\ "
N [Rh(acac)(CO),]/fosfina o
80° C, BMI.PF, 50-80%

SO;Na
fosfina = ; ; TPPMS
o0 o0
Esquema 2. Hidroformilagio de 1-penteno catalisada por um complexo de Rh em LI."*")

A hidroformilagdao do composto 3-pentenoato de metila catalisada por complexos de Rh
em LI foi realizada por Keim e colaboradores.”” Um importante desafio neste caso é obter
alta seletividade no produto linear, uma vez que este substrato pode isomerizar e hidrogenar
gerando sub-produtos. A regio-seletividade observada nas reagdes foi atribuida ndo ao
solvente, mas sim ao tipo de ligante utilizado. Por exemplo, a reagdo com complexo de Rh
[Rh(acac)(CO),] na presenga de PPh; em tolueno ou BMI.PF¢ produz seletividades mais
altas nos produtos 2 (38-39%) e 3 (37-42%). Por outro lado, a reacdo com o ligante fosfito
(propicia alto impedimento estéreo, ver Esquema 3) acarreta em uma seletividade
preferencial para o produto linear 1 (47-50%). Este fato pode estar relacionado a tendéncia

de isomerizacdo propiciada pelo ligante fosfito aumentando a formacdo do produto de



interesse. Além disso, verificou-se que na presenca de PPh; o sistema desativa-se apos o
primeiro (tolueno) ou quarto (LI) ciclo, enquanto que para o ligante fosfito em LI atingiu-se

valores de TON até 6640 apds 10 ciclos.

(0]
W Hidrogenagéo

OMe

A N

(0] NS (0] = (0]
W _— /W _— /\/\f |somerizag&o
e e OMe

oM oM

NN

OMe OMe G

1 2 3
Hidroformilacéo

R (0] O R

wp\/ PO
o) Q
R
MeO O R O OMe
MeO OMe
R ="Bu

Ligante fosfito

Esquema 3. Possiveis etapas de hidrogenagdo, isomerizagdo e hidroformilacdo para o composto 3-pentenoato
de metila na presen¢a do precursor [Rh(acac)(CO),]/fosfina e CO/H; (1:1) em LI ou tolueno a 110 °C. Abaixo

é mostrada a estrutura do ligante fosfito utilizado nos estudos.”*")

Convém mencionar que o complexo [PtCly(PPhs),] dissolvido em LlIs (levemente

acidos) contendo o anion cloroestanato, demonstrou ser um catalisador ativo durante a

hidroformilacdo do 3-pentenoato de metila e 1-octeno.”"

O primeiro trabalho que demonstrou a influéncia da estrutura de diferentes LIs (cations
¢ 4nions) em reacdo de hidroformilagio foi publicado pelo grupo de Olivier-Bourbigou.*”

Diferentes cations e anions foram estudados, bem como o efeito da solubilidade de 1-



hexeno/LIs na atividade catalitica do sistema. Exceto para o caso do anion NTf, onde
apesar da boa solubilidade do substrato uma baixa atividade foi observada, constatou-se
que o aumento de solubilidade do substrato no LI estd diretamente ligado ao aumento da
atividade do catalisador de Rh ([Rh(acac)(CO),]/TPPMS). Foi mostrado neste trabalho que
¢ possivel otimizar as atividades cataliticas e regio-seletividade das reagdes de
hidroformilagdo apenas ajustando a natureza de cétions e anions dos LIs e também os
ligantes utilizados (em todos os casos obteve-se seletividades em aldeidos > 97%)).
Wasserscheid e colaboradores apresentaram um método baseado na sintese de fosfinas
ionofilicas contendo grupamento guanidinio, para auxiliar na imobilizagdo do catalisador
de Rh na fase do LI durante reacdes de hidroformilacio (Esquema 4).°*) Assim como em
outros exemplos, o uso de PPh; propicia uma boa atividade catalitica na hidroformilacao
bifasica de 1-octeno em BMI.PFs porém com alta lixiviagdo do catalisador para a fase
organica. Apesar de se observar uma menor atividade, as fosfinas ionofilicas oferecem uma
excelente condi¢do de imobilizacdo do catalisador na fase idnica. Por exemplo, a fosfina
ionofilica PhP[(PhN3;HyC,)PF¢], se manteve ativa até o terceiro reciclo (35% de conversao)
com quase inexistente perda do catalisador para a fase orgénica. Estes resultados de
atividade foram ainda superiores quando comparados ao ligante sulfonado TPPTS (meta-
sodium trisulfonated-triphenylphosphine). Sabendo que fosfinas com um grande angulo P-
metal-P  (bite angle) geram um sistema bastante regio-seletivo em reagdes de

hidroformilagdo,**

[35-37

os autores se basearam em um tipo de ligante estudado por van
Leeuwen”>?"l. A diferenga consiste na sintese de um ligante derivado do Xantphos, mas
contendo grupos guanidinios ionofilicos, uma vez que o ligante Xantphos tende a ser mais
soluvel na fase organica que no LI. Como esperado, utilizando o ligante ionofilico
preparado tipo-Xantphos na hidroformilacao bifasica de 1-octeno em BMI.PF, a atividade

aumenta com os reciclos chegando a um méaximo de conversdo no sétimo experimento

(44%) com boas seletividades para o aldeido linear.



CO/H, (30 bar)

/\/\/v/ /\/\/\/\70 +
[Rh(acac)(CO),]/fosfina Wj/
100°C, BMI.PFq O/
NH,
fosfina = © L= 6\ ){
O N NMe,
PR, PR, PR, H X~

R=L,X=1 R=L,X=PFg
R = Ph; Xantphos

Esquema 4. Hidroformilaggo bifasica de 1-octeno em BMI.PF¢ na presenga de um complexo de Rh contendo

fosfinas ionofilicas.*¥!

Estudos independentes feitos por Dupont e colaboradores demonstram o efeito dos
parametros reacionais (pressao, temperatura, LI) na hidroformila¢do bifasica de diferentes
alcenos em LIs (Esquema 5).°¥ O sistema baseado no precursor [Rh(acac)(CO),]/Xantphos
em BMI.PF¢ produz uma maior atividade catalitica comparado ao ligante Sulfoxantphos
(TOFxantphos = 245 h_l; TOF suifoxantphos = 47 h_l) durante a hidroformilagcdo de I-octeno.
Entretanto, em testes de reciclo uma consideravel lixiviagdo do catalisador para a fase
organica ¢ observada ao se empregar a fosfina Xantphos (conversdo passa de 99% para
60%). A presenca da fosfina sulfonada permite uma maior reciclabilidade do catalisador
evitando perdas por lixiviagdo e mantendo altos valores de conversdo. De fato, conversodes
quase totais e seletividade em torno de 80% podem ser obtidas aumentando o tempo
reacional e ajustando a relacdo fosfina/Rh. A investigacdo da influéncia de parametros
reacionais mostra que o aumento da pressdo de gas diminui a conversdo de 1-octeno e a
seletividade em n-nonanal. O acréscimo de temperatura acarreta em um aumento na
conversao, enquanto que a seletividade aumenta na faixa entre 60-100 °C e decresce a
partir desta temperatura. Utilizando as melhores condi¢des reacionais (15 bar de gas, 100
°C e fosfina/Rh = 4), foram testados diferentes alcenos e meios reacionais (BMI.PFg,
BMI.PF¢/H,0, BMI.PF¢/PhMe, BMI.BF,;, H,O, PhMe). A maior relagao n/i (61) foi
observada na reacdo de hidroformilagdo de 1-deceno com a fosfina Sulfoxantphos em
BMILPFs. E esperado que as seletividades das reagdes de hidroformilagdo estejam
diretamente relacionadas a natureza do LI. Nota-se que os maiores valores foram
alcangados na presenga de um LI hidrofébico (BMI.PFs), sem a adi¢do de co-solventes. Ao

contrario do LI puro onde existe uma estrutura supramolecular organizada com interagdes
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fracas, a adicdo de outra molécula pode causar mudangas nesta organizacdo estrutural do
LI, criando nano-regides polares e apolares. Supde-se que estes efeitos ocasionem variagdes
nas miscibilidades parciais dos alcenos, gas e produtos formados na fase do LI.
Posteriormente, a reagdo de hidroformilacdo de 1-octeno catalisada pelo sistema
[Rh(acac)(CO),]/Sulfoxantphos em BMI.PFs foi acompanhada por analises de alta pressao
de IV ¢ RMN.P De forma similar como em solventes orginicos, os isdmeros
[(difosfina)Rh(CO),H] ee (fosfina na posicdo bis-equatorial) e ea (equatorial-axial) foram
detectadas em LI. Foi observado que a relagdo entre estas espécies ¢ dependente da
temperatura ¢ da pressdo do gas de sintese. O aumento da pressdo de gas desloca o
equilibrio para a formagao da espécie ea, a qual reduz a seletividade em aldeido, fato este

. 38
comprovado previamente™®,

/O
CO/H,
RMO + R

R _
[Rh(acac)(CO),]/fosfina
BMI.PF
R = CgHy2; CgHug; CioHa2; CioHae - . P, "‘| oc "‘|
[ RhcO = Rh—CO

fosfina = P” | = P” |
o CcO N_P
PPh, PPh, ee ea

R'=H; Xantphos
R'=SO3Na; Sulfoxantphos

Esquema 5. Reacgdo de hidroformilagdo de diferentes alcenos em LI utilizando o sistema [Rh(acac)(CO),] na

presenga do ligante Xantphos ou Sulfoxantphos (esquerda). Equilibrio entre as espécies de Rh formadas in
) [38,39]

situ na reagdo de hidroformilagdo de 1-octeno em BMI.PF¢ detectadas por IV ¢ RMN (direita

Investigagdes do uso de um LI imidazolio contendo anion octilsulfato
(BMI.CgH70803) como meio reacional para a hidroformilagdo de 1-octeno mostraram
bons resultados.!*”) Este LI, ao contrario de outros classicos como BMI.PFg, proporciona
um sistema monofasico na presenca de 1-octeno. O sistema homogéneo constituido de
BMI.CgH70S03, 1-octeno e do catalisador de Rh/fosfina apresentou atividade catalitica e
seletividade em aldeido linear superiores aos meios bifasicos (BMI.PFs e BMI.BF,).
Mesmo tornando um sistema bifasico pela adicdo de cicloexano como co-solvente, a

atividade para este sistema continua sendo maior que para os outros LIs (TOF = 892 e 862

11



h'! para BMI.CsH;0S03 ¢ BMI.CsH7,0S03 + CgHj,, respectivamente; TOF = 276 e 317
h™' para BMIL.PF; ¢ BMLBF,, respectivamente). Estes resultados estdo provavelmente
relacionados com a natureza do meio reacional, onde se espera que em meio homogéneo a
reacdo seja mais efetiva que em condigdes bifasicas.

Shreeve e Omotowa propuseram o uso de LIs altamente viscosos contendo cations
perfluorados na hidroformilagdo de 1-octeno.*) Um ligante piridinio contendo um grupo
fosfina foi investigado para a imobilizacdo do precursor de Rh durante a reacdo. Durante a
hidroformilagdo de 1-octeno na presenga dos LI perfluorados e da fosfina ionofilica (ver
Esquema 6) a 80 °C e 69 bar de CO/H; (1:1), conversdes quantitativas foram obtidas entre
14-19 h (dependendo do LI) com seletividades apenas em n-nonanal e 2-metiloctanal (sem
hidrogenacdo ou isomerizacdo do substrato). Nos experimentos de reciclo do sistema,
detectou-se apenas uma pequena diminui¢do nas atividades e seletividades, atribuidas

possivelmente pela lixiviagao de Rh (0,40-26,5 ppm).

CO/H, (69 bar)

NSNS - O
[Rh(acac)(CO),]/fosfina W
80°C, LI &

X
) i\ S~ ~_0 N O~ R
fosfina = thp/@\ L= F3C/¥N@N\ﬁo R’\'N@ \N(Q\Nr N@NI

N

“NTH, NTf, =
o

R = CF3, X = OTf
R=F, X = NTf,

D

Esquema 6. Reagdo de hidroformilagdo de 1-octeno catalisada por [Rh(acac)(CO),]/fosfina em LlIs

[41]

—_

perfluorados.

Williams e colaboradores focaram seus estudos na hidroformila¢ao de acetato de vinila
promovida por [Rh(acac)(CO),}/ligante em diferentes LIs.* O objetivo foi obter o
maximo de seletividade em 2-acetoxipropanal (produto iS0), uma vez que é um importante
intermediario na sintese do composto lactato de etila. Os LIs que mostraram maiores
atividades foram [BnEt;N]NTf, (BnEt;N = benziltrietilaménio) e BPy.NTf, (BPy = N-
butilpiridinio), os quais com valores de TOF cerca de duas vezes maior que para o tolueno.

Para todos os LIs testados verificou-se altas seletividades no aldeido ramificado (produto
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iS0). A maior seletividade (i:n > 99:1) foi observada utilizando o LI [MeOc;NINTf,
(MeOc3N = metiltrioctilamonio). De forma interessante, mostrou-se que a mistura de dois

LIs pode afetar positivamente a cinética da reagdo bem como a seletividade.

143501 5utros exemplos em LIs

[53]

Além das classicas reacdes de hidroformilagdo de alcenos
podem ser citados como sistemas em fluxo continuo" **, hidroformila¢des assimétricas
e reacdes alternativas empregando CO, ao invés de COPY. Informacdes mais detalhadas a
respeito de reagdes de hidroformilagdo em LIs podem ser encontradas em um review

publicado recentemente.**!
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2.3. H; como Fonte Limpa para Produc¢io de Energia

Embora o hidrogénio seja um dos elementos mais abundantes no planeta, apenas 1% se
apresenta como gas hidrogénio, sendo a grande maioria presente na composi¢do da agua e
de hidrocarbonetos. Devido as suas vantajosas propriedades, o H, surge como uma das
formas alternativas de energia mais interessantes. De fato, sua densidade de energia
gravimétrica ¢ de 33,3 kWh/kg, o qual corresponde cerca de trés vezes mais o valor obtido
para a gasolina (ver Tabela 1).°°) Entretanto, o H, gasoso apresenta densidade de energia
volumétrica em torno de 0,8 kWh/L a 350 bar, valor este considerado muito inferior quando
comparado ao da gasolina (9,5 kWh/L).*®) Em termos praticos, para suprir uma quantidade
de energia fornecida por 4,5 L de gasolina, necessita-se um volume de aproximadamente
3430 L de H, em condi¢des padrio de temperatura e pressdo.’”! Por exemplo, um
reservatorio de aco de 50 L com uma pressao de 300 bar contém apenas 1,36 kg de H,.
Considerando a massa do reservatorio de 90 kg, a densidade em massa de H, no sistema ¢
de apenas 1,5%. Este valor pode chegar a 5% em massa ao utilizar hidrogénio liquido, mas
neste caso com perdas diarias de até 1% devido a evaporagio.”*®!

Para fins de utilizagdo do H, em veiculos automotivos, necessita-se de reservatorios
compactos, leves e seguros.””) No caso de hidrogénio gasoso, altas pressdes de gas e um
alto volume sdo requeridos para se obter uma quantidade significativa de H, em
porcentagem massica. Uma alternativa visando o aumento na quantidade de H; vs volume,
seria a utilizagdo de hidrogénio liquido (d = 70,8 kg/m®). Entretanto, a necessidade de se
manter o sistema a baixissimas temperaturas (acima de -241°C o H; se torna gas) ¢ um
fator limitante. Além disso, a constante perda de hidrogénio por evaporacdo devido a
propria transferéncia de calor pelo reservatorio (presenca de exaustdo para evitar uma
pressdo excessiva de gas) € outro fator que ainda inviabiliza seu uso. Estes sdo os principais
fatores que desafiam futuras aplicacdes de H, como fonte energética.

O estudo para descobertas de materiais alternativos que armazenem hidrogénio de
forma segura e eficiente tem sido o foco de pesquisas recentes nesta area. A utilizacao de
solidos com grande area superficial para uma efetiva adsor¢do de H, ou materiais que
contenham o hidrogénio quimicamente ligado em sua estrutura molecular, estdo entre os
mais pesquisados. Dentre estes ultimos, a eletrolise da dgua, o uso de moléculas organicas

(acido formico, hidrocarbonetos), amino-boranas, metal hidretos e LIs sdo os sistemas mais
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estudados para a geracdo de H,. A seguir sera brevemente discutida a aplicacdo destes
materiais com alguns exemplos para facilitar a compreensdo da importancia de cada

sistema.

Tabela 1. Propriedades fisico-quimicas comparativas entre hidrogénio (H,), metano e petroleo™

Propriedades H, Metano Petréleo

Densidade energética (kWh/kg) 33,3 13,9 12,4
Temperatura de igni¢ao (°C) 585 540 228-501
Temperatura de chama (°C) 2.045  1.875 2.200

Propagacao da chama no ar (m/s) 2,65 0,4 0,4
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2.3.1. Eletrdlise da Agua

A eletrolise da dgua representa um processo possivel para a producao de H,. Através da
passagem de uma corrente elétrica, a molécula de dgua ¢ decomposta via um processo de
oxi-redu¢do em H; (formado no catodo) e O, (formado no anodo). Uma vez que a
condutividade da dgua pura ¢ praticamente nula, necessita-se de uma grande quantidade de
energia para realizar a eletrdlise. Para contornar este problema, geralmente se adiciona
algum eletrélito para aumentar a condugdo da corrente elétrica facilitando a eletrdlise.
Apesar de ser uma alternativa interessante para a producao de hidrogénio, a eletrolise da
agua necessita de grande quantidade energética, o que acarreta ainda em limitacdes para sua

aplicagao em células a combustivel.

16



2.3.2. Ambnia-Borana

Dentre os materiais recentemente utilizados como fonte de H,, destacam-se os
compostos denominados de amino-boranas. Em especial, amonia-borana (H;NBH;3) tem
sido muito investigada como alternativa para futuras aplicagdes em célula a combustivel. E
importante mencionar que o comportamento térmico deste composto foi primeiramente

591 Além de apresentarem alta

estudado no ano de 1978 por Hu, Geanangel e Wendlandt.
quantidade em massa de hidrogénio (19,6%), amonia-boranas cumprem requisitos
importantes como: nao-inflamaveis e nao-explosivos em condi¢des padrao, os quais a torna
um bom material candidato a ser testado em células a combustivel.”® Apesar de todas estas
vantagens, um grande desafio diz respeito a regeneragdo da amonia-borana apds a
desidrogenacdo. Ao ser liberado os 3 equivalentes molares de H, ocorre a formacdo de
nitretos de boro (B-N), os quais sdo muito estaveis entalpicamente (AH® 29sx = -59,97 +
0,37 kcal/mol)[60] para serem transformados novamente em H;NBH;. Por este motivo,
intensifica-se estudos a cerca de uma liberacdo de H; rdpida e controlada (~13% em massa)
a fim de se evitar ao maximo a formacao de sub-produtos (amonia e borazina, por exemplo)
de dificil regeneracdo e que também podem danificar a célula a combustivel, restringindo
seu uso em testes futuros.

A decomposicdo de amodnia-borana pode ser resumida basicamente em trés etapas

(Tabela 2).

Tabela 2. Etapas da decomposi¢cdo de amonia-borana com os respectivos valores calculados de entalpia de

reacdo em fase gasosa a 298K

Etapas AH de reac¢io (kJ/mol) em fase gasosa
calculados a 298K°"
HNBH; —— = H,NBH, + H, (1) 21,3
H,NBH, —————— HNBH + H, (2) 131,4
HNBH —— = BN + H, (3) 562,1

E possivel verificar que a primeira etapa da decomposi¢do ¢ um processo exotérmico
onde se conclui que a liberagcdo de H, ¢ favorecida, uma vez que a contribui¢ao entropica ¢

sempre positiva. Entretanto, as etapas 2 ¢ 3 mostram valores de entalpia significativamente
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positivos, indicando que altas temperaturas devem ser empregadas no processo,
principalmente na ultima etapa onde a liberagio da molécula de H, ocorre a T>1200 °CP%,
Um dos grandes desafios neste caso ¢ a identificacdo dos intermediarios das etapas durante
a desidrogenacdo de amonia-borana. De forma geral, pode ocorrer a formagdo de
compostos ciclicos e poliméricos tais como: poliaminoboranas (H,NBH))y,
poliiminoboranas  (HNBH)x, borazina  (B3;N3Hg), ciclotriborazona  (H,NBH,);,
poliborazilenos (B3;N3Hg)y, entre outros.

Informacdes mais detalhadas a respeito de aspectos estruturais, propriedades fisico-
quimicas e reatividade destes compostos podem ser encontrados em recentes reviews

56.62] A

publicados na literatura.! seguir serdo mostrados apenas alguns trabalhos a fim de

exemplificar o uso de amonia-boranas como fontes de Hy.
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2.3.2.1. Amodnia-Borana em LI: Melhor Desempenho na Liberacéo de H,

Sneddon e colaboradores demonstraram que o desempenho na decomposi¢cdo de
amoOnia-borana na presen¢a de LI aumenta de forma signiﬁcativa.[63] Os testes cataliticos
foram realizados em temperaturas de 85-95 °C. Primeiramente testou-se a decomposi¢do da
amonia-borana em estado so6lido e, posteriormente, comparou-se os resultados com os
obtidos a partir de uma mistura de amonia-borana/BMI.CI nas mesmas condigdes
reacionais. A Figura 1 mostra os equivalentes molares de H, liberados em fung¢do do tempo
para os dois sistemas. Para o sistema contendo apenas H3;NBHj3;, em 3 h a 95 °C uma
quantidade de 0,8 equivalentes molares de H, foram liberados e somente apds 17 h obteve-
se 0,9 equivalentes molares de H,. Além disso, percebe-se que durante 1 h praticamente
nao houve reagdo. Entretanto, quando a mistura HsNBH3/BMI.CI ¢ aquecida a 85 °C, cerca
de 0,5 equivalentes molares de gas sdo liberados em 1 h de reagdo, sem periodo de indugao.
Neste mesmo tempo reacional, a 95 °C percebe-se a formagao de 1,1 equivalentes molares
H,. Ap6s 22 h de reagdo chega-se a 1,6 equivalentes molares, valor bastante superior

quando comparado ao sistema contendo apenas H;NBH3.

1.0 {E:l F——% —— =
T f**"’?‘rd
2_ 05 / ;-f': —=—B5 "C
i} ,/J} zf —k— 85 "
/
ookt s
0 1 3 16 17 48 &7
Tirme [h]
' *
15- (B) g
/ e
. |
~ */ __,_,_,-J-""'.F_—'_'_—F.
T -
° / —a—85°C
0 ——30°C
—k—85°C
3 & 2

Time [h]

Figura 1. Decomposi¢do de H;NBH; a) em estado solido e b) na presenca de BMI.CI a diferentes

temperaturas. Reproduzido com permissio da referéncia [*! (American Chemical Society).
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Experimentos de RMN ''B mostram que em 1 h de reagio apenas o sinal da aménia-
borana ¢ verificado em -22,4 ppm, ao contrario da reagdo na presenca de BMI.CI onde
vérios sinais foram observados (Figura 2). E interessante notar que os espectros em 19 h da

reacdo com H3NBHj; e o de 3 h para a mistura HsNBH3/BMI.CI sdo bastante similares.
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Figura 2. (Esquerda) Analises de RMN "B dos residuos das reagdes: (a, b, ¢) em estado sélido, H;NBH3, e
(d, e, f) da mistura H;NBH;/BMI.Cl. Em verde o sinal da amonia-borana, laranja BH, , roxo BH,", azul
poliaminoborana, amarelo B=N. (Direita) Calculos tedricos dos deslocamentos quimicos no espectro de RMN
"B dos possiveis compostos provenientes da reagdo de decomposi¢do. Reproduzido com permissio da

referéncia [’ (American Chemical Society).

Estudos prévios®!

mostraram que o composto diamoniato de diborana
[(NH;),BH,] BH,4 apresenta sinais proximos a -38 ppm (BH; ") e -14 ppm (BH,"), os quais
concordam relativamente bem com os indicados acima. Além disso, sinais propostos ao
grupo BH, de poliaminoboranas (I) ou cicloborazonas (-10 a -13 ppm)'**!, bem como os
sinais proximos a -5 e -25 ppm relativos aos grupos N-BH-N e BH; terminal (II),
respectivamente. O sinal em torno de 30 ppm no espectro pode ser atribuido aos grupos
B=N ou B=NH, provenientes da desidrogenacdo de espécies poliaminoboranas, os quais
estdo de acordo pelas simulacdes para a espécie III. Os autores sugerem neste caso que,

devido & habilidade dos LIs na estabiliza¢io de estados de transi¢do idnicos/polares,’') o

\

efeito ativador do LI pode estar associado a uma possivel indugdo na formagdo e
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estabilizacio da espécie idnica [(NH3),BH,]'BH,; (esta espécie também pode formar
poliaminoboranas sob aquecimento)'®®, a qual ja é formada em apenas 1 h de reaco na

presenca do LI.
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2.3.2.2. Decomposicao de Amonia-Borana Catalisada por Metal de Transi¢ao

Um exemplo que demonstra uma efetiva decomposi¢do de amodnia-borana catalisada
por metais de transi¢do foi publicado por Baker e colaboradores.'*” Utilizando um
complexo de Ni-NHC (NHC = N-heterocyclic carbenes) gerado in situ, quantidades
bastante expressivas de H, (>2,5 equivalentes molares; 18% em massa) foram gerados a
partir de H3;NBH;. Este sistema catalitico ¢, sem duvida, um dos mais eficientes
desenvolvidos até o momento.

A mistura de uma solugdo de C¢Ds contendo o complexo de Ni/ligante ([Ni(COD),],
COD = 1,5-ciclooctadieno, + 2 equivalentes molares do ligante 1,3,4-trifenil-4,5-diidro-1H-
1,2,4-triazol-5-ilideno) com outra contendo a amdnia-borana (10 equivalentes molares) a 60
°C produz H, imediatamente, sendo que apds 4 h de reagdo, cerca de 2,5 equivalentes

molares de H; sdo liberados (Esquema 7).

Ph

\
N—
_ - N=N 10 H3NBH;
[Ni(COD),] + 2 < /‘K > H, + sub-produtos
N 4h, 60 °C
; Ph I
PH C¢Dg ou diglime

Esquema 7. Decomposi¢io de aménia-borana catalisada pelo complexo Ni-NHC gerado in situ.!”

Como sub-produtos majoritarios, os sinais entre 18-40 ppm no espectro de RMN ''B
foram atribuidos as espécies B-N derivadas de unidades de borazina. Testes cataliticos
empregando diferentes ligantes carbenos foram realizados, porém o carbeno de Enders
(1,3,4-trifeni1—4,5-diidro-lH-1,2,4-triazol-5-ilideno)[68] apresentou  resultados  muito
superiores. Outros complexos metalicos, como [RuCl,(p-cimeno)], e [RhCI(COE);], (COE
= cis-cicloocteno) também foram testados na presenga do carbeno de Enders. Entretanto, o
catalisador de Ni apresentou atividade catalitica bastante superior aos catalisadores de Ru e
Rh. Efeitos isotopicos foram evidenciados na decomposi¢do de H;NBDs (1,7), D;NBH;
(2,3) e DsNBD; (3,0) catalisadas pelo complexo de Ni-NHC, sugerindo que as ligagdes N-
H e B-H estdo sendo quebradas na etapa determinante da velocidade reacional. Um

mecanismo baseado nas etapas de ativagdo B-H seguido de eliminagdo-f da ligagdo N-H
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foi proposto, implicando em constantes de velocidade similares devido aos efeitos

isotopicos observados (Esquema 8).

Adigéo H o .
H Oxidativa \ Eliminag&o-p
M—] ——="%» M-BH,NH; ——————> M+ H,+ H,N-BH,
BH, K, K

\
NH;

Esquema 8. Proposta mecanistica para a decomposicdo catalitica de H;NBH;.!*”!

Apesar de algumas etapas mecanisticas estarem ainda sendo discutidas,”®’ Hall e

Yang[70]

propuseram um mecanismo para a reagdo desenvolvida por Baker. Através de
estudos computacionais, primeiramente ¢ proposto uma transferéncia protonica do grupo
NH; para o ligante carbeno seguido de uma ativacdo C-H (carbeno) pelo metal com
posterior formagdo e liberacdo de H, (Esquema 9). Neste estudo, os autores calcularam a
energia relativa para a espécie [H-Ni(NHC),(H,BNH3)] formada pela ativacao da ligagao
B-H (proposto por Baker). Pelos calculos, encontra-se uma entalpia em fase gasosa cerca
de 6,8 kcal/mol maior comparado a etapa de transferéncia protonica (2 — TS,3, Esquema
9). Portanto, descarta-se uma primeira etapa como ativagdo B-H, mas sim uma
transferéncia de préton entre NHj e o ligante carbeno. Este mecanismo, segundo os autores,
explica a importincia do ligante carbeno na reacdo de decomposicdo da amonia-borana e
provem barreiras energéticas menores comparadas a0 mecanismo via ativacdo B-H-Ni ou
N-H-Ni.

Além de amino-boranas, compostos similares denominados de amido-boranas
(MNH;BH3;, M = Li, Na, K) tem sido utilizados como fontes de H,. Mais detalhes a
respeito da capacidade de armazenamento (% massa de H») e reatividade desta classe de

compostos frente a liberacdo de H, podem ser encontrados na literatura.”": 7!
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Esquema 9. Mecanismo proposto por calculos teoricos para a decomposicdo da amonia-borana catalisada

pelo complexo [Ni(NHC),] (NHC = carbeno de Enders). Reproduzido com permissdo da referéncia

[70]
(American Chemical Society).
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2.3.3. Hidretos Metalicos

Dentre os materiais alternativos desenvolvidos para uma segura e eficiente
estocagem/liberacdo de H,, a classe denominada de metal-hidreto apresenta grande
potencial para futuras aplicacdes em células a combustivel. Isto se deve, principalmente,
pela alta densidade de hidrogénio armazenado (6,5 atomos de H/cm® para MgH,) por estes
materiais quando comparado ao gas hidrogénio (0,99 atomos H/cm®) e até mesmo ao

I'E importante citar que boro-hidretos

hidrogénio liquido (4,2 atomos de H/cm®).”?
metédlicos também podem apresentar alta capacidade de armazenamento de hidrogénio.
Para o caso de LiBHj4, chega-se a uma quantidade de até 18,5% em massa de hidrogénio,
valor este superior ao encontrado para a gasolina (15,8% em massa). Porém para a maioria
dos hidretos metalicos conhecidos, algumas limitagdes ainda precisam ser contornadas:
condi¢do termodinamica ndo-favoravel (alta temperatura para a liberagdo de Hj), baixas
velocidades de liberagdo de H,, dificuldade de regeneragdo a baixas temperatura e pressao e
formacgao de sub-produtos indesejaveis.

Apesar de conter 7,6% em massa de hidrogénio, a formacdo de MgH, a partir de Mg
bulk e gas hidrogénio ¢ bastante lenta.””! Portanto, formas alternativas de hidretos
metalicos devem ser desenvolvidas para evitar tais limitagdes. Por exemplo, o uso de ligas
de Mg antes da formag¢do do hidreto seria uma opgdo. O composto Mg:Ni gera o hidreto
Mg,NiH4 que contém em torno de 3,6% em massa de hidrogénio. Apesar de sua rapida
formagao, este hidreto metalico necessita de 280 °C para liberar 1 bar de H,. Para hidretos
metalicos com baixa cinética de formagdo (ex: MgH,), uma maneira alternativa seria a
sintese a partir da reagdo de ligas metalicas mais reativas com gas hidrogénio formando
como produto o hidreto metélico de interesse. A fins de exemplo, o composto Mg,Cu reage
facilmente com H, produzindo MgH, e MgCu,.P”!

O grande atrativo recente desta classe de materiais sao as misturas binarias que, quando
comparado aos compostos simples que a constituem, apresentam melhoras significativas
nas condi¢des termodindmicas, alta pureza de H, e, em certos casos, reversibilidade. Pode-
se citar misturas como LiNHz/MgHz,m] LiBH4/MgH2[75] e LiNH,/LiBH,"® Entretanto,
algumas desvantagens destes sistemas ainda devem ser consideradas: a temperatura de

dessor¢do ainda ¢ alta para fins de aplicacdo, em alguns casos a reacdo ¢ irreversivel, para

os sistemas contendo nitrogénio ocorre a liberagdo de NH3 juntamente com H,.
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Neste contexto, Yang e colaboradores desenvolveram um sistema baseado em uma
mistura contendo trés hidretos metalicos (2LiNH,/LiBH4/MgH;; 8,2% em massa de
hidrogénio).””! A grande vantagem deste sistema foi a existéncia de uma reagio auto-
catalitica resultando em uma cinética mais rapida e menor temperatura de liberagdo de H,

comparado aos sistemas binarios (Figura 3). Além disso, a quantidade de amonia liberada

neste caso ¢ praticamente nula.
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Figura 3. a) Comparacéo entre os perfis de liberacdo de H, do sistema desenvolvido pelo grupo de Yang e
outras misturas; b) diagrama terndrio mostrando a composi¢cdo do presente sistema. Reproduzido com

permissio da referéncia " (Wiley-VCH Verlag GmbH & Co. KGaA).

A reversibilidade do processo também foi investigada. Constatou-se que o material se
mantém ativo mesmo apds 5 ciclos a 160 °C, liberando cerca de 3% em massa de H, em 20

min na primeira reagdo (Figura 4a). Os testes a diferentes temperaturas (140-180 °C)
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mostram que o sistema ¢é capaz de liberar mais de 2,5% em tempos de 10 min a 180 °C e
2,5 h a 140 °C (Figura 4b). A quantidade restante de hidrogénio pode ser liberada a
temperaturas superiores (260-320 °C) chegando ao total de 8,2% de H, (Figura 5).
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Figura 4. a) Testes de reciclos para o sistema 2LiNH,/LiBH,/MgH, a 160 °C e 1 bar (para regeneragdo o
sistema foi mantido a 160 °C e 100 bar de H,); b) testes de desidrogenagdo a diferentes temperaturas (140-

180 °C). Reproduzido com permissdo da referéncia " (Wiley-VCH Verlag GmbH & Co. KGaA).

320°C 260°C

Hydrogen Desorbed/wt%

0.2 0.5 1 2 3 4 58 810 14

Figura 5. Testes de desidrogenagdo isotérmicos utilizando o sistema 2LiNH,/LiBH4/MgH,. Reproduzido com

permissdo da referéncia "”! (Wiley-VCH Verlag GmbH & Co. KGaA).

Para uma melhor compreensdo da composi¢ao € as espécies responsaveis pela liberacao

de H; no sistema, realizou-se analises de TPD/MS (TPD/MS = temperature-programmed-

27



desorption mass spectrometry), difracdo de raio-X (DRX) e infravermelho (IV). Por
TPD/MS verificou-se a existéncia de sinais em 180, 190 (sobreposto), 310 e 560 °C.
Através dos sinais de geragdo de H, (TPD/MS) bem como das composi¢des das fases
(DRX e 1V), os autores sugerem varias etapas de reacdo envolvendo diferentes espécies as
quais sao formadas e consumidas durante o processo (Figura 6). Primeiramente, os hidretos
LiNH; e LiBH4 reagem formando a espécie LiuBN3H;o, a qual posteriormente interage com
MgH, gerando Mg(NH;), e LiH. Portanto a composi¢do inicial pode ser atribuida as
espécies LisBN3H;o, LiBHs, MgH,, Mg(NH;), e LiH. Apos aquecimento, mas antes da
liberagdo de H,, ocorre a formagdo de mais espécie Mg(NH;), de acordo com a reagdo 1
(ver Figura 6).

A partir da temperatura de 100 °C, ocorre a fusdo do hidreto Li4BN3;H;( que reage com
MgH; produzindo Li,Mg(NH),, LiBH4 e liberando H, (sinal em 180 °C, TPD/MS) através
da reacdo 2. Esta etapa 2, segundo os autores, serve para catalisar a rea¢do reversivel 3
entre Mg(NH;), e LiH gerando outra quantidade de H, (sinal sobreposto em 190-230 °C,
TPD/MS). Neste ponto convém mencionar que os autores denominam de sistema auto-
catalitico uma vez que a etapa 2 pré-forma a espécie Li,Mg(NH), para a posterior etapa 3,
aumentando as propriedades cinéticas do processo.

Aumentando ainda mais a temperatura, a reagdo segue pela etapa 4 onde Li,Mg(NH),
reage com LiBH,4 formando Li3BN;, Mg;N,, LiH e hidrogénio (sinal em 310 °C, TPD/MS).
Para um aquecimento acima de 350 °C, ¢ proposto que as espécies LisBN, e MgzN,
interajam com o remanescente LiBH4 produzindo LiMgBN; tetragonal e a ndo determinada
fase X (etapa 5) que ap6s mais aquecimento se transforma completamente em LiMgBN,;
tetragonal (etapa 6). Por fim, a etapa 7 mostra a decomposi¢do de LiH gerando uma

liberagdo adicional de 2,1% de H; (sinal em 560 °C, TPD/MS).
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Figura 6. Etapas reacionais propostas para a geragdo de H, a partir do sistema 2LiNH,/LiBHs/MgH,. A

esquerda mostra-se o grafico obtido pela anélise de TPD/MS. Reproduzido com permissio da referéncia !”!

(Wiley-VCH Verlag GmbH & Co. KGaA).

Desta forma demonstrou-se que a liberagio de H,; a partir da mistura
2LiNH,/LiBH4/MgH, nao segue pela simples superposicdo das etapas dos sistemas
constituintes. Sugerem-se etapas via um mecanismo auto-catalitico onde a formagdo de
uma fase i0nica liquida e um nucleo gerado para uma reagao reversivel posterior aumenta a
cinética do processo, diminui a temperatura de desidrogenagdo e torna nula a liberacao de
amonia quando comparado as respectivas misturas bindrias.

Mais detalhes a respeito da sintese e propriedades de hidretos metalicos podem ser

encontrados na literatura.”!
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2.3.4. Liquidos I6nicos
2.3.4.1. Liquidos l16nicos Imidazélios

A primeira aplicacdo utilizando LIs como materiais para o armazenamento e liberagdo
de H, foi apresentada por Dupont e colaboradores.”™ Neste trabalho desenvolveu-se
primeiramente a sintese de sais derivados de N-bis(trifluorometanosulfonil)imida de 1-
alquil(aril)-3-metilimidazélio. Além de apresentarem propriedades atrativas ja bem
conhecidas de LIs como: baixa pressdo de vapor, estabilidade térmica e ndo-inflamaveis,
estes sais podem adicionar reversivelmente entre 6-12 4&tomos de hidrogénio na presenca de
Pd/C (5%). O procedimento de sintese destes LIs foi baseado em um método previamente
descrito na literatura.’” Este processo consiste em uma etapa de alquilagdo entre 1-
metilimidazol e alquil-metanosulfonatos produzindo 1. Em seguida, fez-se troca anidnica
utilizando LiNTf, para gerar compostos do tipo 2 e, finalmente, um processo de

hidrogenacao catalitica fornece os correspondentes sais de imidazolio 3 (Esquema 10).

R
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X = NTf,, PFg, BF,

R
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Esquema 10. Etapas reacionais da preparago dos sais de imidazolio 1, 2 ¢ 3.7

Convém mencionar que compostos similares aos sais de imidazolio 2 ja foram descritos

80821 Og LIs contendo um grupamento cicloexila ligado ao cation imidazoélio

previamente.!
(3) podem ser utilizados como materiais alternativos para o armazenamento e liberacao de
H,. Além disso, devido as suas vantajosas propriedades fisico-quimicas, estes materiais
apresentam potencial aplicacdo em veiculos automotivos. Entretanto, a estabilidade dos LIs

2 ¢ 3 frente as reagdes de hidrogenagao/desidrogenacdo depende da natureza do cation e
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anion do LI. Por exemplo, os LIs 2 contendo um grupo benzila (n = 0) ligado ao cation ou
anions PF¢ e BF4, quando submetidos a reacdo de hidrogenacdo na presenga de
catalisadores cléassicos (Rh/C (5%), Pd/C (5%)), demonstram certa instabilidade e
decompdem-se em uma mistura de produtos. Por outro lado, LIs contendo um maior
espacamento entre o grupo arila e o cation imidazolio (n = 1, 2) e anion NTT; apresentaram
resultados mais satisfatorios. Apesar do requerimento de um longo tempo reacional (100 h)
para total conversdo nos correspondentes LIs 3, o processo de hidrogenagao catalitico foi
realizado de forma efetiva na faixa de temperatura entre 70-90 °C e pressdo de gas
hidrogénio 35-50 bar. Dentre os diversos catalisadores suportados testados, Pd/C (5%)

mostrou os melhores resultados nesta etapa (Figura 7).
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Figura 7. Hidrogenacdo dos LlIs 2: (o) Ph(CH,);MI.NTf, a 70 °C e (m)Ph,(CH)(CH,)MILNTY, a 90 °C na
presenca de 50 bar de H, e Pd/C (5%). Ll/catalisador = 100/1 em massa. Reproduzido com permissdo da

referéncia "*) (American Chemical Society).

Posteriormente, os sistemas contendo o LI 3 (pré-formado) e o catalisador foram
testados em reagdes de desidrogenacao. Foi observado que a conducdo desta reagdo sob
atmosfera inerte ¢ de fundamental importancia para evitar a decomposicao do LI. A geracao
de hidrogénio molecular para os compostos 3 inicia-se em torno de 230 °C, atingindo o
maximo de conversdo em 300 °C (Figura 8). Acima desta temperatura, observou-se uma

significativa decomposi¢ao da mistura reacional.
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Figura 8. Desidrogenacdo dos LIs 3: (o) Cy(CH,);MLNTTf, e (m) Cy,(CH)(CH,)MI.NTTf, na presenga de Pd/C
(5%). Ll/catalisador = 100/1 em massa. Reproduzido com permissio da referéncia I"® (American Chemical

Society).

Os LIs 2 resultantes do processo de desidrogenagao podem ser facilmente hidrogenados
novamente aos correspondentes 3 fechando um ciclo de hidrogenagdo/desidrogenagao.
Demonstrou-se assim que as combinagdes dos sais de imidazdlio contendo um grupo
cicloexila (3) com o catalisador classico Pd/C (5%) podem adicionar reversivelmente 6-12
atomos de hidrogénio por par i6nico (1,2% em massa de hidrogénio para Cy(CH);MIL.NTf,
e 2,2% em massa para Cy,(CH)(CH,)MIL.NTTf,), constituindo-se em materiais alternativos
para dispositivos de estocagem quimica de hidrogénio (Esquema 11). Apenas para motivos
de comparagdo, o sal Cy,(CH)(CH,)MLNTT, contém incorporados, a temperatura e a
pressdo ambiente, cerca de 30 g.L™' de hidrogénio, o qual é o dobro do que se obtém na

pratica industrial de compressdo de hidrogénio (15 g.L ™" a 350 bar).
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Esquema 11. Modelo mostrando as etapas de hidrogenacdo dos LIs 2 a 3 e desidrogenacdo de 3 a 2 na

presenca de Pd/C (5%). Sugere-se que os LIs 3 possam atuar como “reservatorio de H,”.l"™"!
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2.3.4.2. Liquidos Iénicos Baseados no Cation Guanidinio

Um recente trabalho desenvolvido por Rieger e colaboradores evidencia uma potencial
aplicabilidade de LIs guanidinios como agentes de estocagem/liberacdo de hidrogénio
molecular.®®! Como exemplo, borohidreto de metilguanidinio (1) foi utilizado como fonte
de H; a partir de sua decomposi¢do térmica ou catalitica. Uma vez que este LI apresenta
cerca de 9% em massa de hidrogénio capaz de ser liberado (4 equivalentes molares de
H,/molécula de LI), este se torna um sistema bastante promissor tendo em vista sua alta
capacidade de armazenamento de hidrogénio. Os testes cataliticos de desidrogenagdo foram
conduzidos utilizando diglime como solvente na presenca do complexo de Wilkinson
[RhCI(PPh;)3] ou [FeCl,]. Um experimento testando apenas a decomposi¢do térmica do LI
1 também foi realizada. A Figura 9 mostra o perfil de liberagdo de H, vs tempo para cada

reacao.
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Figura 9. Decomposiggo catalitica do LI 1 a 75 °C na presenca de (¢) [RhCI(PPh;);] (1 mol%), (A) [FeCl,]

(1 mol%) ou (m) decomposigdo térmica. Reproduzido com permissdo da referéncia ! (Wiley-VCH Verlag
GmbH & Co. KGaA).

Nota-se que o melhor desempenho foi obtido utilizando o complexo de Wilkinson, onde

2,9 equivalentes molares de H, foram liberados em apenas 50 min de reagdo. Resultados
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muito similares foram encontrados utilizando [FeCl,] ou através de decomposi¢ao térmica.
Na presenga de [FeCl;], observou-se a liberagdo de 2,4 equivalentes molares de H,,
enquanto que via decomposicao térmica obteve-se 2,3 equivalentes molares de H,. Para fins
comparativos, demonstrou-se também a aplicacdo do sal boro-hidreto de guanidinio (2)
como fonte de H,, o qual apresenta 10,7% em massa de hidrogénio com potencial a ser
liberado. Neste caso, o complexo de Wilkinson mostrou uma atividade catalitica bastante
superior quando comparado ao [FeCl,]. De fato, quantidades de 3,9 equivalentes molares
de H; (10,3% massa) foram produzidas quando da utilizacdo de [RhCI(PPhs);] e apenas 2,0
equivalentes molares (5,3% massa) com [FeCl,]. Portanto, quantidades significativas de gas
hidrogénio podem ser geradas a partir da decomposicao catalitica do sal 2 dissolvido em
diglime a 75 °C.

Entretanto, tanto para a decomposicdo utilizando o LI 1 como para o sal 2, verifica-se a
formacgao de um precipitado ao longo da reacdo. Este precipitado ¢ constituido basicamente
por compostos contendo ligagdes B-N. Para evidenciar e sugerir as estruturas destes sub-
produtos, analisou-se as amostras pela técnica de RMN "B de estado sélido. Além disso,
calculos tedricos de Ab Initio foram desenvolvidos para estimar os deslocamentos quimicos
das espécies nos espectros de RMN ''B. Devido a simplicidade nos célculos, melhor
intensidade dos sinais ¢ o minimo efeito propiciado pelo grupo metila (LI 1) nos
deslocamentos quimicos observados no RMN ''B, a reaco de decomposicio do sal 2 foi
escolhida como sistema a ser analisado, tornando-se possiveis conclusdes similares a reacao
com o LI 1. As analises de RMN ''B do precipitado proveniente da reagio de
decomposicao catalitica ou térmica do sal 2 indicaram dois sinais mais intensos em 6 = -4
ppm (sobreposi¢do de sinal em -8 ppm) e -39 ppm. E possivel a percepcio de sinais pouco
intensos em & = 9, -16 e -28 ppm (Figura 10). Deslocamentos quimicos similares foram
observados para a amostra proveniente da reagdo de decomposicao do LI 1.

Através do auxilio de calculos tedricos, o sinal em 6 = -39 ppm foi atribuido ao BH4~
residual (sal que ndo reagiu) e em 6 = -4 ppm a um composto tetravalente de B-N (Figura
11¢). De fato, os deslocamentos quimicos calculados para o espectro de RMN ''B mostram
que os valores variam dependendo do nimero de dtomos de N coordenados ao atomo de

boro (6 = -8,5 ppm para 2N; -6,0 ppm para 3N ¢ -3,5 ppm para 4N).
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Figura 10. Analises de RMN ''B de estado s6lido do precipitado formado durante a desidrogenacio catalitica
do sal 2 com [RhCI(PPh;);] (0,1 mol%), [FeCl,] (2 mol%) a 75 °C ou apenas por decomposi¢ao térmica (75
°C). Reproduzido com permissio da referéncia ! (Wiley-VCH Verlag GmbH & Co. KGaA).
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Figura 11. Espécies propostas para a composi¢cdo do soélido formado apods a decomposi¢do do sal 2. Os

deslocamentos quimicos calculados para o espectro de RMN ''B sdo mostrados abaixo de cada estrutura.’*’)

Pela grande capacidade de armazenamento em massa de hidrogénio e facilidade de
liberacao (condi¢des amenas de reagdo), pode-se considerar que o LI 1 e o sal 2 possam ser

materiais alternativos para futuras aplicagdes no que se refere a estocagem/liberacao de Ho.
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2.3.5. Hidrocarbonetos

A geracdo de hidrogénio através da decomposicdo de hidrocarbonetos utilizando
catalisadores suportados foi demonstrada por Huffman e colaboradores.®™ *! Por exemplo,
uma eficiente decomposicao de cicloexano e metil-cicloexano foi observada na presenca de
0,1-1% Pt suportado em nanotubos de carbono (CNT).* Para a reagdio com cicloexano,
detectou-se a formagdo de hidrogénio e benzeno enquanto que no caso da decomposi¢do de
metil-cicloexano, hidrogénio e tolueno foram os produtos gerados. A Figura 12 mostra o
desempenho dos diferentes catalisadores testados nas reagdes de decomposicao de

cicloexano e metil-cicloexano.
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Figura 12. Concentracdo de H, durante a decomposi¢ao de cicloexano (esquerda) e metil-cicloexano (direita)
a 315 °C utilizando diferentes catalisadores suportados. Reproduzido com permissio da referéncia ™!

(American Chemical Society).

E possivel notar que, para os dois substratos, as atividades do catalisador 0,25% Pt
suportado em nanotubos de carbono sdao similares as observadas para o catalisador
comercial 1% Pt/Al,Os. Entretanto, observou-se que o catalisador contendo 0,1% Pt/CNT
demonstrou uma maior eficiéncia na produ¢do de H, por 4tomo metdlico (Turnover
number, TON).

Catalisadores binarios de Fe-M (M = Pd, Mo, Ni) suportados em alumina apresentaram

A . ~ e - 85, 86
alta eficiéncia na desidrogenagio catalitica de etano, propano e cicloexano.™ ¢

Apenas
hidrogénio e metano foram detectados durante a decomposicdo de etano e propano na
presenca dos diferentes catalisadores binarios.®™ Nao se verificou a presenca de eteno,

propeno, agua ou 6xidos de carbono no sistema. Segundo os autores, apds uma pré-reducao
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a 700 °C, os trés tipos de catalisadores mostraram uma diminui¢do na temperatura de
decomposi¢cdo comparada ao suporte (Al,Os3) e ao catalisador monometalico de Fe/Al,Os.
Além disso, observou-se via andlises de microscopia eletronica de transmissdo (MET) a
deposi¢do de carbono em duas formas diferentes, as quais dependem da temperatura.
Abaixo de 500 °C o carbono ¢ depositado na forma de nanofibras e acima de 600 °C como
nanotubos multi-camadas. A seguir ¢ mostrada as atividades cataliticas dos diferentes

catalisadores na decomposi¢do de etano e propano (Figura 13).
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Figura 13. Decomposicao catalitica de etano (esquerda) a 500 °C e propano (direita) a 475 °C na presenga de
diferentes catalisadores bimetalicos (pré-redugdo a 700 °C). Reproduzido com permissio da referéncia *

(American Chemical Society).

A decomposicdo de cicloexano também foi testada na presenca de catalisadores

bimetalicos.*®

I Neste caso observa-se apenas a formagio de H,, metano e benzeno (Figura
14, esquerda). Além disso, analises de MET confirmam a presenca de nanofibras de
carbono proveniente da decomposi¢do do metano (CHs — 2H; + C). A uma temperatura
maior (625 °C) sugere-se uma desativacao do catalisador por volta de 1,5 h com a formacao
de espécies C2 e C3 proveniente da polimerizacdo do metano (Figura 14, direita). A

presenca de nanotubos e nanofibras de carbono também foi verificada (MET) nesta

temperatura.
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Figura 14. Distribui¢io dos produtos durante a decomposicdo de cicloexano a 475 °C (esquerda) e 625 °C

(direita) na presenca do catalisador 0,5%Pd-4,5%Fe/Al,Os. Reproduzido com permissio da referéncia (*

(Elsevier).

Outro exemplo do uso de hidrocarbonetos como fonte de H, ¢ a desidrogenagdo
catalitica de isopentano promovida por catalisadores de iridio."®” Neste estudo, Bohmer e
Alt utilizaram diferentes catalisadores de Ir suportados em silica. Ao longo dos
experimentos percebeu-se uma grande influéncia da presenca de fosfinas na atividade
catalitica. Ao aumentar o numero de ligantes fosfinas, aumentava a conversdo de
isopentano (Figura 15, esquerda). De fato, a simples adicdo de 4 equivalentes molares de
trifenilfosfina acarretou em uma consideravel melhora na atividade do complexo [HaIrCle]

suportado em silica (Figura 15, direita).
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Figura 15. Efeito do numero de ligantes fosfina na desidrogenacdo de isopentano utilizando diferentes
catalisadores de Ir suportados em silica a 400 °C (esquerda). Aumento significativo da atividade do sistema
[H,IrClg]/SiO, na presenga de 4 equivalentes molares de PPh; (direita). Reproduzido com permissdo da

referéncia *” (Wiley-VCH Verlag GmbH & Co. KGaA).
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Para fins comparativos, utilizou-se o complexo [Ir(COD),]|BF, suportado em silica na
auséncia de fosfina, com 4 e 8 equivalentes molares de PPh;. Além disso, testou-se a
atividade do mesmo complexo de Ir suportado em silica funcionalizada contendo

grupamento fosfina. Os resultados sdo mostrados na Figura 16.
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Figura 16. Desidrogenagdo de isopentano utilizando o sistema [Irf(COD),]BF,/SiO, na presenca ou nio de

fosfina. Reproduzido com permissio da referéncia *”! (Wiley-VCH Verlag GmbH & Co. KGaA).

Através da detecgdo de saida de grupos fenila do catalisador para os produtos da reacao,
os autores sugerem que a perda de grupos fenila ¢ importante para a formacdo de uma
espécie mais ativa. Ainda, segundo eles, é provavel que espécies do tipo Ir-fosfito, Ir-P
“cage” ou nanoclusters sejam responsaveis pela atividade catalitica observada.

Portanto, hidrocarbonetos surgem como uma possivel alternativa para a estocagem e
liberagdo de H,. Por exemplo, cicloexano apresenta uma capacidade de poder gerar,
reversivelmente, até seis atomos de hidrogénio (7,1% em massa). Entretanto, para
hidrocarbonetos liquidos algumas desvantagens para a utilizagdo em células a combustivel
seriam: volatilidade, inflamabilidade e baixa densidade (reflete em pouca quantidade de

Hy/volume).
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2.3.6. Acido Férmico

Nos ultimos anos, a decomposicdo de acido férmico (AF) ¢ uma das reagdes mais
estudadas para a produgdo In situ de hidrogénio molecular. Entretanto, de forma geral sua
decomposi¢ao pode seguir dois caminhos: 1) um envolvendo a formacao de H, e CO; e ii) o

8. %91 portanto, para fins de produgdo de

outro via formagdao de CO e H,O (Esquema 12).
hidrogénio ¢ essencial que uma efetiva reagdo de desidrogenacdo (descarboxila¢do) ocorra
sem a concomitante desidratacdo (descarbonilacdo) do substrato, uma vez que esta reagao
paralela reduz o rendimento em gas hidrogénio e gera CO, indesejavel para futuras

aplicagdes em células a combustivel.””!

AG°® (kJ/mol)  AH° (kd/mol) AS°(J/mol.K)

H, + CO, (desidrogenag&o) -32,9 31,2 215
HCO,H

CO +H,0 (desidratagéo) -12,4 28,7 138

Esquema 12. Possiveis caminhos para a decomposigio do 4cido formico e seus valores termodindmicos.”"

A utilizagdo de uma mistura azeotropica entre acido formico/trietilamina (AF:Et;N 5:2)
como fonte de gas hidrogénio em reacdes por transferéncia de hidrogénio foi mostrada ha

[92] 3 Leitner e colaboradores

aproximadamente duas décadas por Leitner’™ e Noyori
demonstraram o uso do hidrogénio produzido para a hidrogenacao enantioseletiva de acidos
carboxilicos a,B-insaturados catalisada por complexos de Rh®? ¢ mais recentemente alguns
detalhes mecanisticos a respeito deste processo também foram investigados®. De forma
similar, utilizando a mistura AF:Et;N 5:2 como fonte de H,, o grupo de Noyori demonstrou
a hidrogenacdo assimétrica de cetonas a alcoois catalisada por complexos de Ru.””!
Visando futuras aplicagdes em células a combustivel, o grupo de Beller tem
desenvolvido sistemas cataliticos que promovam uma eficiente cinética de formagao de H,
a partir da mistura AF:Et;N 5:2 (Figura 17).% 59 Um dos primeiros trabalhos
desenvolvidos mostrou a atividade de diferentes catalisadores metdlicos durante a
decomposicio de AF a partir da mistura azeotrépica a 40 °C.°”! Dentre os testados, o

complexo [RuCl,(p-cimeno)], apresentou melhor desempenho (TON =42 em 6 h). Em um
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experimento de longa duracdo o sistema se manteve ativo por mais de 42 h atingindo cerca

de 93% de conversao (Figura 18).

catalytic decomposition
(“' with Ru catalysts

(rcon- o]
catalytic hydrogenation

with Ru, Rh or Ir catalysts

H.
from renewable
resources

Figura 17. Ciclo da formacao de H, a partir do sistema AF/amina. Reproduzido com permissdo da referéncia

51 (Wiley-VCH Verlag GmbH & Co. KGaA).
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Figura 18. Decomposi¢ao de AF em H, e CO, (1:1) a partir da mistura AF:Et;N 5:2 catalisada por [RuCly(p-

cimeno)], a 40 °C. Reproduzido com permissio da referéncia ! (Wiley-VCH Verlag GmbH & Co. KGaA).

Outras bases orginicas também foram testadas na reacdo nas mesmas condi¢des
reacionais. Os melhores resultados entre todas as bases investigadas foram obtidos
utilizando N,N-dimetilexilamina e N,N-dimetilaminoetanol (TON = 30 em 3 h). Uma
atividade significativamente maior foi observada para a reagdo utilizando a mistura padrao
AF/Et;N 5:2 catalisada pelo complexo [RuCl,(PPhs);] a 40 °C (90% de conversdao em 3 h,
TON = 905). Apds um pré-tratamento do sistema com dimetilformamida (DMF) a 80 °C ¢
possivel atingir um TOF de até 2688 h™' apds 20 min de reacdo a 40 °C, sendo um dos
sistemas mais eficientes ja estudados para a decomposi¢do de AF. Em todos os casos

apenas H, e CO, foram detectados. A fim de testar a potencialidade do sistema, fez-se um
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experimento de decomposi¢do acoplado a uma célula a combustivel H,/O,. De fato, o gas
gerado pelo sistema AF/Et;N 5:2 + [RuCl,(p-cimeno)], a 40 °C converteu em um maximo
de energia elétrica de 47 mW a um potencial de 374 mV por mais de 29 h, o qual
apresentou uma densidade energética similar 2 uma mistura comercial de Ho/CO; (1:1).

De forma complementar, novos catalisadores de Ru foram testados na presenga de
fosfinas.”® Apos realizado um pré-tratamento entre o complexo de Ru e ligante em DMF, o
sistema contendo [RuBr3;.xH,O]/3PPhs; mostrou uma das melhores atividades ja medidas na
decomposicio de AF (TOF = 3630 h™' em 20 min). Entretanto, certa desativa¢io do
catalisador ¢ verificada apos algum tempo de reagdo. Por outro lado, o sistema baseado no
complexo [RuCly(benzeno)], e PPh; apresenta boa atividade e robustez. Utilizando este
complexo, variou-se a relagdo metal/fosfina bem como o uso de fosfinas mono ou
bidentadas. Fosfinas muito coordenantes mostraram forte inibicdo na atividade. Para as
fosfinas bidentadas, 1,2-bis(difenilfosfino)etano (dppe) mostrou ser o melhor ligante
enquanto que para as fosfinas monodentadas, PPh; demonstrou melhores resultados.

A fim de testar o sistema contendo o complexo [RuCly(benzeno)], para geracdo de
energia, uma mistura AF/HexNMe, (5:4) foi colocada na presenca de
[RuCly(benzeno)]»/6PPhs a 26,5 °C. O gas gerado foi introduzido diretamente a uma
unidade de célula a combustivel H,/O, PEM (Figura 19; PEM = Polymer Electrolyte
Membrane). Ap6s passar por um filtro purificador (Charcoal; CarboTex) para a retirada de
tracos de amina, o gas gerou inicialmente uma energia elétrica de 48 mW, o qual decresceu
para 26 mW (medido a 370 mV) mantendo-se constante por 42 h. O valor ainda atingiu 14

mW apds a total conversdo de AF (Figura 19).
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Figura 19. Modelo da unidade utilizada para a geracdo de H, e sua utilizagdo no protétipo de célula a
combustivel (acima). Grafico mostrando a energia elétrica produzida pelo H, gerado através do sistema
AF/HexNMe, (5:4) com [RuCly(benzeno)], (29,75 pumol)/6 equivalentes molares de PPh; a 26,5 °C (abaixo).
Reproduzido com permissio da referéncia ") (Wiley-VCH Verlag GmbH & Co. KGaA).

O efeito ativador da irradiacao de luz (lampada Xe; PerkinElmer Cermax 300 W) foi
investigado durante a geracdo de H, pela decomposi¢dao de AF catalisada por complexos de
Ru.’"! Neste estudo foi verificado que a presenca de luz acelera significativamente a
produgdo de hidrogénio. Para os testes, a mistura AF/Et;N (5:2) foi aquecida a 40 °C na
presenca de diferentes complexos de Ru e ligantes fosfinas. As reacdes também foram
testadas em ambiente escuro. Experimentos de controle mostraram que a adicdo do ligante
fosfina ¢ de fundamental importincia para a ocorréncia efetiva da rea¢do. Os resultados
obtidos para os diferentes sistemas na presenga de irradiagdo foram comparados com as

reagdes em ambiente escuro (Figura 20).
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Figura 20. Efeito da irradiagdo de luz na rea¢do de decomposi¢do de AF a partir da mistura AF/Et;N (5:2)
catalisada por complexos de Ru. * Nao verificou-se H,; ® neste caso ndo utilizou-se ambiente escuro e sim
condigdo de luminosidade natural. Reproduzido com permissdo da referéncia °”' (The Royal Society of

Chemistry).

E facilmente notavel o efeito da irradiacio de luz aos sistemas cataliticos. A melhor
atividade foi observada para o sistema contendo [RuCly(benzeno)],/6dppe (TON = 2804;
conversao = 90% em 2 h). Estudos mostraram ainda que mesmo a baixas temperaturas
ocorre uma efetiva evolugdo de H, na presenca do sistema [RuCly(benzeno)],/12PPh; (0
°C: TONeseuro = 26, TONiradiagio = 195; 25 °C: TONescuro = 217, TONigradiagao = 1321).
Posteriormente, analises de RMN 'H auxiliaram em uma proposta para o mecanismo deste
processo (Esquema 13). Inicialmente, o precursor € ativado pela incidéncia de irradiagdo de
luz visivel formando uma espécie metal-hidreto contendo ligantes fosfina. Ocorre entdo a
adicao de AF e conseqiiente formagdo da molécula de H, coordenada ao metal. As etapas
finais seriam a saida de H, e CO,, as quais sdo influenciadas pela presenca de luz,
regenerando a espécie metal-hidreto. Neste trabalho demonstrou-se que ¢ possivel controlar
a formagdo de H, pela presenga ou auséncia de luz. Ainda, observa-se que os sistemas
irradiados pela luz podem apresentar até duas vezes mais atividade que aqueles ndo-

ativados pela irradiacao.
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Esquema 13. Ciclo catalitico proposto para a decomposigdo de AF catalisada por complexos de Ru/fosfina na
presenca de irradiagio de luz. Reproduzido com permissio da referéncia 7 (The Royal Society of

Chemistry).

Um dos principais desafios da catdlise organometalica ¢ a substitui¢do de catalisadores
contendo metais nobres (Ru, Rh, Ir, Pd) para sistemas ndo-nobres (Fe, Co, Cu, Ni). Neste
contexto, o grupo de Beller desenvolveu recentemente um sistema catalitico baseado em
complexos de ferro-carbonila/fosfina para a decomposi¢do de AF na presenca de luz
visivel.”! Apesar de baixas conversdes de AF observadas (10%), este foi, sem davida, um
grande avancgo cientifico e econdmico no que diz respeito a geracdo de H, a partir de AF.
Dentre os diferentes precursores metalicos utilizados (Mo, Mn, Cr, Co e Fe) o complexo
[Fes(CO);2] na presenca de PPhs e [2,2°,6”,2 Jterpiridina (tpy) (Fe/PPhs/tpy 1:1:1) em
DMF mostrou a melhor atividade catalitica. Sem a presenca de luz (ambiente escuro) houve
consideravel geracao de H, em 120 °C (TON = 7,3 em 3 h). Entretanto, a seletividade ¢
bastante baixa formando uma quantidade significativa de CO (H, ou CO,/CO 1:5)
indicando que a reag¢do de desidratagdo (formacdo de CO + H,0) ¢ favorecida em
temperaturas altas. O mesmo sistema, quando colocado sob irradiag@o de luz, atinge valores
superiores de TON mesmo a 25 °C (8,1 em 3 h) chegando ao maximo em 60 °C ¢ 80 °C
(TON = 44 e 48, respectivamente, em 3 h). E o mais importante, sob luz a seletividade na
reacao de desidrogenacdo ¢ predominante, onde apenas tragos de CO sdo observados. A 40
°C verifica-se um valor de TON igual a 23 (3 h) e 44 apds 24 h (Figura 21). O efeito

ativador da presenc¢a de luz foi comprovado uma vez que parada a irradiagdo, a geracao de

gas ¢ interrompida imediatamente, indicando que a irradiagdo ndo somente inicia a
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formacdo da espécie ativa, mas também ¢ fundamental durante o ciclo catalitico. Isto
implica, segundo os autores, em uma producao de H, foto-assistida. Para fins de otimizagao
do sistema, diferentes fosfinas e aminas foram testadas juntamente com o precursor
[Fes(CO)12] (Figura 22). Entre as fosfinas utilizadas, PPhs; apresentou os melhores
resultados, enquanto que para as aminas, excelentes resultados foram observados para o
ligante tpy e os referentes a numeracao 12-16 (ver Figura 22). Apesar dos ligantes tpy e 12-
14 mostrarem valores mais altos de TON, o ligante 15 apresentou melhor estabilidade
chegando a um TON de 126 apds 24 h. Este valor corresponde & maior atividade catalitica
j& encontrada para um catalisador homogéneo contendo metal ndo-nobre para a

decomposi¢do de AF.
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Figura 21. Comparacdo dos valores de TON a diferentes temperaturas para a decomposi¢do de AF a partir da
mistura AF/Et;N (5:2) catalisada pelo sistema [Fe3(CO),,]/PPhsy/tpy (Fe/PPhsy/tpy = 1:1:1) em DMF na

presenca ou ndo de irradiagdo. Reproduzido com permissio da referéncia ') (American Chemical Society).
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Figura 22. Valores de TON para os diferentes ligantes testados na decomposi¢ao de AF a partir da mistura
AF/Et;N (5:2) em DMF a 40 °C ou 60 °C sob irradia¢do de luz. (Esquerda) precursor: [Fe;(CO),,]/Ligante
P/tpy (Fe/P/tpy 1:1:1); (direita) precursor: [Fe;(CO),]/PPhs/amina (Fe/PPhs/amina 1:1:1). Reproduzido com

permissio da referéncia ") (American Chemical Society).
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Finalmente, através de analises de RMN, IV, HRMS (High Resolution Mass

Spectrometry) e calculos tedricos, um mecanismo similar ao descrito anteriormente para o

[97]

catalisador de Ru""" foi proposto pelos autores considerando as espécies formadas

(Esquema 14).

[Fe(CO)4(PPhs),]
hev HCOzH

H Fe(CO}x[F'Ph -

HCO,H
PPhgy

[Fe (CON(PPhy), | Fe (CO)(PPha), 1

H o H

C/
Hy PPh, g

~

O=O

x=2-3
y=1-2

Esquema 14. Ciclo catalitico proposto para a decomposi¢do de AF catalisada pelo sistema

[Fes(CO),,]/PPhs/tpy ([Fe(CO)s(PPhs),]) na presenca de luz. Reproduzido com permissdo da referéncia

(American Chemical Society).

Além da utilizacdo da mistura azeotropica AF/Et;N (5:2) para geragdo de H,, outros
sistemas e meios reacionais tem sido empregados. Apesar do conhecimento prévio de que
AF na presenca de sua base conjugada (sal de formiato) pode ser fonte de hidrogénio,””'**!
Laurenczy e colaboradores desenvolveram um sistema catalitico para a decomposi¢do de
AF utilizando complexos de Ru na presenga de formiato de sodio (HCO,Na) em 4gua.!'*¥
Por exemplo, o complexo [Ru(H,O)es](tos), com o ligante TPPTS dissolvido em agua
produz um eficiente meio para a decomposicao da mistura AF/HCO;Na (9:1) observando-
se conversoes até 95% (Figura 23). Mesmo para a reagdo a 100 °C descartou-se a presenca
de tracos de CO na mistura gasosa por IV (limite de deteccdo de 3 ppm). Portanto, apenas
H; e CO, estio presentes na composicao do gas liberado. O catalisador se manteve estavel e
ativo por um longo periodo de tempo em solucdo. Além disso, este sistema catalitico
também apresentou boa atividade em reagdes de fluxo continuo. Os autores sugerem ainda

um possivel aproveitamento do CO,, a partir de sua captura e reducdo a AF tornando o

sistema ainda mais viavel.
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Figura 23. Decomposicdo de AF a partir de uma solugdo de AF/HCO,Na (9:1) em H,O/D,0 (1:1) catalisada
pelo complexo [Ru(H,0)s](tos),/2TPPTS a diferentes temperaturas: (o) 25 °C, (A) 70 °C, (A) 80 °C, (m) 90

°C, (O) 100 °C ¢ (®) 120 °C. Reproduzido com permissdo da referéncia 'Y (Wiley-VCH Verlag GmbH &

Co. KGaA).

Outros exemplos sobre a decomposi¢do de AF catalisada por complexos de Rh e Ir-Ru
em 4gua na presenga de HCO,Na foram descritos por Fukuzumi e colaboradores.!*® '*]
Detalhes a respeito do mecanismo de formacgdo de H, e efeitos isotopicos em cada sistema
podem ser verificados nos referidos trabalhos.

Deng e colaboradores demonstraram a geracao de H, a partir de AF catalisada por um
complexo de Ru em um LI-amino funcionalizado na presenca de uma base adicional
(HCO,Na)."% Valores de TON chegando a 627 em 1 h foram obtidos para o complexo
[RuCly(p-cimeno)], em iPp,NEMI.Cl (iPr,NEMI = 1-(2-diisopropilaminoetil)-3-
metilimidazolio) e HCO;Na a 60 °C. Entretanto, os autores ndo discutiram detalhes
cinéticos e as possiveis espécies envolvidas no processo.

Em termos do emprego de catalise heterogénea para a decomposicdo de AF, Iglesia e
Ojeda propdem um catalisador suportado baseado em pequenos clusters de Au (nao-
detectavel por MET) em alumina.!'””! Apesar de o metal Pt ser considerado o sélido mais
ativo para a decomposi¢do de AF (pelo menos nas formas de grandes clusters ou material
bulk),"®® analises cinéticas comprovaram que o catalisador de Au/Al,O; apresenta
atividade superior ao andlogo suportado de Pt. Verificou-se ainda a existéncia de efeitos
isotopicos significativos ao testar HCOOD (1,6), DCOOH (2,5) e DCOOD (4,7) na
decomposi¢do promovida pelo catalisador de Au/Al,O3 a 353 K. Sugere-se um mecanismo

via decomposi¢cdo do formiato assistida por H ou via clivagens seqiienciais de ligagdo O-H
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e C-H com posterior recombinagdo de atomos de H em sitios isolados do catalisador.
Ainda, somente H, e CO, foram detectados no gas gerado (quantidades de CO abaixo de 10
ppm).

Os exemplos aqui brevemente apresentados demonstram a grande potencialidade de
aplica¢dao do AF (4,4% em massa de hidrogénio) como material alternativo para a producao
de H; e sua utilizagdo em células de combustivel. Uma das grandes vantagens propiciadas
pela decomposi¢do de AF ¢ a ndo-formag¢do de sub-produtos solidos ou liquidos,
indesejaveis para aplicacdes em células a combustivel. De fato, apenas H, e CO,
(considerando desidrogenacgdo) sdo gerados facilitando a purificacdo do gas de interesse
pela simples retencdo do CO; através de um filtro adequado. Além disso, o CO, produzido
pode ser separado da mistura gasosa e reduzido a AF o que tornaria o processo ainda mais

viavel do ponto de vista economico e ambiental.
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CAPITULO 6

CONCLUSOES
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A respeito dos trabalhos sobre a sintese de NPs em LIs pode-se concluir os seguintes

aspectos:

1. NPs de Ru(0) com 2,2 + 0,5 nm em didmetro podem ser sintetizadas a partir do precursor
[Ru(COD)(2-metilalil);] em um LI contendo um grupamento nitrila ligado ao cation
imidazolio ((BCN)MINTY,). Utilizando o LI (BCN)MILNTf,, a funcionalidade do LI
controla a seletividade do catalisador, evitando a reagdo de hidrogenacdo de arenos
(tolueno). Entretanto, o sistema catalitico Ru-NPs/(BCN)MINTf, ¢ ativo para a
hidrogenacdo de nitrilas (benzonitrila). Desta forma, ¢ proposto que o grupamento
funcional do LI esteja se coordenando a superficie metalica das NPs modificando a

seletividade do catalisador frente a diferentes substratos.

2. NPs de Ru(0) (2,0 £ 0,3 nm) foram sintetizadas a partir da reducdo do precursor
[Ru(COD)(2-metilalil);] utilizando o LI imidazolio HM,IL.NTf, (HMal = 1,2-dimetil-3-
hexilimidazélio) como meio e promotor da reagdo. A formacao das NPs foi realizada sob
condi¢des brandas de reacdo e mais interessante, na auséncia de um agente redutor
tradicional (H,, NaBHj). Neste caso sugere-se um ataque nucleofilico do anion NTf, ao
ligante alila do precursor metéalico, gerando espécies moleculares de Ru(0) as quais
coalescem formando NPs estabilizadas pelo LI. Para LIs contendo outros dnions como BF4,
B(CN)4 e N(CN), n3o observou-se a formagdo de NPs metdlicas. Um comportamento
similar de decomposicao foi verificado para o precursor [Ni(COD),] produzindo NPs de

Ni(0) na presenca de LIs imidazolios contendo o anion NTf.

3. A analise de XPS mostrou ser uma importante ferramenta no entendimento da interagao
de NPs metalicas e LIs imidazolios (no referido estudo: LIs ndo-funcionalizados). Para tal
estudo, sintetizou-se NPs de Ir(0) (1,6 = 0,3 nm) no LI EMLEtSO,4. As analises de XPS
mostraram mudangas na energia de ligagdo do componente C2 do LI (regido C 1s) na
presenga das NPs de Ir(0). Este fato ¢ uma forte indicacdo da interacdo entre as NPs
metalicas e o LI. Estes resultados corroboram com andlises anteriores de troca isotdpica,
onde se verificou que para o LI deuterado [EMI]-d;.EtSO4 ocorrem trocas D/H

preferenciais na posi¢do mais acida C2, ao contrario de outros LIs testados. Além disso,
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ndo se pode excluir a possibilidade de o anion EtSO4 estar atuando como base no meio
reacional. Portanto, as NPs de Ir em EMI.EtSO,4 sdo provavelmente estabilizadas através da
interagdo de agregados moleculares anionicos do liquido com a superficie metdlica e, a
partir destes agregados, carbenos N-heterociclicos derivados do anel imidazolio podem

estar sendo formados auxiliando na estabilizagdo das NPs.

Para complexos metalicos dissolvidos em LI e suas aplicagcdes em catalise homogénea

nas reagdes de hidroformilagdo e desidrogenacao de 4cido féormico, pode-se concluir que:

1. Nao se pode excluir a possibilidade da formacao de carbenos N-heterociclicos durante a
reacdo de hidroformilacao de 1-octeno em LlIs catalisadas por complexos de rédio/fosfina.
Trocas D/H foram observadas no anel imidazolio do LI sugerindo a presenca de espécies
carbenos transientes. Estas trocas foram mais intensas na posicdo mais acida do anel
imidazolio (C2) e, mais importante, a presenca do ligante fosfina e metanol (solvente)
foram essenciais para a ocorréncia efetiva de troca D/H. Portanto, a troca isotdpica no

cation imidazolio ¢ efetivamente maior na presenga de bases relativamente fracas.

2. A desidrogenagdo de acido formico a hidrogénio molecular e dioxido de carbono ¢
efetivamente catalisada pelo complexo {[RuCly(p-cymene)],} dissolvido em um LI
funcionalizado com grupamento —NEt, ligado ao cation imidazdlio. O LI amino-
funcionalizado estabiliza a espécie ativa e atua como co-catalisador na reagdo. Em poucas
horas de reagdo altas conversdes podem ser obtidas, alcancando TOFs até 1540 h'.
Medidas cinéticas preliminares indicam ordens de reacdo de 0,7 para o catalisador de Ru,
0,8 para o LI e 2,0 para o 4cido formico. Estes resultados sugerem que o acido férmico
possa estar atuando em sua forma dimérica na reagdo. A energia de ativa¢ao do processo foi
estimada em 69,1 kJ mol, que estd na faixa dos mais classicos sistemas para a
desidrogenacao de acido formico. Analises de ESI(+)-MS mostraram espécies diméricas de
Ru como possiveis espécies ativas durante a decomposi¢do de 4acido formico. A
estabilidade frente ao ar e humidade, robustes a reagdes de recargas sem perda significativa

na atividade catalitica, fazem deste um potencial sistema para a produgdo de hidrogénio.
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Tonic liquids (ILs), in particular imidazolium-based ILs, have proven to be suitable media for the
generation and stabilisation of soluble metal nanoparticles (NPs). Indeed, transition-metal NPs

with small sizes, narrow size distribution and different shapes have been prepared by reduction

of organometallic compounds with molecular hydrogen, decomposition of transition-metal

complexes in the zero-valent state, metal bombardment or simple transfer for previously prepared

water- or classical organic solvent-soluble colloids to the ILs. The formation and stabilisation of
NPs in these highly hydrogen bonded organised supramolecular fluids occur with the
re-organisation of the hydrogen bond network and the generation of nanostructures with polar

and non-polar regions, including the NPs. The IL forms a protective layer, which is probably

composed of imidazolium aggregates located immediately adjacent to the nanoparticle surface,

which provides both steric and electronic protection against aggregation and/or agglomeration.
These stable transition-metal NPs immobilised in the ILs have proven to be efficient green
catalysts for several reactions in multiphase conditions and also novel materials for chemical

sensors. In this critical review, the structural/surface properties of these soluble metal NPs

dispersed in ILs and their application in catalysis and as chemical sensors are discussed, with
particular attention paid to the stabilisation models proposed to explain the stability and

properties of these metal NPs (219 references).

1. Introduction

Metal NPs with small diameters and a narrow size distribution
have received intense attention in scientific research and
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industrial applications due to their unique properties based
on their inherent large surface-to-volume ratios and quantum
size effects.'> Modern transition-metal NPs differ from
classical colloids in several important aspects, including size
and stability in solution. Modern metal NPs are 1-10 nm in
diameter and display a narrow size distribution, whereas
classical colloids typically are > 10 nm in diameter.> However,
it is well known that transition-metal NPs are only kinetically
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stable. Consequently, NPs freely dissolved in solution are not
stable and must be stabilised in order to prevent their
agglomeration (diffusing together and coalescing), the thermo-
dynamically favoured process that eventually leads to the
formation of the bulk metal.* To prevent aggregation, the
NPs must be stabilised by the use of stabilising agents, such as
water-soluble polymers, quaternary ammonium salts, surfactants,
or polyoxoanions,®'* which provide electronic and/or steric
protection.

In this context, ILs have emerged as one of the most
important and investigated classes of stabilising agents for
the synthesis and stabilisation of metal NPs.!'!* Herein we
present and discuss the most recent contributions on the use of
ILs (particularly those based on imidazolium cations) in the
formation and stabilisation of transition-metal NPs, the
surface and structural properties of these systems, and their
applications in catalysis and chemical sensors.

2. Stabilisation of metal NPs in ILs

It is well known that ILs, in particular imidazolium-derived
salts, can be used to generate in situ and stabilise metallic
NPs.! In particular, ILs resulting from the association of the
1-n-butyl-3-methylimidazolium (BMI) cation with relatively
weakly coordinating anions, such as tetrafluoroborate,
hexafluorophosphate, and trifluoromethanesulfonate (Fig. 1),
display unique physico-chemical properties. They are liquids
over a large range of temperatures (down to —80 °C), possess
high thermal and chemical stability, a large electrochemical
window, high ion density, relatively low viscosity, and negligible
vapour pressure.'¢

These ILs differ from the classical ammonium salts, at least
in one very important aspect: they possess pre-organised
structures, mainly through hydrogen bonds,'” ! that induce
structural directionality (/L effect). By contrast, aggregates of
classical salts display charge-ordered structures.

The ILs act as stabilising media, but most importantly, they
display high self-organisation on the nanomolecular scale. The
ILs form extended hydrogen-bond networks at the liquid state
and therefore are by definition “supramolecular” fluids. This

R = "Bu, X = BF,;; BMI.BF,
R = "Bu, X = PFg; BMI.PFg
R = "Bu, X = CF3S04; BMI.CF5S0;
R = "Bu, X = N(SO,CFy),; BMI.NTf,

/@\ R ="Bu, X = PF4(CF,CF3);; BMI.FAP
Me—NIN~R R =Et X = EtSO,; EMI.EtSO,
- R = "Hexyl, X = PFg; HMI.PFg

R ="Octyl, X = PFg; OMI.PFg

R ="Decyl, X = N(SO,CF3),; DMI.NTF,

R = "Tetradecyl, X = N(SO,CF3),; TDMI.NTf,
R = "Hexadecyl, X = N(SO,CF3),; HDMI.NTf,

N’1 l}l
Bu X~
X— R

Me/

X= N(SO,CF3)y; BMP.NTf,  R="Bu, X= PFg; BPy.PFg

Fig. 1 Examples of imidazolium-, pyrrolidinium- and pyridinium-
based ILs.

structural organisation of ILs can be used as ‘“‘entropic
drivers” (the so-called “IL effect”) for the spontaneous,
well-defined and extended ordering of nanoscale structures.
For example, ILs have already been used as media for the
synthesis of some zeolite-related, microporous alumino-
phosphates or ordered mesoporous materials in which ILs
have served both as the solvent and structure-directing
agents. 20

It is now clear that the properties of the ILs, especially the
imidazolium-based salts, are based on their formation
of aggregates rather than on their isolated cations and
anions.>> 27 Indeed, the structures of 1,3-dialkylimidazolium
salts follow a typical trend, forming an extended network of
cations and anions connected together by hydrogen bonds in
the condensed phase, which is maintained to a great extent in
the gas phase.”’” The monomeric unit is always composed of
one imidazolium cation surrounded by at least three anions,
and in turn, each anion is surrounded by at least three
imidazolium cations.”® The 3D arrangement of the imidazolium
ILs is generally formed through chains of the imidazolium
rings. This molecular arrangement generates channels in which
the anions are generally accommodated as chains (Fig. 2).

These IL structures can adapt to or are adaptable by many
species, as they provide hydrophobic or hydrophilic regions
and a high directional polarisability, which can be oriented
parallel or perpendicular to the included species.'® Therefore,
there is the presence of a continuous tridimensional network of
ionic channels, coexisting with the non-polar domains, which
in some cases form dispersed microphases and in other cases
build continuous phases (Fig. 3).%

The segregation of polar and non-polar domains in
imidazolium-based ILs affects their solvation and their ability
to interact with different species. Indeed, polar substrates are
preferentially dissolved in polar domains and non-polar
compounds in non-polar ones.’**! For example, two extreme
situations are those of alkane and water solutions, and the
solute is concentrated either in the non-polar domain or in the
charged domain.3*3*

Therefore non-polar transition-metal precursors (organo-
metallic) or salts will be dissolved preferentially in the

8
/"/“/"1/‘5 “ ,#ﬁ
Fig. 2 Supramolecular arrangement of 1,3-dialkylimidazolium-

based ILs showing the channels where the anions (spheres) are
accommodated. (Copyright from ref. 19).
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(a) (b)

Fig. 3 Simulation study of imidazolium-based ILs (boxes contain
700 ions) showing the polar (red) and non-polar (green) domains for
(a) EMIPF¢ (l-ethyl-3-methylimidazolium hexafluorophosphate),
and (b) OMIPF¢ (1-methyl-3-n-octylimidazolium hexafluoro-
phosphate), / = 54.8 A. Iis the length of the box side. As expected,
increased IL side chains lead to larger non-polar domains. (Figure
adapted from ref. 29).

non-polar domains of the IL whereas polar ones will favour
the IL polar regions. Consequently, the size and shape of the
metal NPs are modulated by the volume of these IL nano-
regions (see later for details).

In parallel, the formed metal NPs in non-functionalised
imidazolium ILs can be stabilised by ionic aggregates of the
type {[(BMI)(X)+_]" " [(BMI),_(X):]" },, (Where BMI is the
1-n-butyl-3-methylimidazolium cation and X is the anion),
rather than by isolated anions and cations. Therefore, the
DLVO (Derjaguin—Landau—Verwey—Overbeek) model of col-
loid stability cannot be used in these systems, as recently
pointed out by Finke and Ott,* because the DLVO model
was not designed to account for counter-ions with multiple
charges nor was it designed to account for sterically stabilised
systems.36’37

There are several pieces of evidence indicating that the
non-functionalised ionic liquids interact relatively strongly
with the surface of metal NPs either dispersed in ILs or even
when isolated.

The XPS analysis of the isolated NPs (Ir, Rh, Pt, Ru and
Pd) prepared in ILs containing the PFs and BF, anions
revealed the IL-metal surface interaction to be M—O (metal-
oxide) and M—F contributions in most cases. The contribution
of the M—F component is more pronounced in the case of PFq
anion than for BF, anion. The F 1s, P (in the case of PFy), and
B (in the case of BF,) contributions are also observed in the
XPS spectra.®® These results clearly indicate that even relatively
weak coordinating anions, such as PF4 and BF,, coordinate
with the metal surface (Fig. 4).

In addition, the presence of the M—O contribution of the
isolated metal NPs, as detected by these XPS experiments,
indicates that the metal NP surfaces are more susceptible to
oxidation in air than the bulk metal and that this oxide layer
may also be a significant source of stability of the metal NPs.*
Notably, after Ar™ sputtering, almost all of these surface-
bound species are removed. Indeed, XPS spectra after sputtering
(Fig. 5) display mainly the M—M component at the 4f region,
demonstrating that only the external surface metal atoms are
bound to F and Q384042

Interestingly, the chemical interaction between iridium NPs
and EMI.EtSO, IL was also observed by in situ XPS
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Fig. 4 (a) XPS spectrum of iridium NPs prepared in BMI.BF, and
(b) BMI.PF¢ showing the Ir 4f region with the fitting results; the Ir 4f
doublet presents up to three components corresponding to Ir—Ir (thick
line), Ir-O (dotted curve), and Ir—F bonds (dashed curve); the inset of
(b) shows the F 1s signal observed in that case. (c) XPS spectrum of
platinum NPs prepared in BMI.BF, and (d) BMI.PF4 showing the Pt
4f region with the fitting results (Shirley type background); the insets
of (c) and (d) show the F 1s signal observed for each case. (Figure
adapted from ref. 38 and 42).

Ir4f
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__ |—=— After Ar"sputtering
> : %
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2 Y
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Fig.5 XPS spectrum of the Ir 4f region for [Ir(0)],, NPs synthesized in
BMI.PF, before and after Ar" sputtering. The Ar" sputtering
eliminates the outmost layers of the NPs and therefore resulting in
the Ir 4f region with mainly Ir-Ir bond component. (Figure adapted
from ref. 38).

analysis.** The C2 component of the imidazolium cation was
shifted to a lower binding energy in the presence of the metal
NPs. Moreover, these results corroborate those obtained
previously by D/H labelling experiments, where the isotope
exchange occurred preferentially at the most acidic imidazolium
ring position at the beginning of the reaction.** Therefore,
metal nanoparticles are effectively surrounded by aggregates
and may interact preferentially through the ionic parts (“‘ionic
channels”) and/or with non-polar domains created by the
grouping of lipophilic alkyl chains (see Fig. 3). The interaction
of the non-polar domains may explain the H/D exchange
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Scheme 1

reaction observed in labelling experiments using D, for the
generation of [Ir(0)], NPs from the reduction of [Ir(COD)-
(MeCN),]BF, (COD = 1,5-cyclooctadiene) in BMIL.NTf,. In
these experiments, besides the H/D of the imidazolium
hydrogens, the alkyl side chains also undergo important
H/D exchange reactions (Scheme 1).** Indeed, ’H NMR
spectroscopy showed deuterium incorporation in the 2-, 4-,
5-, and 8-positions of the imidazolium cation and a faster rate
of D incorporation was observed for the 2-, 4-, and 5-positions;
incorporation at the 8-position of the alkyl chain is slower
(>8 h). These results are strong indications of the interaction
of the imidazolium N-alkyl side chains with the metal surfaces
that should contain surfaces hydrides/deuterides. Therefore,
the metal NPs may also be surrounded by these non-polar
pockets, similar to the “‘solvent-only” stabilised nanoclusters
prepared from the anion-free precursor [Ru(COD)(COT)]
(COT = 1,3,5-cyclooctatriene) in THF/MeOH46 in which
the presence and stability of hydrogen species on the metal
surface were previously demonstrated.*”*3

The [Rh(0)], NPs synthesised in BMI.PFg in the presence
of bipyridine ligand were also characterised by XPS
analysis.** The signal of fluorine was mainly seen, due to
the residual IL and nitrogen that possibly correspond to the
bipyridine ligand. However, no phosphorus signal from the
IL was observed in this case. Infrared analysis of silver NPs
obtained in BMI.BF, also showed the presence of IL on the
NP surface.>

The SAXS analysis of [Ir(0)],, and [Pt(0)], NPs dispersed in
the ILs indicated the formation of a layer surrounding the
metal particles. It is important to note that calculations using
the Guinier Approximation Law at the small angle region gave
inconsistent results, indicating that the assumption that the
NPs are simply diluted in the ILs cannot be applied in these
cases. By contrast, the calculations using Porod’s law yielded
consistent results. The Porod’s region gives information about
the interfaces present in the sample, with the electronic
contrast only occurring at the interface between the two media
(Fig. 6).

In this model, the presence of two phases, a crystalline phase
(nano-crystal or NPs) and a semi-ordered phase (IL), is
assumed.'®>'>* This model can be used since ILs are not
considered as statistical aggregates of anions and cations but
instead as a three-dimensional network of anions and cations,
i.e., polymeric supramolecular structures constituted of aggregates
of the type {[(BMI)(X)_n]" [(BMI)y_,(X):]" },n. In this
context, the two-phase model was adopted to represent the
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Fig. 6 Interaction of metal NPs with IL supramolecular aggregates:
(a) small particles tend to interact preferentially with anionic
aggregates of the ILs, whereas (b) large ones probably interact
preferentially with the cationic aggregates.

nano-crystals dispersed in the IL.>* Applying the interface
distribution function in the experimental data, the extended
molecular lengths of pure ILs (semi-ordered phase) were
estimated to be 2.8, 4.0, and 4.0 nm for BMI.BF,;, BMI.PF¢
and BMI.OTT, respectively. The obtained extended molecular
length of 2.8 nm for BMI.BF, is around twice that of
the calculated value for a monomeric BMLBF, unit.>>¢
Moreover, the calculated molecular length (AMI1) for the
[(BMI),(BF,4);]™ and [(BMI)4(PFg)s]™ supramolecular clusters
are 2.4 nm and 4.1 nm, respectively.>’ For the semi-empirical
method AMI1 calculations it was considered that the geometries
of all species were obtained by energy minimization without
restrictions of the geometric parameters. There is little doubt
that the stabilisation of very small metal NPs (1-10 nm) is
essentially due to the positive charge on the metal surface,
which is ultimately induced by the adsorption of the anionic IL
species onto the coordinatively unsaturated, electron-deficient,
and initially neutral metal surface (Fig. 6). However, recent
surface-enhanced Raman spectroscopy (SERS) studies using
gold NPs dispersed in an ether-functionalised IL (5; see Fig. 8)
suggest that the surface-type interaction of the relatively large
metal nanoparticle occurs with the imidazolium cation of the
IL (Fig. 6).%®

Indeed, the SERS insights reveal a parallel coordination
mode of the imidazolium cation on the [Au(0)], NP surface
and the ether functionality chain of IL is away from the NP
surface, thus providing additional steric protection against the
aggregation. Interestingly, no significant interaction between
the IL anion (MeSO3™) and [Au(0)], NPs was detected once

This journal is © The Royal Society of Chemistry 2010
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that the Raman signals of the anion were not surface-
enhanced in the presence of the NPs. Notably, these gold
NPs were prepared by hydrazine reduction from a chloroauric
acid solution in the IL. Since previous zeta potential
measurements of Au particles prepared by a reduction process
indicated NPs with a negatively charged surface,”® it is
reasonable to suggest the cation stabilisation of gold NPs
promoted by the IL.

In a similar manner, the SERS effect was analysed for silver
metal NPs dispersed in BMI.BF,; and compared to a silver
island film coated with the same IL.%° The results verified that
a small amount of water is enough to cause an aggregation of
the [Ag(0)], NPs with further precipitation. However, without
water, there are NP aggregates sufficiently dispersed in the IL
to make the SERS spectra observable. Therefore, due to the
water adsorption on the NP surface, the double layer of the IL
is not formed around the metal particle, explaining their
aggregation and precipitation. However, in the absence of
water, the IL double layer is present, therefore stabilising the
[Ag(0)], NPs and avoiding precipitation. Again, the imidazolium
cation interacts with the [Ag(0)], NP surface in a flat mode to
form the positive layer; the anions act only on the charge
balance in a second layer but do not interact chemically with
the NPs.

The H/D and D/H labelling measurements were also useful
to assess the interaction between imidazolium ILs and
metal NPs. The 2H NMR studies during the iridium nano-
particle formation by D, reduction of the precursor
[Ir(COD)(MeCN),]BF4 embedded in BMI.NTf,/acetone with
1,8-bis(dimethylamino)naphthalene (PS™) at 22 °C revealed
that the 2-position of the imidazolium cation mainly forms
N-heterocyclic carbenes (NHCs) from ILs in the presence of
[Ir(0)], NPs.** Noteworthy, interesting results that evidence
the interaction of the IL with metal NPs were collected via
D/H labelling experiments during cyclohexene hydrogenation.**
Using [Ir(COD)CI], as the catalyst precursor, and cyclohexene
and molecular hydrogen in [BMI]-d5.NTf, as the standard
system, D/H exchange was detected at the imidazolium cation
(Scheme 1). As commented above, the occurrence of a D/H
exchange reaction at the imidazolium cation indicates the
formation of NHCs in the reaction medium.

Moreover, these exchanges occurred only after the
formation of the [Ir(0)], NPs and cyclohexene conversion,
suggesting that the D/H exchange process is probably
catalysed by the metal NPs. Interestingly, the D/H exchange
is more pronounced at the least acidic C4 and C5 imidazolium
positions, indicating that the imidazolium cations react with
the nanoparticle surface preferentially as aggregates of the
type {[(DAD(X), " [(DAD,(X)]"},, (in which DAI is
the 1,3-dialkylimidazolium cation and X is the anion) rather
than as isolated cations. These NHC species attached on the
metal surface may provide an enhanced stabilisation for
transition-metal NPs embedded in imidazolium ILs. It is also
quite probable that surface hydrogen species are also elements
of the NP stabilisation for those prepared under hydrogen
reduction akin to that observed for metal NPs prepared in
organic solvents.**™*® Importantly, this isotopic exchange
was not observed for iridium large metal particles of around
600 nm in diameter.

3. Synthesis of metal NPs in ILs

Soluble transition-metal NPs have been prepared in ILs
mainly by the following methods: (a) simple reduction of
M), M), M{II) or M(IV) compounds, (b) decomposition
of the organometallic complexes in the formal zero oxidation
state, (c) bombardment of bulk metal precursors with deposition
onto the ILs and (d) phase transfer of pre-formed NPs in water
or organic solvents to the IL (Scheme 2).

3.1 Reduction of metal precursors in ILs

The simple reduction of metal complexes or metal salts in ILs
by chemical or electrochemical agents is the most investigated
and used method for the generation of a plethora of “soluble”
transition-metal NPs (Table 1). Indeed, this approach was the
first used to prepare [Ir(0)], NPs in ILs from the simple
reduction of the organometallic precursor [Ir(COD)CI], by
molecular hydrogen (4 atm, constant pressure) in BMI.PFg!?
(entry 1, Table 1). After this first report, numerous other metal
NPs (see Table 1) of different sizes and shapes (Fig. 7) were
prepared similarly in various other ILs (Fig. 8).

Although it is not yet clear how the IL stabilises and may
control the size and shape of the nanomaterials, particularly of
NPs prepared in these media, it is clear that these aspects are
intimately related to the nature of the metal precursor (section
3.1.1), type of reducing agent (section 3.1.2), type of the IL
(section 3.1.3) and reaction conditions (temperature, metal
precursor concentration and pressure).

3.1.1 Type of metal precursor. Notably, the nature of the
metal precursor and reducing agent (see 3.1.2) is important
because they generate by-products that can coordinate to the
metal surface and thus act as extra-stabilisers or poisons and
influence the properties (optical, magnetic and catalytic) of the
metal NPs. This is particularly true in the case of halide metal
precursors that generate halide anions that may strongly bind
to the metal surface of the nanoparticle. There are basically
two approaches for avoiding the presence of these species.
First, metal precursors containing ligands that are or may be
transformed in innocuous compounds can be employed. For
example, Ag,O in which the by-product is water (entry 47,
Table 1), [Ru(COD)(2-methylallyl),], which contains only
hydrocarbon ligands that are easily reduced and transformed
in innocuous saturated hydrocarbons (entries 31 and 32,
Table 1), and [Ir(COD)(MeCN),]BF,, which has a weak
coordinating ligand (MeCN) and hydrocarbons associated
with a non-coordinating counter-anion (entry 2, Table 1).
Second, scavengers such as 1,8-bis(dimethylamino)naphthalene®
and alkylimidazoles (Scheme 3) can be used.®”-%®

g w, —p— MO,
b ML, o M),
o mon ATy,
A MOy —2 e M)

IL

Scheme 2 General methods used to prepare metal NPs in ILs.
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Fig. 7 Parts of TEM micrographs exemplifying transition-metal NPs exhibiting different shapes prepared from the reduction of metal precursors
in ILs. (a) [Ru(0)], nanospheres/[Ru(COD)(2-methylallyl),])/DMI.NTf,/Hx;®' (b) Au(0) prisms/[HAuCl,-3H,0)/BMI.NTf,/imidazolium cation;®?
(¢) Au(0) dendrites/[HAuCl,4H,0]/BMI.PF/Zn foil:** (d) Ag(0) nanowires/[AgNO;]/BMI.MeSOy/ethyleneglycol:** (e) [Ir(0)], nanoworms/
[Ir(COD),]BF4/DMI.BF,/H,;** () [Au(0)], nanorods/[HAuCl,]/ EMLEtSO,/ascorbic acid.*®

o)
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Fig. 8 ILs used in the preparation of NPs by reduction of metal compounds.
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Table 1 Size of various metal NPs prepared by reduction of transition-metal compounds in ILs

Entry IL Metal precursor Reducing agent M(0) size (nm)“ Ref.
1 BMI.BF, 2.9
BMI.PF; [Ir(COD)Cl], H, 2.0 15,38,75,78,79
BMI.CF;S0; 2.6
2 BMI.NTf, [Ir(COD)(MeCN),]BF, H, 2.1 45
BMI.BF, 3.6
3 EMI.EtSO, [Ir(COD)Cl], H, 1.6 43
4 BMI.BF, [HAuCl4.4H,0] UV light 1-100 pm 80
5 BMI.NTf, [NaAuCly.2H,0] e 122’ 81
7.6”
6 BMI.NTf, [NaAuCly.2H,0] e~ or y-rays 26.411" 82
2.9
10.7¢
7 1 [AuCl;] Thiol 1.0-2.0 83
8 2 [HAuCly] NaBH,4 2.0-3.5 84
9 3 [HAuCly] NaBH, 5.0 85
10 4 [HAuCl4.4H,0] NaBH4 2427 86
11 5 [HAuCl,.3H,0] Hydrazine 7.5 58
12 6 [HAuCly] NaBH4 3.5 87
13 7 [HAuCly] Trisodiumcitrate 23, 42, 98¢ 87
14 8 [HAuCl4.3H,0] NaBH,4 33 88
15 16 [HAuCl4.3H,0] Ascorbate Various shapes and 89
diameters” )
16 BMI.PF¢ [HAuCl4.3H,0] Imidazolium cation Prismatic particles’ 62
BMI.NTf, _
17 BMI.PF¢ [HAuCl4.4H,0] Zn Dendrites’ 63
18 EMILEtSO, [HAuCly] Trisodiumcitrate 9.4 66
NaBH,* 3.9
Ascorbic acid’ nanorods
19 BMI.PF; [HAuCly] NaBH, 3.7 68
44
20 BMI.BF, [HAuCl,.3H,0] Microwave Nanosheets” 90
21 BMI.PF; [HAuCl4.4H,0] Aniline 450° 91
22 BMI.PFg [HAuCl4.4H,0] Copolymer Large nanoplates” 92
23 BMI.BF, [Au(CO)CI] Thermal decomposition/reduction  1.87, 4.1" and 61° 93
24 BMI.BF, [KAuCly] Thermal decomposition/reduction  1.17 93
25 2 [Na,Pt(OH)g] NaBH, 2.0-3.2 84
26 6 [H,PtClg) NaBH,4 2.5 87
27 EMI.BF, [K,PtCly] Ascorbic acid 4.0 94
28 BMI.NTf, [Pt(acac),] 1,2-hexadecanediol 4.5 95
29 BMI.BF, [PtO,] H, 3.0 76
BMI.PF; 2.3
BMI.BF, 2.0
30 BMI.PF; [RuO,] H, 2.5
BMI.CF;S0; 2.5 96
BMI.NTf, 2.1
31 BMI.BF, [Ru(COD)(2-methylallyl),] H, 2.9
DMI.NTf, 2.1 61
DMI.BF, 2.7
32 17 [Ru(COD)(2-methylallyl),] H, 22 97
33 BMI.PF¢ [Pd(acac),] H, 4.9 40
34 BMI.PF¢ Palladacycle Dimethylallene 1.7 98
35 BMI.PFg [Pd(COD)Cl,] H, 6-8 99
36 BMI.PF; [PdCl,] H, 7 99
37 BMI.PF; [PdClL,] H, 12/ 100
38 9 [12],[PdCly] PhB(OH), 5.0 101
39 10 [PdCl,] 10 150, 30 and 10" 102
40 11 [PdCl,] NaBH4 10-30 103
41 15 [Pd(OACc),] H, 5-6 104,105
42 BMI.PF; [Pd(OAc),] H, 2-5" 106
43 BMP.NTf, [PdX, >~ e 5-35/~ 107
44 BMI.Br or BMI.BF; [Pd(OAc),] or [PACL,] IL/sonochemical” 1.0 108
45 BMI.PF¢ [Pd(OAc),] Probable ligand-assisted 1.3 109
(AcO)
BPy.BF, 1.6
46 BMI.BF, [Ag(D)] Chemical 20 50
47 BMI.BF, and others [AgX] (X = BF,, PF¢, OTY) H, 2.8 to 26.17 67
or [Ag0]
48 13 13 NaBH, 5.7t038.3 110
49 10 [AgNO;3] 10 22 111
50 BMI.MeSO, [AgNO;] Ethylene glycol 15 pum nanowires 64
51 EMI.OTf [AgOTH] e 200" 112
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Table 1 (continued)
Entry IL Metal precursor Reducing agent M(0) size (nm)* Ref.
EMIL.OTf [AgNO;]
52 BMI.OTf [AgOTH] e 20 113,114
BMP.OTf
53 BMI.BF, [AgBF,] e Dendrites 115
54 BMI.NTf, [Ag(F5-OAc)] Probable ligand-assisted 4.5 95
(F3-AC07)
55 BMI.BF, [AgClO4.H,0] Photochemical® 8.9% 116
OMILBF, 4.9%
56 14 [InCl5] NaBH, 20 117
57 BMI.PF, [RhCl5.3H,0] H, 2.3 78
58 BMI.PF; [RhCl;.3H,0] NaBH, 2.0% 49,118
HEA.NTf, 3.0%
59 BMI.BE, [RhCl5.nH,0] H, 50 119
60 BMI.PF; [Rh(COD)CI], H, 15 100
61 BMI.PF, [CuCl] e 10 120
62 BMP.NTf, [Cu(I)] from a copper e 26”_ 121
EMI.NTf, wire 17
63 BMI.BF, [Cu(NO3),] Carbon®® 100" 122
64 BMI.BF, [Ni(NO3),] Carbon®® 100" 122
65 BMI.PF; [K,PdCl,] and [HAuCl,] NaBH, 3.0 68
3/ 6.0"
66 BMI.OTf [K5PdCly] and [HAuCly] (3/1) NaBH, 4.9 68
67 BMI.NTTf, [Pt(acac),] and [Co(acac)s] (0.5/1.5) Probable ligand- 8.0 123
assisted (acac) B
[Pt(acac),] and [Co(acac)s] 5.0/"kk
(10/3.3 or 3.3/3.3) )
68 EMI.BF, [Pt(acac),] and [Fe(CO)s] 1,2-hexadecanediol 4.3" 124
BMP.OTf (1/2 molar ratio) 2.4"
69 BMI.CI [FeCl;.6H,0] NaBH, 50" 125
BMI.Br 50"
BMI.PF, 20
OMI.BF, 20

¢ Determined by TEM; ® Electron beam irradiation at 6 kGy; ¢ Electron beam irradiation at 20 kGy; ¢ y-Ray irradiation at 6 kGy; ¢ y-Ray
irradiation at 20 kGy;’ Determined by XRD;# Depends on citrate concentration; ” Various particle morphologies can form, such as
quasi-spherical, raspberry-like, flakes or dendritic depending of the N-alkylimidazolium side chain; * Broad size range of 3-20 ym in diameter
and 10-400 nm in thickness in BMI.PF¢ whereas uniform, single-crystal nano- and microprisms with a size of about 100 pm in BMI.NTf);
/ Dendritic gold nanostructures with a three-order hierarchy resulting from fractal growth; “ In the presence of trisodium citrate and
cetyltrimethylammonium bromide (CTAB); / In the presence of AgNO; and gold spherical nanoseeds; ™ In the presence of n-butylimidazole or
methylimidazole as the scavenger and extra-stabilising ligand; ” Nanosheets with a size larger than 30 pm in length and thickness of about
50 nm; ° Polyaniline/Au particles were formed (biphasic medium: IL/water); ” P123(45% )-IL-HAuCl4(0.03 M) aqueous solution (small amounts
of gold nanobelts were observed from sample P123(45%)-IL(10%)-HAuCly(0.015 M) after 45 days); ¢ Only thermal treatment (in the presence of
n-butylimidazole); " Microwave-assisted for 5 min (in the presence of n-butylimidazole); * Photocatalytic-assisted for 3 min (in the presence of
n-butylimidazole); ’ In the presence of oleic acid and oleylamine; “ Depends on IL; * Phenanthroline was used as an extra-stabiliser ligand;
* Depends on the reaction temperature; * Pd-biscarbene complex was firstly formed with a subsequent sonolytic conversion to Pd metal zero-
valent species; © Depends on IL, silver precursor and the presence of a scavenger; " Nanowires 3 um in length; ““ By plasma-electrochemical
deposition; ?* Silver trifluoroacetate/oleic acid molar ratio of 1: 6; “ Benzoin was used as photoactivator for metal NPs formation; % Silver metal
NPs prepared in water-in-IL microemulsions; ¢ Bipy/THF was used as an extra-stabiliser ligand; 7 Particles are partly oxidised leading to a CuO
shell; #¢ Carbon from the IL due to microwave heating; " Copper and nickel NPs are coated with an amorphous carbon layer on their
surface; ” Bimetallic NPs were formed; ¥ Nanorods with an average atom ratio of Pt3yCog, (in the presence of CTAB); “ NPs with an average
atom ratio of Pt,3Co,, (Pt/Co = 10/3.3 molar ratio) and PtgsCoss (Pt/Co = 1 molar ratio) (in the presence of CTAB); " Roughly spherical or
chain-like morphology particles with 50 nm in diameter and 600 nm in length (IL/[FeCl;.6H,0O] molar ratio = 1:5); ™" Spherical NPs
(IL/[FeCl3.6H,0O] molar ratio = 1:2); ™ Spherical NPs organised into chain-like aggregates (IL/[FeCl;.6H>O] molar ratio = 1:3). BMP = 1-n-
butyl-1-methylpyrrolidinium; HEA = N,N-dimethyl-N-dodecyl-N-(2-hydroxyethyl) ammonium; F3-AcO™ = trifluoroacetate.

Notably, metal NPs with larger diameters and size
distributions as well as lower stabilities were obtained in the
absence of n-butylimidazole (see for example entries 19 and 47,
Table 1). These results are strong indications that the
n-butylimidazole is acting also as an extra-stabilising ligand
through bonding to the Ag®” and Au®® surfaces.®’

Moreover, even very weak bases can easily deprotonate the
imidazolium cation, thereby providing NHCs as extra ligands
in the reaction medium.”® The extra strong stabilisation of the
metal NPs provided by the in situ formed NHCs was claimed

to be responsible for the catalytic inhibition of [Ir(0)],, NPs in
the hydrogenation of ketones in ILs.”" Although the presence
of NHCs was also detected in the case of [Ir(0)], NPs in ILs, no
significant influence on the olefin hydrogenation catalytic
activity was observed.**

The solubility of the metal precursor also influences the size,
shape and properties of the metal NPs. Indeed, well-defined
monometallic and IL-soluble metal complexes when reduced
by molecular hydrogen have a strong tendency to follow the
autocatalytic mechanism developed by Finke and co-workers.”>”

This journal is © The Royal Society of Chemistry 2010
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Scheme 3 Examples of NP formation in the presence of scavengers
such as (a) n-butylimidazole and (b) 1,8-bis(dimethylamino)-
naphthalene.

This mechanism basically involves two steps: nucleation and
surface growth. Furthermore, in a more recent mechanistic
study of transition-metal NP formation and agglomeration,’”
two types of agglomeration were identified, namely bimolecular
agglomeration of NPs and a new autocatalytic agglomeration
of NPs with larger agglomerated NPs and/or bulk metal
(four-step mechanism).”>’* This four-step kinetic system can
be used to check for the involvement (in ILs) of large
agglomerates/bulk metal as part of the catalytic active species
in hydrogenation reactions. If the curves only fit with the
four-step mechanism, techniques other than transmission
electron microscopy (TEM) should be used to detect the
presence or absence of agglomerates/bulk metal in the system.
Indeed, the direct application of the double autocatalytic
mechanism could be used to explain the formation of [Ir(0)],
NPs in ILs.*®7° However, this mechanism was not appropriate
for the [Pt(0)], NPs via [PtO,] reduction in imidazolium ILs
because of the non-homogeneity and solubility of the metal
precursor (platinum oxide has a ““polymeric” structure) in the
IL and mass transfer limitations associated with the substrate
and hydrogen.’”® Moreover, the very low solubility of the metal
precursors, such as [PdCl,],, Ag>O (see Table 1, entries 36, 37,
39, 40 and 47), usually led to a very broad size distribution and
different shapes (usually difficult to reproduce) since the
precursors are heterogeneously distributed in the media.

Interestingly, imidazolium ILs may provide hydrophobic or
hydrophilic regions (polar and non-polar regions),”*=° the
nature of the metal precursor—ionic or neutral for instance—
is also a key determinant of the size and shape of the prepared
metal NPs since these compounds may concentrate in the
polar or non-polar regions of the IL. In such cases, the
nanoparticle growth process is probably controlled by the
local concentration of the precursor and consequently limited
to the size and shape of the IL polar or non-polar domains (see
Fig. 3 and 9). In the case of imidazolium ILs associated with
the same anion, the volume of the ionic nano-region is almost
the same regardless of the nature of the imidazolium alkyl side
chains. By contrast, the size of the non-polar region can be
modulated by the length of the N-alkyl side chains, such
as in BMILX and DMIX ILs (DMI = I-n-decyl-3-
methylimidazolium).

For example, the ionic precursor [Ir(COD),|BF, is
preferentially solvated in the ionic nano-region (populated
by aggregates of the imidazolium cations and tetrafluoro-
borate anions), rather than the aliphatic side chains of the

Metal Precursor

M M
lonic Neutral

Preferential Dissolution
in

IL IL
Polar Non-polar
Nanoregion Nanoregion

Metal Nanoparticles

O

Fig. 9 Simplified representation of the polar and non-polar nano-
domains of imidazolium ILs in which neutral and ionic metal NP
precursors may dissolve preferentially.

imidazolium cation (for instance, n-butyl or n-decyl), and the
reduction and nanoparticle growth occurs in this “polar”
nano-region.”’ Consequently, the size of the NPs is probably
controlled by the space determined by this “Coulombic”
region. Since this nano-region has almost the same volume
in both ILs (they have the same anion), the generated NPs
should have the same size using the cationic Ir(1) precursor. As
expected, this was observed (see Table 2).

However, the neutral precursor [Ir(COD)CI], tends to be
concentrated in the less polar nano-region. Therefore, larger
nano-sized particles should be formed in DMI.BF,, which has
a higher concentration of the metal precursor. Indeed, NPs of
3.6 = 0.9 nm were observed in DMI.BF,, whereas smaller,
irregular spherical NPs of 2.5 + 0.5 nm were formed in
BMI.BF, (Table 2).'*® This nano-region dissolution effect
was elegantly demonstrated in the case of the decomposition
of [Ru(COD)(COT)] in imidazolium ILs by molecular hydro-
gen'?’ (see section 3.2). In particular, a relationship between
the size of IL non-polar domains calculated by molecular
dynamics simulation and the Ru nanoparticle size measured
by TEM was demonstrated. Therefore, the phenomenon of
nanoparticle growth is probably controlled by the local
concentration of [Ru(COD)(COT)] and consequently limited
to the size of the non-polar domains.'?® Similarly, the volume

Table 2 Size” (nm) of [Ir(0)], NPs prepared in ILs that possess
different non-polar volume domains (DMI.BF,, and BMI.BF,) using
neutral and ionic Ir(1) organometallic precursors

Entry IL [Ir(COD)Cl], [Ir(COD),]BF,
1 BMI.BF, 2.5+ 0.5 1.9 £ 0.4
2 DMLBF, 3.6+ 0.9 1.9 + 0.4

“ Determined by TEM.
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of the polar domains of the imidazolium ILs may be controlled
by changing the size of the anions. The silver NPs obtained by
hydrogen reduction of silver salts (AgX, X = BF,, PF4, OTY)
dissolved in ILs and in the presence of n-butylimidazole have a
narrow size distribution in the diameter range of 2.8-26.1 nm
(entry 47, Table 1), which increases linearly with the molecular
volume of the IL anion,®” or more likely of the anionic
aggregates. In contrast, the size of Fe(0) NPs prepared by
NaBH, reduction of FeCly in BMI.X (X = Cl, Br, BF,
and PFg) ILs decreases linearly with the augmentation the
anion volume (entry 69, Table 1).!** Note that in this case the
NPs size increases with the decrease of the anion coordination
ability.

Notably, the metal precursor itself can be an IL, such as
those based on Ag(1) associated with N-containing ligands that
under reductive conditions produces [Ag(0)], NPs.!'® For
example, starting from the salts of the type [bis(alkylethyl-
enediamine)silver(1)], it is possible to prepare [Ag(0)],
NPs from their own IL. The treatment of silver() IL
[Ag(eth-hex-en),]NO; (eth-hex-en = ethylhexene-ethylenediamine)
with aqueous NaBH, yielded well-dispersed NPs (entry 48 in
Table 1 and Scheme 4). In contrast, the same procedure with
[Ag(hex-en),]PF¢ did not provide soluble metal NPs, and only
a silver precipitate was observed instead. These results can be
explained by the stabilising ability of the ligands to avoid
[Ag(0)], NP aggregation in each silver(i) complex. This
procedure for NP preparation from a silver complex where
the complex is a metal provider and a particle protector was
published previously by Imae and co-workers.'*

3.1.2 Reducing agents. Irradiation or the use of chemicals
such as molecular hydrogen or hydrides are the most frequently
used methods for the reduction of metal compounds in ILs.

The most clean reducing methods are electrochemical- and
irradiation-induced since they do not generate by-products
other than those originating from the metal precursor in the
medium. Radical species are involved in most irradiation-
induced metal reduction methods in ILs. For example, aniso-
tropic large gold particles were prepared by photo-induced
(UV light) reduction of the [HAuCly.4H,O] precursor
dissolved in a solution of BMI.BF,/acetone (entry 4,
Table 1). Different reaction conditions, such as time and
concentration of reagents, can affect the metal particle
morphology and size. A mechanism involving the radical
species was proposed to explain the growth of these large

Au(0) particles, which could reach 1-100 pm in size depending
on the reaction conditions.®® The reducing agent is probably a
Me,COH radical formed from the hydrogen atom abstraction
of the imidazolium cation by acetone in its excited state,
induced by UV light. It is also quite probable that radical
intermediates (such as radicals of the imidazolium species)
generated by the solvated electrons may be involved in the
growth of [Au(0)], NPs prepared using the electron beam
irradiation technique. The reduction of an Au(i) precursor
dissolved in the IL is induced by a low-energy electron beam
irradiation to furnish large and well-dispersed metal gold NPs
around 122 nm in size (entry 5, Table 1).3! Radical species are
also involved in a system containing thiol, organic solvent and
1,3-dibenzylimidazolium halide IL (in the absence of other
common reducing agents, such as hydrogen or boron hydride)
to prepare gold NPs 1-2 nm in size from the [AuCl;] precursor
(entry 7, Table 1). The radical pathway probably begins with
the carbene formation of the IL and coordination to the gold
cations.®® The thiol further reduces the gold complex to Au(0)
and releases benzylimidazole, which plays a very important
role as the NP surface ligand, akin to the use of alkylimidazole
as a scavenger and extra stabilising surface ligand®”*® leading
to the formation of well-dispersed and stable [Au(0)], NPs
(Scheme 5).

Together with molecular hydrogen, hydrides (mainly
NaBH,) are the most frequently used reducing agents for the
generation of metal NPs (Scheme 6). However, hydride
sources are not likely to be used in ILs, due their basic
character, to deprotonate the imidazolium cation and generate
carbenes that may bind to metal surface (akin to the classical
monometallic coordination chemistry). This reducing agent
produces various by-products, such as Na and B compounds,
that are difficult to remove from the IL.

However, it is quite interesting to note that, except in
one case with IL 8 (entry 14, Table 1), the reduction of
Au(mm) precursors in ILs by NaBH,4 (entries 8-10, 12, 18
and 19, Table 1) generates irregularly spherical-shaped gold
nanoparticles with diameters of 2-5 nm, regardless of
the IL. These results are probably related to the strong
reducing power of NaBH,, which rapidly transforms all of
the Au(in) precursors into Au(0). In turn, Au(0) aggregates
into thermodynamic local minima to size and shape the
gold NPs.

Silver NPs around 20 nm in diameter (entry 46, Table 1)
were also obtained under reducing conditions in BMI.BF,.°

Scheme 4 Silver NPs (8.3 £ 0.3 nm in diameter) prepared from their own IL system. (Figure adapted from ref. 110).
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Scheme 5 ILs and thiol as the reducing agent for [Au(0)], NP
formation under mild reaction conditions. (Scheme adapted from
ref. 83).

H
a) [Ru(COD)(2-methylallyl),] -z .
BMI.X or DMI.X
X = BF,, NTf,

1/n [Ru(0)], + cyclooctane + 2 isobutane

H
b) [ir(COD)CI], - 2 - 2n [Ir(0)], + 2 cyclooctane + 2 HCI
BMLX

X = BF,, PFe, OTF

¢) AGOl — 2+ 2In[AGO), + H,0

BMI.BF,

d) 4[HAUCI,] + 3NaBH, + 9H0 ——t»

4/in[AU(O)], + 3NaCl + 3 HyBO; + 13 HCI + 6 H,

Scheme 6 Examples of metal NP syntheses in ILs using molecular
hydrogen and sodium borohydride as reducing agents.

Alternatively, hydrazine monohydrate has been used
as the reducing agent to prepare [Au(0)], NPs from the
[HAuCly-3H,0] precursor in an ether-functionalised IL (IL 5)
(entry 11, Table 1). Notably, only innocuous by-products
are formed using this strong reducing agent that generate
almost instantaneously the gold NPs in the IL.>® The use of
more gentle reducing agents is useful for controlling the size
and shape of the metal NPs. Indeed, under conditions of
decelerated particle growth (by use of weak reducing agents),
the stabilisation of nanocrystals may be facilitated by the weak
coordination ability of unmodified imidazolium ILs. This was
nicely demonstrated by the formation of various shaped and
sized gold nanostructures from the reduction of Au(ir) by soft
reducing agents: ascorbate and/or citrate in ILs (entries 13, 15
and 18, Table 1).°%87% It was proposed that the size and shape
of the NPs is dictated by the preferential binding affinity of the
imidazolium cations to low-density gold crystal facets when
weak reducing agents are being used for particle growth.®® In
each step, the size and shape of the prepared gold nano-
structures were modulated by the nature of the reducing agent
(Scheme 7).

Molecular hydrogen is a relatively mild reducing agent and
may produce acid as its sole by-product, which can be then

NaBH,/Najcitrate

o
EMIEtSO,, CTAB, 0/25°C
Au"' Najcitrate _ 0
EMLEtSO,, 85°C
Ascorbic acid - A Ag', ascorbic acid, seed

EMI.EISO, , 25°C

4

Scheme 7 Synthesis of gold nanorods using ILs as the shape-
regulating medium. (Scheme adapted from ref. 66).

EMIEISO,, 25°C

trapped with  scavengers, such as alkylimidazoles
(Scheme 3).5”® Its consumption can be used as a probe to
monitor the NP formation, but mass transfer problems are
usually present due to its very low solubility in ILs.!30132
Notably, metal NPs can be prepared in situ in ILs with
hydrogen. The resultant NPs can then be used without
purification or isolation for hydrogen reactions. For example,
metal ruthenium NPs were efficiently generated from the
reduction of the Ru(ir) precursor [Ru(COD)(2-methylallyl),]
by molecular hydrogen in several imidazolium ILs under mild
conditions (entry 31, Table 1).°' Depending on the type of IL
(cation and anion), the reduction time to obtain [Ru(0)],, NPs
varied significantly and their separation from the IL phase
could not be achieved in some cases. However, the IL/Ru NPs
could be used directly for the hydrogenation of alkenes and
arenes.

In some cases, the IL itself can carry the reducing agent,
such as hydroxylated imidazolium salts 10; depending on
the redox potential of the metal precursor, the imidazolium
cation can undergo the oxidation process (Scheme 8).
For example, metal silver NPs have been prepared using
hydroxylated ILs 10, namely 1-(2-hydroxyethyl)-3-methyl-
imidazolium tetrafluoroborate and 1-(2’-hydroxyethyl)-2-
methyl-3-dodecylimidazolium chloride (entry 49 in Table 1
and Scheme 8)."'' In the case of Au(im), the imidazolium
cation itself can act as a reducing agent to yield prismatic
particles in BMI.PF¢ with a very broad size range of 3-20 um
in diameter and 10400 nm in thickness (entry 16 in Table 1
and Scheme 8).

However, in BMI.NTY,, single-crystal nano- and micro-
prisms with larger sizes of about 100 um in diameter were
prepared.®?

Electrochemical reductions of metal compounds in ILs are
likely the cleanest methods for preparing metal NPs since only

a) Haucl, + /N@N o — R
e, 1in[Au()], + HCI + AN N~
" PFg
b) 2 AGNO; + /N@\N\/\OH H;O,
~BF, 2n (A, + /N@N\/Qo + 2 HNO,
~BF,

Scheme 8 Preparation of metal NPs using (a) the imidazolium cation
of the IL and (b) the hydroxyl group attached on the imidazolium
cation as reducing agents.
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Fig. 10 Plasma-electrochemical reduction of a metal precursor in IL.
(Figure adapted from ref. 113).

electrons are involved. Indeed, isolated, dispersed silver NPs
with an average diameter of 20 nm can be deposited on the
surface of BMI.OTf IL by electrochemical reduction of Ag(1)
salts with free electrons from a low-temperature plasma
(Fig. 10 and entry 52, Table 1)."'*!'* Moreover, nanocrystalline
silver films and nanowires in EMI.OTf have been prepared in a
similar manner by electroreduction of [AgOTf] (entry 51,
Table 1).'2

Interestingly, a specifically designed electrochemical cell has
been developed to observe electrochemical metal deposition
from IL in real time by scanning electron microscopy (SEM).

The cell was successfully employed for the deposition of
silver from BMI.NTSf, containing [AgNTf,]. This process
yielded growth of granular and dendritic forms of Ag deposits.'*?
This procedure, which is directly performed in the ultra high
vacuum chamber of a SEM apparatus, has also been used for
electron beam-induced Ag deposition from the BMI.BF, IL
containing [AgBF,4] on anatase TiO, surfaces (entry 53 in
Table 1 and Fig. 11).'"> Because Ag deposition occurs in
anatase TiO, and not with Au and amorphous TiO,, which
are not photosensitive, it was proposed that the deposition
mechanism is of a pseudo-photocatalytic nature.

3.1.3 Nature of the IL and extra-stabilising ligands. One of
the key factors in the preparation of the metal NPs is the
purity of the ILs, especially the halides and water content.
Indeed, these impurities may dramatically change the physico-
chemical properties of the ILs.!**!3 In addition, these impurities
may act as an extra ligand and/or change the kinetics of the

e-beam
SEM chamber
i | B
=] /"@N\/\/ + AgBF,

o BF,

S

L
— Light .J —_—
Dark area area | Darkarea

Fig. 11  Electrochemical deposition of silver from IL on anatase TiO,
surface, as observed by SEM. (Figure adapted from ref. 115).

NP formation. For example, the size of [Ir(0)], NPs depends
upon the level of chloride and water contamination of the
BMI.BF, IL (Table 3).

In particular, the presence of water in ILs containing
hydrolysable anions, such as BF4; and PFg, causes the
formation of several by-products that may have detrimental
effects on the formation of metal NPs.'>13¢

To increase the stability of the metal NPs in ILs, extra
ligands were used or ILs containing organic functions that can
bind more effectively with the metal surface have been used
(Fig. 12).

Indeed, transition-metal NPs have also been synthesised in
several functionalised ILs via chemical reduction of metal
precursors. Different groups, such as thiols, amines, carboxylic
acids and ethers (example ILs are in Fig. 8), could be attached
on the cation and/or anion of IL, thereby providing additional
stabilisation of the NPs due to its coordination on the metal
surface.

For example, stable metal palladium NPs with diameters of
2-5 nm were obtained from the hydrogen reduction of
[Pd(OAc),] in BMI.PF¢ followed by addition of phenanthroline
(entry 42, Table 1)."% The phenanthroline binds to the metal
surface akin to the interaction observed with classical giant Pd
clusters,'?”"13® giving extra stabilisation to NPs without
impairing its catalytic activity for hydrogenation reactions
under multiphase conditions. Using the same approach, stable
bipyridine [Rh(0)], NPs with diameters of around 2 nm in
BMI.PFs were prepared and used as arene hydrogenation
catalysts (entry 58, Table 1).*''® Recently, an imidazolium-
monofunctionalised bipyridine ligand was also used as an
efficient extra protective agent for [Rh(0)], NPs synthesised
in BMI.PF.'* Similarly, stable and well-dispersed [Pd(0)],
NPs with mean diameters of 5-6 nm were prepared in
2,2'-dipyridylamine-functionalised imidazolium IL (entry 41,
Table 1).!° Notably, the arene moieties present in the media
may also be an extra source of NP stabilisation, similar to that
observed in classical organic solvents (Fig. 12)."4°

Not surprisingly, although thiols are one of the most
frequently used stabilising agents for water- or classical
organic solvent-soluble gold NPs, they are also widely
employed for the stabilisation of gold NPs in ILs. In most
cases, the synthesis of [Au(0)], NPs are performed in
thiol-functionalised ILs, such as 2—4 (Fig. 8). The typical
reduction of [HAuCly] with NaBH, in 3,3’-[disulfanyl-bis-
(hexane-1,6-diyl)]-bis(1-methyl-1 H-imidazol-3-ium)dichloride
produces metal NPs with diameters of 5 nm (entry 9,
Table 1).5° These Au NPs could be used as optical sensors
of anions in water via a particle aggregation process. Similarly,
stable [Au(0)], NPs have been prepared in a zwitterionic
imidazolium sulfonate-terminated thiol IL (zwitter IL 4).%

Table 3 Influence of chloride and water impurities in BMI.BF, on
the size of the [Ir(0)], NPs prepared by hydrogen reduction of
[Ir(COD)(MeCN),|BF,*

Entry Water (wt%) Chloride (ppm) Size by TEM (nm)
1 0.19896 228 25+0.8
2 0.050387 228 28 +0.7
3 0.006854 12.6 3.6 +0.9

This journal is © The Royal Society of Chemistry 2010
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Fig. 12 Simplified representation of coordination of bipyridine/dipyridylamine moiety (G interaction) or py/arene (n—7 interaction) ligands onto

the surface of metal NPs in ILs.

The chemical reduction of [HAuCl4-4H,O] by NaBH,4 in the
presence of zwitter IL 4 in MeOH yielded well-dispersed
capped zwitter-[Au(0)], NPs (entry 10 in Table 1 and
Fig. 13). These NPs were insoluble in water and common
polar and non-polar organic solvents, such as MeOH, acetone,
DMSO, THF, n-hexane, benzene and CHCI;. However, they
also presented good stability in aqueous solutions of different
electrolytes, proteins and ILs. The mean diameters of the
capped zwitter-[Au(0)], NPs re-dispersed in some aqueous
electrolytes were in the range 2.4-2.7 nm.

Aqueous thiol-functionalised ILs have been employed
successfully to produce [Au(0)], and [Pt(0)], NPs.®* Several
ILs similar to 2, containing a thiol moiety at different places at
the cation and/or at the anion, were tested in the reduction of
[HAuCly] and [Na,Pt(OH)g] with sodium borohydride in
water (entries 8 and 25, Table 1). It was suggested that the
metal NP size is dependent on the number and position of
thiol group in the IL structure. The diameter of the NPs
decreased as the number of thiol groups increased in the
cation and the diameter also decreased when a sulfite anion
with a thiol group was adopted. Moreover, these metal NPs
were stable after re-dispersion in water, indicating that the IL
produces a protective layer surrounding the NPs to prevent
their aggregation. '"H NMR analysis also revealed the inter-
action of the IL (through the thiol group) and the NP surface.
Notably, the NPs apparently do not present significant plas-
mon absorption due to their very small size. However, it is
possible that the thiol and imidazolium cation are strongly
coordinated to the metal surface, thereby causing a negating
effect on the plasmon absorption.

The nature of the IL anion, including both electronic and
steric properties, is one of the key factors determining the
size and shape of the nanostructures. Electronically, the
coordination strength of the anionic aggregates for small
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Fig. 13 (a) Zwitter-[Au(0)], NPs synthesised in the zwitterionic IL
and (b) a selected TEM micrograph of these NPs re-dispersed in an
aqueous solution of NaCl. (Figure adapted from ref. 86).

NPs (<10 nm) is a key factor, whereas the coordination
strength of cationic aggregates is most significant for larger
NPs. For example, cubic NPs and octahedral particles were
observed in BMI.CI and BMI.Br, respectively, from [AgNOj3]
and ethylene glycol. However, for ILs with the MeSO,4 anion
independent of the cation, silver nanowires of up to about
15 pm were preferentially produced, indicating a strong anion
effect due to its single coordination ability in the metal surface
precursor, and thus leading to different types of nano-
structures (entry 50, Table 1).°* The XRD, TEM and SAXS
analyses revealed that isolated [Ir(0)], NPs of 2-3 nm in mean
diameter were formed from the hydrogen reduction of
[Ir(COD)CI], in all cases, regardless of the type of ionic liquid
anion; however, slightly larger nanoparticles were obtained in
the IL containing the weaker coordinating anion (BF,).*

Amino-functionalised ILs, such as 7 and 8, have also been
reported to be effective stabiliser agents for [Au(0)], NP
formation (entries 13 and 14, Table 1).#”% In addition, NPs
were efficiently synthesised in carboxyl-functionalised ILs. As
expected, the IL interacts with the NP surface by coordination
of the carboxyl group (entry 40, Table 1).!° In the same
context, the synthesis of [Au(0)], and [Pt(0)], NPs in carboxyl-
functionalised ILs was also performed.®” In this case, particularly
for IL 6, gold and platinum NPs were prepared using a typical
reduction method with sodium borohydride and the precursors
[HAuCly] and [H,PtClg], respectively (entries 12 and 26,
Table 1). Furthermore, NaBH,4 (methanolic solution) has also
been used for the reduction of [InCl;] in IL 14 at 70 °C to
generate large [In(0)], NPs with mean diameters of around
20 nm (entry 56, Table 1).'"”

3.2 Decomposition of metal complexes in ILs

The simple decomposition of metal compounds in their formal
zero oxidation states is an additional method to prepare metal
NPs in ILs. For example, the controlled decomposition of
the complex [Pty(dba)s;] (dba = dibenzylideneacetone) with
hydrogen (4 atm) in BMI.PF¢ leads to stable and isolable
platinum NPs with diameters of 2.0-2.5 nm (entry 1 in Table 4
and Fig. 14).'4

Ruthenium NPs have also been prepared in ILs*' using a
controlled decomposition method developed previously.'4>143
The treatment of [Ru(COD)(COT)] in BMI.PF¢, BMI.BF, or
BMI.CF;SO; with molecular hydrogen (4 atm) at 75 °C
efficiently produces [Ru(0)], NPs. The TEM analysis shows
the formation of spherical superstructures of Ru particles with
diameters of 57 + 8 nm. Inside these superstructures, [Ru(0)],,
NPs with diameters of 2.6 + 0.4 nm were observed (entry 2 in
Table 4 and Fig. 14).
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Fig. 14 Selected TEM micrographs of (a) [Pt(0)], NPs (2.0-2.5 nm)
(negative image, under focus) in BMI.PF¢ showing the contrast
density fluctuation around the metal NPs and (b) the [Ru(0)], NPs
(2.6 £ 0.4 nm) inside the Ru superstructures dispersed in BMI.PF.
(Figure adapted from ref. 41,141).

Interestingly, as recently reported by Chaudret and
co-workers,'?’ the size of [Ru(0)], NPs synthesised from the
precursor [Ru(COD)(COT)] dissolved in ILs varies between
0-25 °C. Lower temperatures (with or without stirring)
resulted in smaller particles (ca. 1 nm) and higher temperatures
(25-75 °C) led to slightly larger particles (2-3 nm), which are
inversed results from those prepared in organic solvents'*
(entry 3, Table 4). Notably, metal NPs prepared at 0 °C under
stirring agglomerated into large clusters containing 2-3 nm in
size. However, agglomeration is not verified for the NPs
synthesized without stirring at the same temperature. These
observations indicate that at lower temperatures (0 °C), the

metal species in IL are better isolated than at high temperatures
(25 °C). This effect may be directly related to the organisation
type of ILs.>” As expected, at low temperatures and without
stirring, the organisation of supramolecular aggregates in IL
tends to be better maintained, increasing the efficiency of the
confinement of the metal species in the IL structure, and thus
providing smaller particles. On the other hand, the presence of
stirring, even at 0 °C, was suggested to perturb this 3D
organisation and leads to partial agglomeration of the metal
NPs, thereby yielding larger particles. The same research
group also published the influence of the IL 3D organisation
on the size of ruthenium NPs.'?® A linear relationship between
the NP size and the length of the alkyl chain in IL was
described (Fig. 15). In addition, the NP crystal growth could
be controlled by the local concentration of the Ru precursor
([Ru(COD)(COT))), as well as be limited to the size of the IL
non-polar domain.'?

This trend corroborates earlier observations on the
formation of nickel NPs with a narrow size distribution
from the decomposition of [bis(1,5-cyclooctadiene) nickel(0)]
organometallic precursor in 1-alkyl-3-methylimidazolium
ILs.'"*!'%% Indeed, the simple decomposition of [Ni(COD),]
dissolved in 1-alkyl-3-methylimidazolium N-bis(trifluoro-
methanesulfonyl)imide ILs yields Ni NPs probably composed
of a Ni metal core and a NiO cap. The diameter, size
distribution and the metal/metal oxide ratio depend on the
structural arrangement of the salt. There are slight decreases in

Table 4 Synthesis of NPs by decomposition of several transition-metal(0) organometallic compounds in ILs

Entry IL Decomposition Metal precursor M(0) size (nm)“ Ref.
1 BMI.PF¢ In the presence of H, [Pto(dba)s] 2.0 141
2 BMI.PF¢ In the presence of H, [Ru(COD)(COT)] 2.6° 41
3 BMI.NTf, In the presence of H, [Ru(COD)(COT)] 2.4:[ 127
0.9
1.1¢
4 BMI.NTTf, Thermal [Co,(CO)g] 7.7 146
DMI.BF, 45
5 DMI.NTf, Thermal [Cox(CO)s] 79" and 11¢ 147
DMI.FAP 53"
6 BMI.BF, Thermal [Cox(CO)s] 14 148
7 BMI.BF, Thermal [Cr(CO)g] 1.5 149
8 BMI.BF, Photolytic [Mo(CO)s] 1.5 149
NMe;"Bu.NTf, 150
9 BMI.BF, Thermal [W(CO)q] 1.5 149
BMI.CF;S0; 5.7
BMI.NTf, 33
NMe;"Bu.NTf, 67
10 BMI.BF, Thermal or photolytic [Fex(CO)o) 5.2 150
[Ru3(CO)y5 1.6
[0s3(CO);2] 2.5
11 BMI.BF, Thermal [Rhe(CO)16] 3.0 148
BMI.CF;S0; 44
NMe;"Bu.NTf, 14
12 BMI.BF, Thermal [Ir4(CO);2] 1.7 148
BMI.CF;S0; 3.6
NMe;"Bu.NTf, 81
13 BMI.NTf, In the presence of H, [Ni(COD),] 5.9 144,145
TDMI.NTf, 5.1
HDMI.NTf, 5.5

¢ Determined by TEM; ® These small NPs are inside the Ru superstructures, which are 57 nm in size; © At 25 °C; 4At0°C (in this case, the NPs
are agglomerated and forming clusters of 2-3 nm in size); ¢ At 0 °C without stirring; 7 Co nanocubes; ¢ Co irregular nanoparticles; * After 5 min of
decomposition. BMI = 1-n-butyl-3-methylimidazolium; DMI = 1-n-decyl-3-methylimidazolium; TDMI = 1-methyl-3-n-tetradecylimidazolium;
HDMI = 1-n-hexadecyl-3-methylimidazolium; NMes"Bu = n-butyl-tri-methylammonium; NTf, = N-bis(trifluoromethanesulfonyl)imide;
FAP = tris(perfluoroethyl)-trifluorophosphate.
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Fig. 15 Schematic showing the correlation between the size of the
ruthenium NPs and the number of carbons on the alkyl chain of the
IL. (Copyright from ref. 128).

both the nanoparticle diameter and the size distribution with
increasing carbon number of the alkyl side chain of the
imidazolium cation up to 14 carbons (entry 13, Table 4).
The thermal decomposition of metal carbonyls constitutes
another simple and clean method for the production of NPs in
ILs. Indeed, the only by-product is CO gas, which has a very
low solubility in ILs and thus is rapidly expelled from the
medium and having little opportunity to interact with the NP
surface. However, relatively high reaction temperatures must
be used to decompose the metal carbonyl compounds. For
example, the thermal decomposition of the cobalt carbonyl
precursor [Co,(CO)g] dissolved in BMI.NTTf, occurs at 150 °C
to yield cobalt NPs with a mean diameter of 7.7 & 1.2 nm.'*
Moreover, cobalt NPs of 4.5 £ 0.6 nm in size are obtained
from the decomposition of the same precursor in 1-n-decyl-3-
methylimidazolium tetrafluoroborate (DMI.BF,4). These
results suggest that the size of the Co NPs can be controlled
depending on the type of the IL chosen (entry 4, Table 4).
Most remarkable, [Co(0)], nanocubes can be prepared in
imidazolium ILs without additional stabiliser.'*” The
decomposition of the [Co,(CO)g] precursor at 150 °C using
DMILNTHT; as the solvent leads to cobalt nanocubes having a
size of 79 + 17 nm together with smaller irregular NPs (11 & 3 nm)
(entry 5, Table 4). Depending on the decomposition time,
different percentages of nanocubes and spheres are observed.
On the other hand, employing DMLFAP (FAP = tris-
(perfluoroethyl)trifluorophosphate), the formation of controlled
Co nanocubes depends strongly on the reaction time. For
DMI.FAP, these cubic particles are observed only at the
beginning of the reaction (5 min) and transforming quickly
into irregular NPs. These results suggest that in both cases
(DMI.NTf, and DMI.FAP) the nanocubes are transformed
into small irregular NPs with long reaction times. Therefore,
by properly choosing the IL type (cation and anion) and
reaction conditions, it is possible to obtain selectively cubic
shaped or irregular particles (Fig. 16). In addition, the forma-
tion of the metal nanocubes can be related to the intrinsic IL
self-organisation. For example, these nanostructures were not
observed using BMI.NTT, or an anion with a higher coordination
ability, such as BF, . Of note, the IL-dispersed cobalt NPs are
much less prone to oxidation than those isolated from the
media, similar to the results observed with the Ru NPs.*! In

a
’g

(b)

50 nm

(c) (d)
Fig. 16 TEM micrographs of the [Co(0)], NPs dispersed in (a)
BMI.NTf; (7.7 + 1.2 nm), (b) DMIL.BF, (4.5 + 0.6 nm), (c) DMIL.NTf,

(79 £ 17 nm) and (d) DMI.FAP (53 &+ 22 nm) (5 min of decomposition
time). (Figure adapted from ref. 146 and 147.)

parallel, stable Cr, Mo and W NPs can be synthesised by
thermal or photolytic decomposition of their respective
mononuclear metal carbonyl precursors [M(CO)¢] dispersed
in ILs (entries 7-9, Table 4).'%

Using the same method, small Fe, Ru and Os metal NPs
with diameters of 1.5-2.5 nm from the metal precursors
[Fes(CO)ql, [Ruz(CO)i5] and [Os3(CO),], respectively,
dissolved in BMI.BF, were prepared (entry 10, Table 4).'
Cobalt, rhodium and iridium NPs were also prepared in IL by
the same research group by thermal decomposition of the
molecular clusters [Co,(CO)g], [Rhg(CO)6] and [Irg(CO)y5],
respectively (entries 6, 11 and 12, Table 4)."*® However, the
thermal decomposition of [Fe(CO)s] dissolved in BMI.NTf,
IL only produced iron oxide NPs.!>!:152

3.3 Formation of metal NPs by bombardment

The bombardment of metal or large-sized metal particles by
laser irradiation'>® or energetic gaseous ions may cause their
breakup and generate smaller particles. The irradiation of
metal particles promotes the photoejection of electrons, which
induces subsequent fragmentations,'>* and this constitutes an
alternative and selective method for the breakup of large
or irregular particles into smaller and regular ones
(Fig. 17).155156

The irradiation of large metal nanoclusters dissolved in ILs
is an alternative method for the generation of smaller NPs with
a narrow size distribution. The restructuring of those particles
leads to their aggregation into larger particles after use, such
as in catalysis. Indeed, the in situ laser radiation of relatively
large [Pd(0)], and [Rh(0)], NPs dispersed in BMI.PFq IL
induces their fragmentation into smaller particles with a
narrow size distribution (entries 1 and 2, Table 5).'%

The time-of-flight mass spectrometry studies of the ablation
of several imidazolium salts of the form [R;R,I]X
(R; = methyl; R, = methyl, ethyl, butyl, and hexyl;
X = CI7, NO3~, and CH3SO,") showed that at least 99%
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Fig. 17 Simplified representation of the fragmentation of metal
clusters with laser excitation. A transient aggregate formed via the
photoejection of electrons is considered to be a precursor for complete
fragmentation of the particle.!>

of the material is removed in the form of nano- or micro-
droplets consisting of intact IL. Approximately 1% is
ejected as imidazole molecules (R;R,I) produced through the
elimination of HCI, and about 0.1% of the material is ejected
in the form of single salt molecules of [R;R,IJX."’

Gold NPs have been prepared by laser ablation of a gold
plate in imidazolium-based ILs. The size and stability of gold
NPs were dependent on the wavelength of the laser light and
the alkyl chain length of the imidazolium-based cation.!>®

The extremely low vapour pressure of ILs has enabled
vacuum deposition of solid materials onto ILs. This innovative
synthesis is based on the sputter deposition technique where
metal NPs are formed from a metal foil and then dispersed in
the ILs. The main advantage of this process is that no
additional stabilisers or reducing agents are needed. Torimoto
and co-workers have described the preparation of soluble
metal NPs in ILs by simple sputtering of a gold foil.'> Indeed,
highly dispersed [Au(0)], NPs of 5.5 nm in diameter (Fig. 18)
were obtained by sputter deposition in the IL I-ethyl-3-
methylimidazolium tetrafluoroborate (EMI.BF,). Although a
longer sputtering time increased the NP concentration in the
IL, it did not significantly affect the particle size (entry 6,
Table 5).

In sputter deposition, the bombardment of an Au foil
surface with energetic gaseous ions causes the physical ejection
of surface atoms and/or small Au clusters (Fig. 19).'®° Because
of the low gas pressure, it is assumed there are no considerable
gas-phase collisions of the sputtered species in the space
between the Au foil and the IL medium. Their injection into
the IL solution could produce an atom/cluster concentration
high enough to coalesce with each other and result in the

Fig. 18 Metal Au NPs synthesised by sputter deposition in the ILs
(a) EMIL.BF, and (b) NMe;"Pr.NTf,. (Figure adapted from ref. 159).

formation of larger particles. In summary, sputtered Au
species were injected into ILs without remarkable gas-phase
collisions in the space between the target and IL solution,
resulting in their coalescence with each other to form a
dispersion of larger [Au(0)], NPs with diameters of several
nanometres.

Indeed, various irregular Au, Ag and Pt NPs have been
prepared in some ILs (see entries 6-15, Table 5). The size of
NPs depends apparently on the type of IL but not with the
time of sputtering. For example, Au nanoparticles of 5.5 nm
with a standard deviation of 0.86 nm were produced in
EMI.BF,, while sputter deposition onto NMe;"Pr-NTf,
resulted in the formation of much smaller Au nanoparticles
with 1.9 nm and standard deviation of 0.46 nm.'*® However,
the size of NPs can be controlled by varying the discharge
current. Indeed, sputter deposition of silver BMI.PF¢
produced Ag nanoparticles whose size increased from 5.7 to
11 nm by varying the discharge current from 10 to 40 mA.'%*

This method was extended for the generation of bimetallic
NPs. The simultaneous sputter deposition of gold and silver
onto ILs formed bimetallic alloy NPs. The sputter deposition
produced spherical particles highly dispersed in the IL in
which individual NPs were single crystals. By just varying
the area ratio of the individual pure metal foils in the sputtering
targets, the chemical composition and optical properties of the
alloy NPs were easily controlled. These alloys exhibited
composition-sensitive surface plasmon resonance with a
red-shifted peak wavelength and an increased surface area of
the sputtered gold foil targets.'®!

Table 5 Formation of metal NPs in ILs by laser ablation (pulse in nm) or sputtering of metal substrates

Entry IL Metal substrate Bombardment Size (nm) Ref.

1 BMI.PF; [Rh(0)], (~ 15 nm) Laser 532 7.2 100

2 BMI.PF; [Pd(0)], (~ 12 nm) Laser 532 4.2 100

3 OMI.BF, Au plate Laser 1064 13 158

4 OMI.BE, Au plate Laser 532 4.2 158

5 BMI.BF, Au plate Laser 532 3.6 158

6 EMI.BF, Au foil Ar” 5.5 159

7 BMI.PF; Au foil Ar” 2.6 161,162
8 BMI.PFg Ag foil Ar* 6.0 161

9 BMI.PF, Au and Ag foils” Ar* 3.1 161

10 NMe;"Pr.NTf, Au foil Ar” 1.9-2.3 159,163
11 BMI.PF, Ag foil Ar't? 5.7 164

12 BMI.PF, Ag foil Ar*e 11 164

13 BMI.PF, Ag foil/HAuCl“ Ar” 6.4-6.9 164

14 NMe;"Pr.NTf, Pt foil Ar” 2.2 165

15 NMe;"Pr.NTf, Pt foil N,* 3.3 165

@ Ag/Au alloy formed; ® A discharge current of 10 mA was used; ¢ A discharge current of 40 mA was used.

This journal is © The Royal Society of Chemistry 2010

Chem. Soc. Rev., 2010, 39, 1780-1804 | 1795



M(0) foil

Ejection
Gaseous ions
bombardment © andlor %
Atom Cluster

=

Fig. 19 Simplified model of metal NPs deposition in ILs by the
sputtering method.

3.4 Spynthesis of metal NPs in aqueous phase or organic
solvents and transferred to the IL phase

Generally, the transfer of metal NPs from an aqueous phase to
an organic phase is better attained in the presence of classical
ligands, such as amines and thiols,'®® and the use of surfactants
may act as phase transfer agents. Thus, capping the metal NPs
with these ligands leads to increased NP solubility in the
organic phase. Although the hydrophobicity of ILs can be
modulated, it is possible to transfer metal NPs from the water
or organic solvent to the IL. For example, metal gold NPs
prepared in an aqueous solution of a thiol-functionalised IL
were easily transferred from the water phase to a hydrophobic
BMI.PF, IL.® Through an anion exchange of the water-
miscible thiol-IL from CI™ to PF¢~ using HPFg, the [Au(0)],
NPs transferred quickly to the IL (1-n-hexyl-3-methylimid-
azolium hexafluorophosphate) phase. In this case, the HPFq
acid acted as a phase transfer agent, allowing NP solubilisation in
the organic phase (IL) due to the solubility change induced by
anion exchange (Cl™ to PF4") (entry 1, Table 6).

It was also reported that metal NPs prepared in water can
be transferred to an IL phase without additional capping
ligands (such as thiols).'"®” The highly hydrophobic BMI.PF,
IL was the best organic medium tested, as the [Au(0)], NPs
were practically completely transferred from the aqueous
phase to the IL phase. For other classical organic solvents,
such as benzene, hexane and chloroform, the gold NPs were
poorly transferred. However, after phase separation, aggregation
with further precipitation of the NPs was observed in the ILs.
Therefore, tetradecyltrimethylammonium bromide (TTAB)
was added to the aqueous phase for NP synthesis. The cationic
surfactant TTAB is also transferred to the IL phase, thereby
preventing NP aggregation (entry 2, Table 6).

Alternatively, poly(1-methyl-3-vinylbenzyl-imidazolium
chloride) IL (ILP) was used to stabilise NP formation in
water.'® The reaction of an aqueous solution containing
[HAuCly], ILP and NaBH, rapidly afforded metal gold NPs.

Adding BMI.PF; to the aqueous solution, the [Au(0)], NPs
were reasonably transferred from the aqueous phase into the
IL phase, although some NP aggregation was also observed in
the IL. Interestingly, the ILP anion exchange from Cl™ to the
same anion of the IL employed (in this case PFs~) improved
the NP transfer to the IL phase. Using HPF¢ in the NP
preparation and after addition of BMI.PFg, the NPs were
totally transferred to the IL phase without significant aggregation.
The same result was observed employing LiNTf, during NP
synthesis and further addition of BMI.NTf, to the aqueous
phase. Again, the [Au(0)], NPs were completely transferred
from the aqueous phase to the IL phase (entry 3, Table 6 and
Fig. 20). This method was successfully applied to other metal
NPs, such as platinum and palladium.

The organic phase transfer was observed for surfactant-
stabilised rhodium NPs previously synthesised in an aqueous
solution of  N,N-dimethyl-N-dodecyl-N-(2-hydroxyethyl)
ammonium chloride (HEA12.Cl). The addition of LiNTTf, to
the aqueous suspension of Rh-HEAI12.Cl transferred the
hydrosol NPs to an IL phase (HEA12.NTf,) (entry 4,
Table 6).'%

The novel application of gold and silver nanorods as
irreversible thermochromic dyes in polymeric IL (PIL) nano-
composites was recently reported. These materials have been
synthesised by anion exchange of an imidazolium-based PIL in
a solution that also contained gold nanorods. This resulted in
the entrapment of the nano-objects within a solid polymer
precipitate. In this work, the effect of the temperature was
studied in relation to the change of shape and, consequently,
colour of the gold or silver nanorods within the films. For the
nanocomposites studied, a maximum of two visual thermo-
chromic transitions was observed for gold nanorods, and up to
three transitions were observed for silver nanorods.'”°

Carbon nanotubes, gold nanorods, and silver NPs can be
transferred from water to organic solvents and back to water
again by using PILs as vehicles. The PILs are able to trap
several nano-objects during their anion-exchange-induced
precipitation in water. This reversible process provides a
PIL/nano-object composite that is fully re-dispersible in
organic solvents.'”!

There is a single example in which metal NPs prepared in
organic solvent were transferred to the IL (entry 5 in Table 6
and Scheme 9). In this process, the [Pd(0)], NPs were prepared
by reaction of a palladacycle with a large excess of dimethyl-
allene in dichloromethane followed by transfer to BMI.PF4.%

4. Characterisation of metal NPs in ILs

Although some ILs were reported to be vaporised with a
very slow rate under high-vacuum and high-temperature
conditions,'” analyses conducted at ambient temperature
did not detect any vaporisation of these fluids, even under
high-vacuum conditions.!”® Therefore, ILs can be used in
several vacuum techniques, including TEM,'*! XPS and
SIMS.""*178 Indeed, it was reported that ILs can be observed
by TEM and thus the size and shape of NPs can be analysed
in situ, such as with [Pt(0)], NPs in BMI-PF; in this case.'*!
After this report, in situ XPS analyses of metal NPs in ILs were
performed.*?
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Table 6 Metal NPs synthesised in a non-IL medium and further transferred to an IL phase

Entry Medium from/to Preparation Metal precursor M(0) size (nm)“ Ref.
1 Water?/ HMI.PF, Reduction/NaBH, [HAuCly] 5.0 85

2 Water/BMI.PF¢ Reduction/citrate [HAuCl,] 48.1; 49.9¢ 167
3 Waterd/BMI.PFﬁ or BMI.NTf, Reduction/NaBH, [HAuCl,] 2-10 168
4 Water’//HEA12.NTf, Reduction/NaBH, [RhCl;.3H,0] 24,28 169
5 CH,Cl,/BMI.PF¢ Reductive elimination/allene Palladacycle 1.7 98

6 Water/PIL? Ascorbic acid [HAuCl,] Au nanorods 170
7 Water/PIL? Ascorbic acid [AgNO;] Ag nanorods 170

“ Determined by TEM; © In the presence of 3.3’-[disulfanylbis(hexane-1,6-diyl)]-bis(1-methyl-1 H-imidazol-3-ium)dichloride; ¢ After transfer to the
IL phase; ¢ In the presence of poly(1-methyl-3-vinylbenzyl-imidazolium chloride); © In the presence of N,N-dimethyl-N-dodecyl-N-(2-hydroxy-
ethyl) ammonium chloride (HEA12.Cl);” After transfer to the IL phase; ¢ PIL = poly(l-ethyl-3-vinylimidiazolium N-bis(trifluoromethane-

sulfonyl)imide). HMI = 1-n-hexyl-3-methylimidazolium.

Fig. 20 (a) Gold NPs transferred from the aqueous phase to the
BMI.PF¢ phase (b) and in the presence of HPFg; (c) [Au(0)], NPs
transferred from water to BML.NTS, and (d) with LiNTf,. (Figure
adapted from ref. 168).
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N
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Scheme 9 Transfer of palladium metal NPs from an organic solvent
to the IL phase.

The structures of the metal NPs either dispersed in the ILs
or after isolation have been studied by using various techni-
ques, such as X-ray photoelectron spectroscopy
(XPS),40:4143,100. 144179 % _ray  absorption  spectroscopy
(EXAFS),**!% small-angle X-ray scattering (SAXS),>!"
transmission electron microscopy
(TEM):4041.5761.76.96.98,100. 141144, 145179181 5 1 4 Xy dliffrac-
tion (XRD).38:4041.57.61.76.96.98.100.141. 144 145.179-181 Tho poan
diameters of these isolated materials have also been deter-
mined by TEM and usually are quite close to those obtained
with the NPs dispersed in the ILs (Fig. 21).

The XRD data of the NPs isolated from the ILs have been
used to check the crystalline nature of the material and to
estimate the mean diameter by means of the Debye—Scherrer
equation calculated from full width at half maximum
(FWHM) of the crystalline planes obtained with Rietveld’s
refinements. The simulations of Bragg reflections and
Rietveld’s refinement were performed with a pseudo-Voigt

18 18 20 22 24 26 28 30 32 34 15 20 23 30 as
Size (nm}

(a) (b)

Fig. 21 TEM micrographs and histograms showing the size
distribution of [Pt(0)], NPs (a) mixed in an epoxy resin and (b)
dispersed in BMI.PF4 IL. (Copyright from ref. 141).

function using the FULLPROF code. It is worth pointing
out that the use of full width at half maximum (FWHM) of a
peak to estimate the size of crystalline grain by means of the
Scherrer equation has serious limitations because it does not
take into account the existence of a distribution of sizes and
the presence of defects in the crystalline lattice. Therefore, the
calculation of the diameter of grain from FWHM of the peak
can overestimate the real value since the larger grains give a
strong contribution to the intensity, while the smaller grains
just enlarge the base of the peak.

Moreover, a significant amount of defects causes an addi-
tional enlargement of the diffraction line. Therefore, the
obtained size can be smaller or larger than the real size of
the grains. These problems can be minimised by using
Rietveld’s refinement method. Indeed, these discrepancies
can be confirmed by values found for the average diameter
of the NPs without structural refinement, which significantly
differ from those found by means of Rietveld’s refinement. The
values obtained with Rietveld’s refinement are invariably
much closer to those determined by other techniques, such
as TEM and SAXS (Table 7).** In the cases in which exposure
to air of the isolated NPs may be problematic, such as with
Ru, Co and Ni, the NPs form an oxide layer, and the analysis
should be performed in situ.”®
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Table 7 Comparison of the mean diameters (nm) of iridium® and
platinum'” NPs determined by TEM, SAXS and XRD techniques

Sample TEM SAXS XRD

[Ir(0)],, BMI.PF¢ 20+04 28+04 21405

[Ir(0)], BMIL.CF3SO; 2.6 +£0.6 24+03 25403

[Ir(0)], BMI.BF, 29+04 30+£03 26404

[Pt(0)], BMI.BF, 34403 34+04 31+£04(54+07)°
[Pt(0)], BMI.PF¢ 23+03 32+04 26+0438=+0.6)°

“ Mean diameter obtained without Rietveld’s refinement method in
parentheses.

5. Applications of metal NPs in ILs

The use of metallic NPs in catalysis gives rise to a discussion
on their catalytic nature. It is unclear if the catalyst behaves as
a molecular species or, on the contrary, the metallic surface is
directly involved in the reactivity. This dilemma is intrinsically
associated with the kinetic stability of the nanoclusters,
favouring their agglomeration, and also with the formation
of molecular species by reaction of the atoms placed at
low-coordination positions at the metallic surface (Fig. 22).

Soluble and stable transition-metal NPs embedded in ILs
have been applied in several catalytic reactions. The first
application of these nanomaterials was in C-C coupling
reactions,'®? but the rapid hydrogenation of several substrates
was described in most of the publications. Generally, transition-
metal NPs prepared in ILs are used as colloidal catalysts for
biphasic liquid-liquid reactions or as supported catalysts in
solid materials. These multiphase systems allow for an easy
product phase separation from the catalyst phase and the
recycling of NPs without any significant loss of activity for a
plethora of reactions.

Herein the catalytic properties of metal NPs immobilised in
ILs will initially be discussed, and then the supported phase
catalysts will be commented on briefly. Finally, the use of
metal NPs in ILs for the construction of novel analytical

- B
/
2 0

“NPs as single atom reservoir”

|
’
o O

Fig. 22 Different types of interactions between metal NPs and
functionalised arenes.

<
!

sensors will be introduced with a few examples described in
more detail.

5.1 Transition-metal NPs dispersed in ILs as catalyst-phase

The main advantage of using metal NPs immobilised in ILs is
the possibility of recovering the catalyst. As such, this system
has been extensively applied as the catalyst phase in different
reactions, such as hydrogenation and C—C coupling reactions.

For example, iridium NPs with a narrow size distribution
(~2.0 £ 0.4 nm) prepared in situ from the reduction of
[Ir(COD)Cl], in BMI.PF4 showed good activity in olefin,
arene’® and ketone” hydrogenation. The hydrogenation of
simple alkenes by [Ir(0)], NPs dispersed in ILs depends on
steric hindrance at the C—=C double bond” and follows the
same trend observed with classical iridium complexes in
homogeneous conditions. The reaction follows the order:
terminal > disubstituted > trisubstituted > tetrasubsti-
tuted.'®® Interestingly, the alkene hydrogenation process by
the [Ir(0)], NPs in BMI.PFy follows the classical mono-
molecular surface reaction mechanism v = k.K[S]/1 + K][S]
(k. = kinetic constant and K = adsorption constant). The
reaction rate is a mass-controlled process at hydrogen pressure
< 4 atm. The reaction at hydrogen pressures > 4 atm is zero
order with respect to hydrogen, and the reaction rate depends
only on the olefin concentration in the IL phase.”

One of the most important aspects for using transition-
metal NPs embedded in ILs is the possibility of tuning the
selectivity of a reaction. The tunability is a consequence of the
nature of multiphase catalytic systems, where the products can
be extracted during the reaction, thereby modulating the
selectivity. As an example, [Pd(0)], NPs embedded in IL can
selectively hydrogenate 1,3-butadiene to 1-butene when the
diene solubility is (at least) four-times higher than that of the
butenes in BMI.BF, (Fig. 23).%°

The product 1-butene was obtained with a selectivity of
72% at 99% of 1,3-butadiene conversion and only small
amounts of butane and cis-2-butene were detected. Similarly,
the difference in solubility of benzene and cyclohexene
(maximum of ~ 1% cyclohexene concentration was attained
with a ~4% benzene concentration in BMI.PF¢) was used for
the extraction of cyclohexene during the hydrogenation of
benzene by [Ru(0)],, NPs in BMI.PF¢.*! A cyclohexene selectivity
of 39% could be obtained at very low benzene conversions.

Heck and Suzuki C-C coupling reactions are also promoted
by Pd metal NPs in ILs. However, the [Pd(0)], NPs are simple
reservoirs of homogeneous metal catalytically active species in
most cases, similar to those observed with phosphine-free
palladium catalyst precursors, '8¢ such as simple Pd(i)
compounds'®” or palladacycles.'®!8 It is highly probable
that the Heck coupling reaction proceeds through the
oxidative addition of the aryl halide on the NP surface in
these cases, and the formed oxidised Pd species are detached
from the surface and enter into the main catalytic cycle.'”® The
Pd(0) formed in the main catalytic cycle, after f-hydride and
reductive elimination steps, can either continue in the catalytic
cycle or fall back to the nanoparticle reservoir.”®

However, in terms of the structural and surface properties of
these metal NPs, the hydrogenation of (functionalised) arenes
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Fig. 23 Selective hydrogenation of 1,3-butadiene to 1-butene cata-
lysed by palladium metal NPs dispersed in BMI.BF, IL.

is of fundamental importance. It is generally accepted that
metal homogeneous catalysts do not hydrogenate aromatic
compounds, so arene hydrogenation has been used as a
chemical probe for studying the surface properties of NPs
and their interactions with stabiliser species. In this context,
the use of imidazolium ILs for the synthesis of metal NPs and
their application as the catalyst phase in arene hydrogenation
was one of the first catalytic applications of metal NPs in
[Ls 41.78.141

The [Ir(0)],, and [Rh(0)], NPs prepared in BMI.PF4 were
efficient catalysts for biphasic benzene hydrogenation, where
the iridium NPs were superior in catalytic activity to their
rhodium analogue,78 Moreover, other arenes were also tested,
such as toluene, anisole and p-xylene. Notably, hydrogenolysis
products were detected during acetophenone and anisole
hydrogenation under a solventless condition by [Ir(0)], NPs.
These results are diagnostic of surface metal catalysts (hetero-
geneous catalysts). The [Pt(0)],, and [Ru(0)], NPs embedded in
ILs were also suitable catalysts for benzene hydrogenation
under biphasic conditions.*"'*! In the case of [Ru(0)], NPs, as
cited previously, selectivities up to 39% in cyclohexene could
be detected for low benzene conversions, which is very unusual
for metal NPs as catalysts.

5.2 Improving the catalytic performance of metal NPs in ILs
with the presence of additional co-stabilisers

Usually, the system containing the catalyst and IL can be
reused without any significant loss of activity in olefin hydro-
genation, as observed for general metal nanocatalysts. Never-
theless, if more miscible compounds than alkenes in the ILs
are hydrogenated, such as aromatic compounds or ketones,
deactivation of the catalysts is eventually observed.”* The
aromatic or carbonyl and alcoholic compounds, which are
partially soluble in the colloidal phase, are probably leaching
out of the IL protective layer, leading to the nanoparticle
agglomeration/aggregation process. This could eventually
start a crystallite growth, generating bulk-like particles and
consequent deactivation of the metal surface. To overcome
this problem, additional co-stabilising agents, such as poly-
mers, can be added to the IL solution during NP synthesis. In
most cases, these NP/IL/co-stabiliser systems produce more

homogeneous and dispersed NPs than those containing metal
NPs only in the IL. Thus, improved catalytic activities can
be achieved in different chemical processes using systems
containing an additional co-stabiliser agent.

For example, the catalytic activity of [Rh(0)],, NPs for arene
hydrogenation was increased several times compared with
the “naked” particles prepared in pure ILs by adding an
ionic copolymer in the IL at the reduction of the metallic
precursor.'”! The co-stabilised particles were reused several
times for hydrogenation reactions without any apparent loss
of activity, whereas the naked particles were barely active at
the reaction conditions. In addition, the ionic co-polymer/IL/
NP system was also used for selective hydrogenation of
cinnamaldehyde'®> and nitro-functionalised compounds'®?
using [Pt(0)], NPs. Similarly, [Pd(0)], NPs were prepared in
nitrile-functionalised IL with poly-3-(4-vinylbenzyl)-1-methyl-
imidazolium  N-bis(trifluoromethanesulfonyl)imide as an
extra stabiliser and applied in C—C cross-coupling reactions.'**
The obtained palladium metal NPs showed higher long-term
stability during storage and increased reactivity during
catalysis in comparison with those prepared in IL without
the polymer. The [Rh(0)], NPs immobilised in hydroxyl-
functionalised ILs with poly(vinyl-pyrrolidone) (PVP) were
used as the catalyst in the hydrogenation of several sub-
strates.!® The catalytic activity for styrene hydrogenation of
the [Rh(0)], NPs/hydroxyl IL/PVP system was significantly
higher than that using non-functionalised IL. Moreover, this
catalytic phase exhibited good activity for the hydrogenation
of other typical unsaturated compounds. In the same context,
stable catalysts for olefin hydrogenation based on Rh, Pt and
Pd NPs and stabilised by PVP were prepared by simple
ethanolic reduction of the corresponding halide salts and then
immobilised in BMLPFg."”

Another interesting approach consists of using Lewis bases
that bind in the metal surface, as in classical organometallic
chemistry. For example, [Pd(0)], NPs protected with phenan-
throline in ILs are very active catalysts for selective hydro-
genation of olefins, and these catalytic systems are reusable for
several times without loss of activity.'° In contrast, [Pd(0)],
NPs in pure “classical” ILs, such as BMI.PFg, tend to
agglomerate after hydrogenation reactions.*

In the same way, [Rh(0)], NPs were co-stabilised by
bipyridine compounds in several ILs and tested as catalysts
for arene hydrogenation.''® These systems showed notable
colloidal stability when compared with simple rhodium NPs
stabilised in IL, but their catalytic activities decreased by
adding more than 0.75 equivalents of bipyridine compounds,
probably by NP surface saturation. The protecting agents
prevent the agglomeration/aggregation processes, but could
also act simultaneously as a poison for the NP surface.
Moreover, the influence of the bipyridine ligand coordination
modes on [Rh(0)], NPs was also discussed on arene hydro-
genation to explain the differences observed in the catalytic
activities.*

An elegant approach was showed by Dyson and co-workers
on functionalised ILs,'*”!%® such as imidazolium and pyridinium
with the nitrile group attached to the alkyl side chain. In this
work, the authors demonstrated the possibility of ILs acting as
both the solvent and ligand for metal-catalysed reactions.'”’
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In particular, [Pd(0)], NPs immobilised in both N-butylpyridi-
nium- and nitrile-functionalised ILs showed good catalytic
activities for Stille coupling reactions.

Noteworthy, [Ru(0)], NPs prepared in nitrile-functionalised
ionic liquid 17 displayed unusual selectivity toward the
hydrogenation of nitrile-containing aromatic compounds. In
particular, a selective catalytic hydrogenative coupling of
nitriles was observed (Scheme 10).°” In this transformation,
nitrile groups were exclusively hydrogenated in the presence of
arenes, which are typically hydrogenated by ruthenium metal
NPs in non-functionalised ILs.

5.3 Immobilisation of metal NPs in a solid support modified
with ILs: supported ionic liquid phase catalysis

The combination of an IL with a solid-supported material is
emerging as a new alternative for the immobilisation of
transition-metal catalyst precursors.?’>?°! This process,
named Supported Ionic Liquid Phase (SILP) catalysis, is a
concept that combines the advantages of ILs with those of
heterogeneous supported materials. These materials are pre-
pared by the covalent attachment of ILs to the support surface
or by simply depositing the catalytically active species-containing
IL phases on the surface of supports, which are usually
silica- or polymeric-based materials. Similarly, supporting
NPs prepared in ILs in inorganic supports prevent the
deactivation of the nanostructures by agglomeration/aggregation
and prevent some of the diffusion problems. For example,
rhodium metal NPs were deposited on silica NPs prepared by
a sol-gel method using IL BMI.BF, as the template.?%? This
combination displayed an excellent synergistic effect that
enhanced the activity and robustness of the Rh hydrogenation
catalysts. All of the supported systems were more active
than those constituted from isolated [Rh(0)], NPs for the
hydrogenation of alkenes. The silica-based systems prepared
under acidic conditions were shown to be more active than
commercial [Rh/C] (5%). In addition, palladium NPs were
prepared in imidazolium salt modified carbon nanotubes,
called ionic carbon nanotubes,®®® and then dispersed in
hydrophobic ILs. These systems showed good activities for a
series of alkene hydrogenations, and were able to be recycled
as the catalyst for 50 runs.

W
IL Ph 1L Ph IL
blw b ow s
N N . N

Ru(0)
m
PhCN AN

Ph” N” Ph

Scheme 10 Ru metal NPs dispersed in a nitrile-functionalised ILs,
and selective hydrogenation of nitrile group. (Copyright from ref. 97).

Hybrid materials based on multi-walled carbon nanotubes
functionalised with ILs and containing [Au(0)],, NPs deposited
on this modified support were developed by Niu and
co-workers.2** In this synthesis, the first step consists of the
functionalisation of the carbon nanotubes with the IL containing
an amine-attached group at the imidazolium cation. Then the
chemical reaction between this modified material and an
aqueous solution of [HAuCl,] leads to the formation and
further deposition of well-dispersed [Au(0)], NPs on the
carbon nanotubes/IL solid support. In addition, it was shown
that the presence of an amine-IL and [Au(0)], NPs have a
positive effect by increasing dramatically the electrocatalytic
activity in the oxygen reduction of the carbon nanotubes.

In a similar procedure, gold and platinum metal NPs were
synthesised in carboxylic acid- and amino-functionalised
imidazolium ILs and then supported on carbon nanotubes.®’
The ILs interact with the carbon nanotubes by m—m inter-
actions between the imidazolium cation and the m-electronic
nanotube surface. Moreover, the metal NPs interact with the
functionalised moiety (<CO,H or —NH,) of the IL. In this
case, the functionalised ILs act as a linker between the metal
NPs and the carbon nanotubes (Fig. 24).

New hybrid membrane materials based on metal NPs/IL/
cellulose were prepared by the combination of cellulose
acetate, [Rh(0)], or [Pt(0)], NPs and BMI.NTf, in acetone.’®
The inclusion of IL led to an increased distance in between
cellulose macromolecules, providing beneficial effects on the
physico-chemical properties of the cellulose material. Most
importantly, these hybrid materials are superior catalysts in
cyclohexene hydrogenation and possess a higher stability
when compared to the metal NPs embedded in the IL.

5.4 Sensor-based metal NPs in ILs

Recent advances in nanotechnology have led to the development
of electrochemical sensors with rapid responses and high
sensitivity and selectivity. Indeed, the use of nanodevices
brings several new possibilities for biosensor construction
and novel electrochemical bioassays.’°® In particular, the
introduction of the metal NPs into the sensing interface to
facilitate the electron transfer can significantly improve the
sensitivity.207 The NPs of noble metals with size control,
chemical stability, high catalytic activity and surface tenability
are advantageous for application in sensors. In this respect, the
ILs are widely used to prepare modified electrodes and

\ ‘} ”““{@ X Metal nanoparticle

FG = functional group

X=Cl, Br
Fig. 24 Proposed model for the interaction of the carbon nanotube/
IL/NP system showing the functionalised IL as a linker between the
C nanotubes and the metal NPs. (Figure adapted from ref. 87).
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biosensors>*8212

nanomaterials and media for enzymatic processes.
Therefore, the IL-dispersed noble metal NPs may constitute
an alternative material for the construction of novel bio-
sensors. Indeed, a biosensor based on BMI.PF¢ IL containing
dispersed iridium NPs and polyphenol oxidase was con-
structed.?!” The enzyme obtained from the sugar apple was
immobilised in chitosan ionically cross-linked with oxalate.
The biosensor was used for determination of chlorogenic acid
by square-wave voltammetry. This biosensor exhibited simpli-
city, high sensitivity, fast response and good stability.?!”

Similarly, effective biosensors based on Ag or Au nano-
particles dispersed in BMI.PF¢ IL and laccase from Aspergillus
oryzae immobilised in chitosan chemically cross-linked with
cyanuric chloride were constructed. Laccase catalyses the
oxidation of luteolin to the corresponding o-quinone, which
is electrochemically reduced back to luteolin. These biosensors
demonstrated high sensitivity, good repeatability and repro-
ducibility, and long-term stability (13% decrease in response
over 70 days).?'®

Platinum metal NPs dispersed in BMI.PFs were also
successfully used in the construction of a novel biosensor for
the determination of adrenaline in pharmaceutical formulations
by square-wave voltammetry. Indeed, the inclusion of [Pt(0)],
NPs in IL to the biosensor led to an increase in sensitivity,
probably because of the high conductivity of the IL combined
with the electron transfer facilitated by the metal NPs. The
proposed biosensor exhibited high sensitivity, rapid response,
suitable selectivity, good reproducibility and stability. In
addition, the low cost, simplicity and fast construction of the
biosensor make it superior to other techniques used for
catecholamine determination. Satisfactory results were
obtained using this biosensor when compared with the official
method, thus representing an alternative method to determine
adrenaline in pharmaceutical formulations.>"

and in preparation and stabilisation of
213-216

6. Conclusions

The ILs offer a plethora of possibilities for the preparation,
stabilisation and in situ investigations of the structural and
surface properties of metal NPs. Indeed, soluble and stable
transition-metal NPs with small sizes and narrow mean
diameters can be prepared from metal precursors by different
physical-chemical methods in the presence of ILs. Metal NPs
can be prepared in ILs by reduction or decomposition of metal
complexes, by bombardment (laser ablation or sputtering
using energetic gaseous ions) of large metal clusters or metal
foils and by simple extraction from previously prepared water-
or organic solvent—soluble metal NPs. The non-functionalised
ILs provide steric/electronic stabilisation of the “soluble”
NPs by protective layers of discrete supramolecular
{[(DAD(X) """ [(DAD,(X).]" "}, species through the
loosely bound anionic moieties, non-polar imidazolium alkyl
side chains and/or NHC species together with an oxide layer
when present on the metal surface. Surface hydrogen species
may be further elements of metal NP stability for those
prepared under hydrogen reduction conditions. The introduction
of moieties on the imidazolium side chain, such as N-, O- and
S-containing groups, may provide extra stabilisation of the

metal NPs through coordination to the metal surface.
However, in most cases, the surface-bound protective species
are easily displaced by other substances present in the media
and this is responsible for their catalytic activity and also
explains their relatively low stability that leads to aggregation/
agglomeration and eventually to the bulk metal. The stability
and catalytic activity of transition-metal NPs in imidazolium
ILs are also highly influenced by the coordinative strength of
the aggregates with the metal surface and the type and nature
of the substrates/products. The catalytic properties (activity
and selectivity) of these soluble metal NPs indicate that they
possess a pronounced surface-like (multi-site) rather than
single-site-like catalytic properties. Indeed, most of the noble
metal NPs in ILs are active catalysts for the hydrogenation of
arenes, whereas they may serve as reservoirs of soluble mono-
metallic catalysts for C—C coupling reactions, such as Heck
and Suzuki. Moreover, the NPs can be used in conjunction
with other stabilisers such as ligands, similar to classical
coordination, chemistry or easily transferred to other organic
and inorganic supports to generate more stable and active
materials. The nanoparticle/IL/stabiliser combination usually
exhibits an excellent synergistic effect that enhances the
activity and durability of the material (chemical sensor or
catalyst, for example). Although the use of ILs for the
formation, stabilisation and applications of metal NPs is in
its infancy, ILs have already proven to be some of the
most versatile fluids for nanoscience and nanotechnology in
“solution” and with many more applications certainly to
come. The ILs are premiere “‘solutions” for the generation
of tailor-made soluble nanomaterials.
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1. Introduction

Catalytic hydrogenation and dehydrogenation reactions play an
important role in both industrial processes and academic research
[1]. In recent years, the progress in the catalytic hydrogenation of
multiple carbon-carbon and carbon-heteroatom bonds by solu-
ble metal nanoparticles (MNPs) has seen remarkable growth [2].
In most cases, these MNPs display typical surface-like (heteroge-
neous) catalytic properties rather than single site (homogeneous)
catalytic properties [3,4]. For example, the hydrogenation of O-
substituted arenes such as anisole by Ir(0) nanoparticles occurs
with concomitant hydrogenolysis of the C-O bond. Hydrogenation
of the aromatic ring takes place preferentially in ketone-containing
aromatic compounds [5,6]. However, it is evident that the surface
properties of soluble MNPs can be modulated by the addition of
ligands akin to classical coordination catalysis, as is observed in
enantioselective allylic alkylation catalysed by palladium nanopar-
ticles modified with chiral xylofuranoside diphosphites. Under
these reaction conditions, the catalysts provided different selec-
tivity than typically observed for monometallic catalysts [7].
Herein, we report that the catalytic surface properties of ruthe-
nium nanoparticles in ILs can be tuned by the use of nitrile
containing ligand/substrates. In particular, a clean hydrogenative

* Corresponding author. Tel.: +55 51 33086321; fax: +55 51 33087304.
E-mail address: jairton.dupont@ufrgs.br (J. Dupont).

1381-1169/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2009.08.004

coupling reaction of benzonitrile by aminolysis to provide (E)-
N-benzylidene-1-phenylmethanamine takes place without arene
hydrogenation [8].

For the present study, we chose nitrile-functionalised 1-buty-
ronitrile-3-methylimidazolium  bis(trifluoromethane-sulfonyl)-
imidate ionic liquid 1 (Fig. 1), since it may stabilise the ruthenium
nanoscale catalyst via nitrile binding without blocking the coor-
dination of the substrates. Indeed, this ionic liquid was readily
prepared and successfully applied by Dyson and co-workers for
cross-coupling reactions by Pd nanoparticles [9,10].

2. Experimental
2.1. General methods: reagents, reactors and analyses techniques

All manipulations involving the ruthenium complexes were car-
ried out under an argon atmosphere using Schlenk techniques.
[Ru(COD)(2-methylallyl),] was obtained from Sigma-Aldrich and
used without further purification. The IL (BCN)MI-NTf, was pre-
pared according to known procedures [9,11], dried at 70°C over
night under reduced pressure, and stored under argon. Benzoni-
trile was degassed and stored under argon prior to use. All the
other chemicals were purchased from commercial sources and used
without further purification. NMR spectra were recorded on a Var-
ian VNMR spectrometer (300 MHz). Mass spectra were obtained
using an ESI/MS micromass Q-TOFmicro and HIDEN QIC-20
quadrupole mass spectrometer gas-analyser. Gas chromatogra-
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eNTf2 1

Fig. 1. Imidazolium IL 1 (BCN)MI-NTf, with a pendant nitrile functionality in the
side-chain, which served as a stabilising group and a ruthenium precursor, 2.

phy analyses were performed with a Hewlett-Packard-5890 gas
chromatograph with an FID and a 30m capillary column with
a dimethylpolysiloxane stationary phase. Transmission electron
microscopy (TEM) and EDS were performed on a JEOL-JEM 2010
operating at 200 kV with a magnification of 150 k. The nanoparti-
cle formation and catalytic hydrogenation reactions were carried
out in a modified stainless steel reactor (4-25bar) or modified
Fischer-Porter bottle (4 bar) with a glass insert immersed in a sil-
icone oil bath and pressurised with hydrogen gas (4-25 bar). The
substrates were added with a gas-tight precision syringe (2 mL).
The temperature was maintained at 50°C and 90°C by a hot-
stirring plate connected to a digital controller (ETS-D4 IKA). The
catalyst/substrate ratios were calculated from the initial quantity
of [Ru(COD)(2-methylallyl), ] used.

2.2. Synthesis of ruthenium nanoparticle in ionic liquids

A stainless steel reactor was loaded with [Ru(COD)(2-
methylallyl),] (45mg, 141 wmol) under a flow of argon. Next,
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(BCN)MINTf, (0.3 mL) was added via syringe under an argon
flow. The mixture was stirred at room temperature for 60 min
resulting in a turbid dispersion. The system was heated to 50°C,
and hydrogen (4bar) was admitted to the system. After stir-
ring for 18 h, a black suspension was obtained. The reactor was
kept under reduced pressure to remove the formed cyclooc-
tane and isobutane. The Ru nanoparticles embedded in the IL
were analysed by TEM and used for subsequent catalytic experi-
ments.

2.3. Catalytic hydrogenation of nitriles

Benzonitrile (2.0 mL, 19.4 mmol) was added to an ionic catalytic
solution obtained as previously described, and the reactor was pres-
surised with 25 bar hydrogen gas at room temperature and heated
to 90°C (27 bar) for 22 h. Next, a gas sample was analysed with a MS
quadrupole by connecting the reactor to the gas-analyser. The reac-
tor was cooled to room temperature, pressure was released, and the
reaction mixture was extracted with pentane (5x 2 mL). CAUTION:
The pressure should be released carefully in a well-ventilated fume-
hood because significant amounts of odorous and toxic ammonia is
set free! Samples of the organic layer were analysed by NMR and
GC, with both methods indicating 70% conversion, and NMR con-
firmed this conversion by analysis of the crude reaction mixture.
The Ru/IL-phase was analysed by ESI/MS and TEM. Catalysis with
toluene was performed in a similar manner, but toluene was readily
quantitatively isolated by condensation at reduced pressure into a
cold-trap.

(b)
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Fig. 2. Ru-NPs: (a) before catalysis (2.2 + 0.5 nm) and (b) after catalysis (2.3 + 0.5 nm) in IL (BCN)MI-NTf,.
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2.4. Sample preparation for TEM analysis

In order to perform TEM analysis, a drop of the suspension con-
taining the Ru nanoparticles embedded in the IL was dispersed in
isopropanol, and a small quantity of this dispersion was placed on
a carbon-coated copper grid. Particle size distributions were deter-
mined from digital images. Nanoparticle diameters were estimated
from ensembles of 200 particles (400 counts) chosen in arbitrary
areas of the enlarged micrographs. The diameters of the particles
in the micrographs were measured using Sigma Scan Pro 5.

3. Results and discussion

The treatment of [Ru(COD)(2-methylallyl);] 2 (COD=1,5-
cyclooctadiene) with hydrogen gas in (BCN)MI-NTf, 1 leads to
the formation of stable and small-sized Ru-NPs (2.2 +0.5nm,
Fig. 2). The dimensions of the Ru-NPs in (BCN)MI-NTf, were
comparable to those prepared in BMI-NTf, (2.1 nm; 1-n-butyl-
3-methylimidazolium bis(trifluoromethane-sulfonyl)imidate)
and DMI-NTf, (2.1 nm; 1-n-decyl-3-methylimidazolium
bis(trifluoromethane-sulfonyl)imidate) [12]. This result highlights
capability of (BCN)MI-NTf, to keep the Ru-NPs well dispersed and
with low agglomeration. Although the nitrile group is maintained
during the synthesis of the Ru-NPs (4 bar H;, 50°C, 18 h), it reacts
after 5 days to provide primarily the reductive coupling product
(see below). Most importantly, contrary to earlier observations
of Ru-NPs dispersed in BMI-NTf, [12], these Ru-NPs are inactive
toward the hydrogenation of aromatic compounds such as toluene,
even under moderately forcing conditions (25 bar H, and 90°C).
However, under these reaction conditions, the reductive nitrile
condensation product 6 was obtained in good yields (Scheme 1).
Furthermore, the treatment of the Ru-NPs in (BCN)MI-NTf, in the
presence of benzonitrile yields preferentially (E)-N-benzylidene-
1-phenylmethanamine 5. As indicated by the histograms in Fig. 2,
the mean particle size (2.2-2.34+0.5nm) remained unchanged
within the standard variation (0.5 nm) before (2.2 nm) and after
catalysis (2.3 nm).

Analysis of the IL-phase by ESI(+)/MS and 3C NMR confirmed
the hydrogenative coupling of the nitrile group. Importantly, the
ESI(+)/MS-analysis provided detailed insight into the overall reac-
tion pathway of the nitrile hydrogenation of IL 1, as well as into
the catalytic hydrogenation of benzonitrile (Scheme 1). Analysis of
a reaction sequence indicated the presence of unreacted IL 1, with
(m/z) M* 150.11 after 18 h at 50°C and 4 bar H,. Next, at 90°C and
25 bar Hj, the ESI(+)/MS spectrogram showed four distinct species
(Fig. 3): IL1(150.15, M*), IL3 (154.18, M*; 77.59, M2*, IL-amine), IL
7 (137.15,M*, -NH3), and IL 6 (145.66, M2*; 97.44, M3*, condensed
dimer). This indicated that the Ru-NPs first catalysed the hydro-
genation of the aliphatic nitrile to a primary amine (IL 3), followed
by subsequent aminolysis, resulting in the secondary imine IL 6 and
inIL7.

The ESI(+)/MS of the catalytic hydrogenation of
benzonitrile showed IL 1 (150.07, M*), (E)-N-benzylidene-1-
phenylmethanamine 5 (196.08, M*) and the IL 4 (242.24). Most
likely, (E)-N-benzylidene-1-phenylmethanamine 5 was detectable
by ESI(+)/MS due to protonation from residual water content
from the solvent (MeCN) used for this analysis. It is interesting
to note that no benzylamine (protonated or not) was observed
neither by ESI-MS or 'H NMR indicating that such species are
highly reactive undergoing rapidly coupling process to yield 5.
As such, the overall reaction pathway likely involves aminolysis,
since ammonia was detected in the gaseous phase of the reactor
during the benzonitrile hydrogenation by a MS Q-TOF gas-analyser
(Fig. 4). The detected fragmentation of the sample is concurrent
to the MS data listed in the literature (NIST). By time-resolved
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Fig. 3. ESI(+) spectrum of the hydrogenation of imidazolium IL 1 (BCN)MI-NTf,
(top) and hydrogenation of benzonitrile forming (E)-N-benzylidene-1-
phenylmethanamineand IL-4 (bottom).
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Fig. 4. MS spectrogram of the online analysis of the gaseous phase (top), and the
time-resolved gas-injection monitoring of the M* of ammonia and hydrogen gas
(bottom).
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Scheme 1. Reaction pathways of the nitrile hydrogenation in the presence and in the absence of benzonitrile.

gas-injection monitoring of the M* of ammonia and hydrogen gas,
it is clearly shown that a significant amount of ammonia is formed
in relation to the excess hydrogen gas. Considering the described
reaction pathway in Scheme 1 and the quantification of 5 by GC
(70%; catalyst-system was recycled for three runs under identical
conditions), the detection of ammonia by MS Q-TOF is related to a
concentration of 6.8 mmol NH3 extruded by aminolysis.

It is likely that in these systems the nitrile group is strongly
coordinated to the ruthenium surface and is not easily displaced
by the aromatic ring of toluene or benzonitrile. This selectiv-
ity is the opposite of that observed for the hydrogenation of
aromatic ketones, in which the arene groups are preferentially
hydrogenated [6]. In order to further confirm our hypothesis that
the selectivity depends on the functional group of the IL 1 and
not on the ruthenium nanoparticles, the arene hydrogenation
catalyst-system Ru-NPs/BMI-NTf, 8 was tested for hydrogenation
of benzonitrile under conditions identical to the Ru/(BCN)MI-NTf,
system. System 8 catalyses the reaction of benzonitrile to (E)-
N-benzylidene-1-phenylmethanamine 5 in 65% yield. This result
indicates that the selectivity of the Ru-NPs/(BCN)MI-NTf, system
likely depends on the IL support and not on the ruthenium nano-
material.

It is possible that the true catalyst might be a molecular ruthe-
nium species with IL-1 acting as ligand, with the Ru-NPs simply
acting as a reservoir for ruthenium atoms [13-15]. This might
explain the exclusive hydrogenation of the nitrile, in which ruthe-
nium polyhydride complexes are active for nitrile hydrogenation
[16], while examples for molecular catalysts for arene hydrogena-
tion are rare [17]. To provide support for this molecular pathway,
we attempted to hydrogenate benzonitrile in the absence of IL
under the reaction conditions in which the benzonitrile could only
be hydrogenated by the molecular ruthenium precursor 2; this
reaction was unsuccessful. The present Ru-NPs do not show activity
for arene hydrogenation, while other ILs Ru-NPs are active toward
arene hydrogenation [12,18,19]. Additionally, the activation energy
for toluene hydrogenation with ruthenium catalysts in IL is approx-
imately 20% lower than the activation energy for hydrogenation
of nitrile groups in ILs [8,12]. These results strongly indicate that
the presence of the nitrile group in the IL side-chain influences the
interaction between the Ru-NP surfaces and a corresponding sub-
strate. The nitrile group of the IL coordinates as a ligand to the metal
surface, forming an IL-layer and causing the surface to be blocked
for coordination by arenes, since nitriles are known to strongly
adsorb to solid metal catalysts [20,21]. Therefore, substrates bear-
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NS
PhCN Ph”

TN
N Ph
Fig. 5. Model depicting the Ru-NPs protected by a layer of (BCN)MI-NTf, and sub-
strate nitriles, where nitriles are hydrogenated and arenes are not.

ing a nitrile group coordinated preferentially to the metal surface
via ligand exchange, and arenes are unable to contact the catalyst
(Fig. 5).

Moreover, it is well known that the hydrogenation of PhCN
to benzylamine is catalysed by molecular complexes [22-24]. In
the case of metal surfaces [20,21,25] the activated amine - benzy-
lamine - is rapidly transformed into the benzylidene benzylamine
via aminolysis and coupling although we were unable to detect
neither benzylamine nor benzylimine by ESI-MS and NMR experi-
ments. As already pointed out benzylamine undergoes exclusively
aminolysis with solid catalysts, in contrast molecular catalysts give
benzylamine as main product [22-24].

4. Conclusions

In conclusion, we have illustrated the influence of nitrile-
functionalised ILs for the synthesis and application of ruthenium
nanoscale catalysts, previously designed for arene hydrogenation
in non-functionalised ILs. Both systems (Ru-NPs/(BCN)MI-NTf, and
Ru-NPs/BMI-NTf;) are active toward the hydrogenation of nitriles.
Using IL 1, the inherent functionality of the IL tunes the selectiv-
ity of the hydrogenation catalyst, preventing arene hydrogenation.
However, nitriles remain competent substrates for hydrogenation.
We propose that the selectivity for hydrogenation of other func-

tional groups can be influenced in a similar manner by this class of
functionalised IL support. Our ongoing studies are aimed at improv-
ing the selectivity of hydrogenations of aliphatic nitriles to primary
amines, and our results will be reported in due course.
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The organometallic complexes ([Ru(COD)(2-methylallyl),] and [Ni(COD),] (COD = 1,5-
cyclooctadiene) dissolved in imidazolium ionic liquids (ILs) undergo reduction and decomposition,
respectively, to afford stable ruthenium and nickel metal(0) nanoparticles (Ru(0)-NPs and Ni(0)-NPs)
in the absence of classical reducing agents. Depending on the case, the reduction/auto-decomposition is
promoted by either the cation and/or anion of the neat imidazolium ILs.

Introduction

In recent years, ILs have proven their versatility in synthetic and
catalytic applications, provoking ever-growing interest in both
academic and industrial research. One particularly intriguing
field is the synthesis of nanoscale metal catalysts of controlled
size and shape, namely metal(0) nanoparticles (M-NPs).»* ILs
have unique and tuneable properties useful in the synthesis of M-
NPs via chemical routes. This can be controlled simply by
incorporating coordinating groups,®” varying the coordination
strength of the anion,?® or changing the length of the alkyl-chain
in the cation.’®!5 In general, appropriate metal complexes or
metal salts are dispersed/dissolved in the IL and subsequently
reduced to the corresponding M-NPs, in the ubiquitous presence
of reducing reagents such as molecular hydrogen gas, complex
hydrides (NaBH; and LiAlH,), hydrazine,"* alcohols,’® and
thiols.” In some cases, the IL itself can carry the reducing agent,
e.g. hydroxylated imidazolium salts,’®'* and depending on the
redox potential of the metal precursor, the imidazolium cation
may even undergo oxidation. For example, in the case of Au(in),
the imidazolium cation itself can act as a reducing agent to yield
prismatic gold particles in BMI-PFg.2°

The preparation of M-NPs in ILs by simple decomposition of
organometallic compounds in their formal zero oxidation states
is invariably performed in the presence of hydrogen!'?"* or
under thermal®'>?* or photolytic® conditions.

In this work, we report a novel approach for the synthesis of
Ru(0)- and Ni(0)-NPs in imidazolium ILs, which act as
incommensurably mild reducing/decomposing reagents for the
organometallic complexes [Ru(COD)(2-methylallyl),]
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(COD = 1,5-cyclooctadiene) and [Ni(COD),] under very mild
conditions. In these studies the role of both anion and cation is
addressed and reaction pathways for the reduction/decomposi-
tion processes are proposed.

Results and discussion

The formation of Ru(0)-NPs using standard protocol with
[Ru(COD)(2-methylallyl),] in IL (i.e. under 4 bar hydrogen at
50 °C)"™'* was accompanied by the evolution of small amounts of
odorous by-products (characteristic of ammonia/amines). This
odour was particularly intense in the ILs BMI-NTf, and
HM,I-NTf, (Fig. 1).

The volatiles were thus analysed online in the gas phase with
a mass gas-analyser. Indeed, compounds were detected with
masses that could be assigned to small molecules formed due to
the fragmentation of the imidazolium ring, such as acetonitrile/
isocyanomethane (M* = 41), methylamine (M* = 29, MeN),
ethylene (M* = 28) and hydrogen cyanide (M* = 27). Moreover,
the observed Cy-fragment signals (M* = 56-58) provide strong
evidence for the decomposition of the ruthenium complex
[Ru(COD)(2-methylallyl),] involving the formation of isobutene/
isobutane from the 2-methylallyl-ligand in the Ru(i1) complex.
Interestingly, the fragmentation of the IL seems to occur only
during the reduction of Ru complex, but it is not promoted by
the Ru(0)-NPs. The gaseous by-products were exclusively
detected during the NP synthesis, but not when Ru(0)-NPs were
stirred in BMI-NTf, and HM,I-NTf, for a prolonged duration
(several days) under identical conditions. A similar observation
for the imidazolium ring fragmentation has previously been
made, during the ultrasonic irradiation of imidazolium chloride

BMI.NTf,, R'= "Bu, R?= H, X= N(SO,CF3),

{ORN HM,I.NTf,, R'= Hex, R2= Me, X= N(SO,CFj),
M —N N\R1 1_ ny 2
e Y BMI.BF,, R'= "Bu, R2= H, X= BF,
g2 EMI.B(CN),, R'= Et, R%= H, X= B(CN),

BMI.N(CN),, R'= "Bu, R?= H, X= N(CN),
x© EMI.NTf,, R'= Et, R2= H, X= N(SO,CF3),
BM,I.NTf,, R'= "Bu, R%= Me, X= N(SO,CF,),

Fig. 1 Structure of the ILs used in this study.
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at 135 °C, causing degradation of ILs.?*?® However, herein the
observed decomposition of the imidazolium ring is not clearly
understood.

More interestingly, further investigations of the Ru(u)/IL
reaction system revealed a more important result: the presence of
hydrogen gas as a reducing reagent for the Ru complex seems to
be obsolete. Stirring a mixture of the complex in HM,I-NTf,
under argon atmosphere at 50 °C for a prolonged period (2 days)
resulted in a dark brown/black colloidal solution. Samples for
TEM analysis were prepared by placing a small amount of the
Ru(0)-NPs dispersed in HM,I-NTf, onto a holey carbon film
supported by a copper grid. The diameters of the particles in the
micrographs were measured using the software Sigma Scan Pro
5. Size distribution histograms of the NPs were obtained by
measuring the diameter of randomly selected particles, resulting
in the particle size of 2.0 + 0.3 nm (see Fig. 2) with a monomodal
distribution.

The crystalline structure of the particles was confirmed by HR-
TEM micrographs, analysed using Gatan Digital Micrograph
Software. By means of HR-TEM measurements it was possible
to obtain the Fourier transform images from which lattice
spacings of 2.04 A and 2.13 A were measured. These lattice
spacings correspond to the interplanar distances (1 0 1) and
(0 0 2), respectively, of hcp Ru(0). Isolation of the Ru(0)-NPs for
analysis by XRD was not possible, corroborating previous
reports.'*?? The size and size distribution of the ruthenium NPs

counts

1 2 3
particle size (nm)

Fig.2 Selected TEM image of Ru(0)-NPs (2.0 £ 0.3 nm) in HM,I-NTf,
and the histogram of the NPs size distribution.

were similar to those of Ru(0)-NPs previously generated
using hydrogen gas as a reducing agent for the reduction
of  [Ru(COD)(2-methylallyl);] or  decomposition  of
[Ru(COD)(COT)] (COT = 1,3,5-cyclooctatriene).” 1422

The Ru(0)-NP formation led us to propose a reaction pathway
in which the imidazolium ILs BMI-NTf, and HM,I-NTf, might
act as reducing agents for [Ru(COD)(2-methylallyl),]. Here the
NTTf, anion would act as a nucleophile?’?® and attack the allylic-
ligand of the complex (Schemes 1 and 2).

This stoichiometric reaction would cause the concomitant
reduction of the Ru(ir) complex and subsequent decomposition
of the IL. Consequently, the ruthenium would lose its ligand-
sphere and be reduced to ruthenium(0) atoms that coalesce
generating the Ru(0)-NPs. It is proposed that during the reduc-
tion process of the Ru(11) complex, the first step involves a ligand
exchange between the COD and a stronger coordinating ligand,
occurring readily under the given reaction conditions.” A
stronger coordinating ligand is easily provided in neat imidazo-
lium ionic liquid as solvent, where classical and abnormal
N-heterocyclic carbenes (NHCs) formed in situ might act as
a ligand.?*3' As a consequence, the NTf, anion would “lose” its
counterion, thus enhancing its nucleophilicity. And this would
favour its subsequent attack on the allylic species of the Ru(ir)
complex. The resulting ruthenium(0) metal atoms in the IL go on
to generate the M-NPs. The isobutene by-product was detected
by MS analysis of the gas phase (see above). However, attempts
to detect the hypothesised by-product N-isobutene N-triflate in
the liquid-phase by NMR were unsuccessful, presumably due to
the very low concentration.

,Ru\< argon, 50 °C -
‘/\/Zk HM,I.NT,

Scheme 1 Formation of Ru(0)-NPs in HM,I-NTf,.

Ru(0)-NPs in IL

. argon, 50 °C
| :\::Ru'\?\ HM,I.NT¥, (
| ZERY -COD /k
s
NTf,
Ru(0)-NPs Ru(0)
in IL atoms

+
—<@ and :<;
NTf,

Scheme 2 Proposed reductive elimination of the allyl-ligand induced by
the NTf, anion (L = ligand/solvent-IL).
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To prove this pathway, the anion-effect in different imidazo-
lium ILs was therefore investigated. When using the IL BMI-BF,
(BF4 = tetrafluoroborate), for example, a green suspension that
showed no indication of IL decomposition or Ru(0)-NPs
formation was obtained. Also, using EMI-B(CN); and
BMI-N(CN),, the strongly coordinating nature of the anions
prevented the reduction of the Ru(i) complex and the reaction
solution remained clear and colourless, even when subjected to
alonger reaction time (5 days). Furthermore, the typical catalytic
properties of nanoscale ruthenium catalysts in arene hydroge-
nation were tested with these Ru/IL-systems.'* Indeed, the
Ru(0)-NPs produced in HM,I-NTf, showed the highest activity
in toluene hydrogenation, resulting in conversions above 95%
(4 bar H, at 75 °C, 18 h), similar to results previously reported.'*
The Ru(0)-NPs in BMI-NTf, were also active in toluene
hydrogenation, but with a poorer conversion (55%) under the
same conditions. In addition, the systems using the ILs
BMI-BF,4, EMI-B(CN), and BMI-N(CN), were subjected to
identical conditions, to gauge whether Ru(0)-NPs would form
in situ during toluene hydrogenation. Indeed, the green suspen-
sion in BMI-BF, turned dark brown and the toluene was
hydrogenated, albeit with low conversion (<20%), indicating the
formation of Ru(0)-NPs. In contrast, the clear solutions in
EMI-B(CN), and BMI-N(CN), turned slightly yellow, but no
hydrogenation of toluene was observed.

The stability of [Ni(COD),] in imidazolium ILs was also
investigated. This complex can be easily decomposed affording
Ni(0)-NPs under hydrogen in organic solvents such as THF, in
the presence of hexadecylamine (HDA) as the stabilising ligand
or polyvinylpyrrolidone (PVP) as the polymer support.?*3** In
this case, cyclooctane is produced as a side product. Moreover,
Ni(0)-NPs from the decomposition of [Ni(COD),] under
hydrogen in imidazolium-based ILs have also been reported.'>3**
However, it is worth noting that in this previous work
a substantial amount of benzene was used to aid the dissolution
of [Ni(COD),] (6 mL of benzene for 2 mL of IL), and although
effort was made to remove the volatiles before decomposition, it
is not possible to be sure of the complete removal of benzene and
therefore the media in which the decomposition actually
occurred.'>3*

In this work, spontaneous decomposition of [Ni(COD),]
occurred upon dissolution at 25 °C, in both EMI-NTf, and
BMI-NTf,, in the absence of hydrogen. TEM was performed on
the resulting black solutions and revealed in each case a mixture
of Ni(0)-NPs (<10 nm) and sponge-like agglomerates of larger
particles (Fig. 3). It can be seen from the TEM image that these
sponge-like structures clearly consist of agglomerates of indi-
vidual particles. This is completely different from previous
findings, highlighting the important role of co-solvents.'>3*

Notably '"H NMR spectroscopy and gas chromatography
performed on the resulting solution showed only a trace of
cyclooctane, resulting from the hydrogenation of 1,5-COD
ligand, the by-product of decomposition reported in the litera-
ture.3>33 Instead, the presence of both 1,5-COD and its isomer
1,3-cyclooctadiene (1,3-COD) was detected by both gas chro-
matography and 'H/"*C NMR spectroscopy. 1,3-COD must be
a result of the isomerisation of 1,5-COD, which could only take
place at a metal centre in the presence of Ni-H bond
(Scheme 3).

Fig. 3 Sponge-like agglomerates of Ni(0)-NPs formed by auto-decom-
position of [Ni(COD),] in BMI-NTf.

)

—.
—

Ni—H

ol

1
N

LO—0 — O

+
'
Ni——H

Scheme 3 Mechanism for the isomerisation of COD necessitating a Ni—
H specie.

With Ru(0)-NPs, the presence of surface hydrides has been
proven by hydrogenation of ethylene without the addition of H,
by a solution of Ru(0)-NPs in IL.** This experiment was repeated
for the Ni(0)-NPs formed by auto-decomposition of [Ni(COD),]
in BMI-NTf,. After treatment under ethylene atmosphere
(4 bars, 100 °C, 24 h) no ethane was detected by GC as a result of
ethylene hydrogenation, however, significant amounts of butenes
and hexenes were detected, probably a result of oligomerisation
of the ethylene. Interestingly, the formation of an ethyl
substituted IL BMEI-NTf, (BMEI = 1-n-butyl-2-ethyl-3-meth-
ylimidazolium) was also observed by NMR spectroscopies
(COSY, HETCOR and DOSY) and confirmed by electrospray
mass spectrometry where cations at m/z = 139 and 167 were
observed with similar abundances, corresponding to [BMI]* and
[BMEI]", respectively. A small amount of the cation [B,MI]*
(B,MI = 1,2-di-n-butyl-3-methylimidazolium) was also observed
by mass spectrometry, m/z = 195, probably a result of oligo-
merisation of ethylene to 1-butene before reaction with the imi-
dazolium cycle. The evidence gathered suggests that the observed
decomposition could be due to the cleavage of the very acidic
C2-H bond and the consequent in situ generation of NHC

This journal is © The Royal Society of Chemistry 2010
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species, as already reported in the case of Ir(0)-NP preparation in
ILs,*¢*° and with homogeneous complexes of Ni,*' Pd ***
Rh,3* and Ir.** Cavell and co-workers have proposed a mech-
anism for the possible catalytic cycle for the imidazolium/alkene
coupling reaction where the organometallic starting material was
[Ni(OAc),].*6 The same phenomenon has also been observed in
work by Lecocq and Olivier-Bourbigou who were investigating
the oligomerisation behaviour of Ni in imidazolium ILs.*! At this
point it is impossible to determine whether the observed reactions
(isomerisation of COD and formation of BMEI-NTf,) occur on
molecular or colloidal species. However, these results do prove
that the cleavage of the C2-H bond occurs during the sponta-
neous decomposition on dissolution. The proposed mechanism
of the reaction of imidazolium salts with low valent M(0)
(M = Pd and Ni) hypothesises the formation of a molecular
carbene-M-H species, as also proposed in the catalytic cycle for
oligomerisation and formation of trialkylimidazolium
species.*”*® The presence of bis(imidazolylidene)nickel complexes
[(NHC),NiH]* was also detected by mass spectrometry, implying
that a molecular intermediate is in fact present as proposed. This
may act as a transient species and could be the active species for
the above mentioned reactions. Similar bis-carbene iodide nickel
complexes have already been prepared in imidazolium ILs and
isolated by Wasserscheid’s group.*® These were indeed found to
be active in the dimerisation of butene carried out in ILs,
although no production of Ni(0)-NPs was noted here, perhaps
due to the presence of the strongly coordinating iodides.
Although the exact mechanism remains unclear, from our
investigations it is certain that the spontaneous decomposition of
[Ni(COD);] on dissolution into the ILs with short alkyl chains
involves attack on the acidic C2-H (Scheme 4).

To achieve the controlled generation of small-size Ni(0)-NPs,
we must find a way of inhibiting this auto-decomposition in
imidazolium ILs with short alkyl chains. Another strategy
attempted in order to circumvent the problem was to use an IL
which does not contain the most acidic C2-H proton such as
BM,I-NTf,. Surprisingly, the [Ni(COD),] still decomposed on
stirring, but this time afforded well dispersed Ni(0)-NPs (7.0 +
2.0 nm, Fig. 4). This can only be explained by attack on the two
less acidic protons C4-H, C5-H of the imidazolium ring and
generation of transient non-classical NHC ligands.*'

In another attempt to avoid auto-decomposition the
NTf,-anion was exchanged for the more strongly coordinating
BF,-anion, yielding important results. In this case, similarly to

: Bu + Bu
/_\ 2 (1,5COD) g e ‘,{l/§ 1,3-COD
Bu” \c!/ § Me Ni(1,5-COD}), E /c:-|~.|—u —N
: A W Me 1,5-COD
H | H
Me
l CaHy
?
i

Scheme 4 Reactions occurring during the auto-decomposition of
[Ni(COD),] in imidazolium ILs.

Size (nm)

Fig. 4 TEM image of Ni(0)-NPs (7.0 + 2.0 nm) formed by auto-
decomposition of [Ni(COD),] in BM,I-NTf, and size distribution
histogram.

the case of [Ru(COD)(2-methylallyl),] the decomposition of
[Ni(COD),] in BMI-BF, occurred not spontaneously but very
slowly at 25 °C only under 4 bar of H,, once again highlighting
the importance of the NTf,-anion. Therefore, as the auto-
decomposition of [Ni(COD),] to Ni(0)-NPs was also observed
uniquely in NTf,-ILs, it is possible that the NTf, anion inter-
venes in the Ni(0)-NP formation through interaction with the
COD ligands, similarly to the case of the Ru(ir) complex.

Conclusions

In summary, IL decomposition and simultaneous Ru(0)-NP
formation are limited to imidazolium salts containing the NTf,
anion. These results may explain how the Ru(0)-NPs formation is
induced by imidazolium N-triflate ILs, but cannot explain the
exact mechanism for the imidazolium ring fragmentation in small
quantities. Most importantly, the formation of small-sized active
ruthenium nanoscale hydrogenation catalysts is possible at low
temperature and atmospheric pressure in the absence of classical
and potentially dangerous reducing agents such as hydrogen gas
(under elevated pressure), pyrophoric LiAlH, or hazardous
hydrazine. Moreover, an unexpected spontaneous decomposition
of [Ni(COD),] occurred without the addition of hydrogen for
imidazolium ILs with short alkyl chains: ILs BMI-NTf,,
EMI-NTf, and BM,I-NTf,. In the case of ILs BMI-NTf, and
EMI-NTf,, TEM micrographs showed that Ni(0)-NPs of fairly
large diameter were formed as well as sponge-like super

2604 | Nanoscale, 2010, 2, 2601-2606
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agglomerates. However, for IL BM,I-NTf, well dispersed Ni(0)-
NPs are formed. An explanation for the activation of the acidic
protons on the imidazolium ring and the subsequent NHC
formation that led to a rapid decomposition of the complex has
been proposed. The additional interaction between the NTf,
anion and the COD ligands on the Ni complex, which also may
support the Ni(0)-NPs formation, cannot be excluded nonethe-
less. It is conceivable that this novel approach may be extended as
a general access to M-NPs in imidazolium NTf,-1Ls, starting from
organometallic complexes bearing only COD, allylic and/or
olefinic ligands, such as [Co(COD),], [Ru(COD)(COT)],
[Rh(allyl)s], [PA(COD)5,], [Pt(COD),] or [Pt(norbornene)s].

Experimental
General

All manipulations were carried out under argon atmosphere. The
organometallic complexes [Ru(COD)(2-methylallyl),] and
[Ni(COD),] were purchased from Sigma-Aldrich and Strem
Chemicals, respectively. For the ruthenium experiments, a Hiden
QIC20 MS-QTOF gas-analyser was used for the gas phase
analysis after the synthesis of Ru(0)-NPs. TEM analyses were
performed in a JEOL-JEM 2010 microscope operating at 200 kV
(UFRGS-CME, Brazil) and EDS, and used for catalytic experi-
ments as previously described.'* The HR-TEM was performed at
the “Centro de Tecnologias Estratégicas do Nordeste”
(CETENE), Recife/Brazil. The ILs were synthesised as previ-
ously reported,* and ILs EMI-B(CN), and BMI-N(CN), were
purchased from Merck KGaA, Germany.

In the case of nickel experiments, conventional TEM micro-
graphs were obtained at the “Centre Technologique des Micro-
structures”, France, using a Philips 120 CX electron microscope
operating at 120 kV. Size distribution histograms were con-
structed from the measurement of at least 200 different NPs
assuming a near spherical shape and random orientation. Solu-
tion NMR spectra were recorded on Bruker Avance 300 MHz
spectrometer for '"H and *C. DRX 500 MHz for *H. Gas phase
"H NMR spectra were obtained on a Bruker DRX 500 instru-
ment at 298 K (nominal). Mass spectra were acquired on
a ThermoFinnigan LCQ Advantage ion trap instrument,
detecting positive (+) and negative (—) ions in the ESI mode.
Samples (1 to 10 ug mL~" in acetonitrile) were infused directly
into the source (5 pL min~"') using a syringe pump. The following
source parameters were applied: spray voltage 3.0-3.5 kV,
nitrogen sheath gas flow 5-20 arbitrary units. The heated capil-
lary was held at 200 °C. MS spectra were obtained by applying
a relative collision energy of 25 to 40% of the instrumental
maximum. The products were quantitatively analysed by gas
chromatography on a P6890 chromatograph equipped with
a flame ionisation detector (FID) and an Al,O3/KCl column
(L: 50 m, diameter: 0.32 mm, and film thickness: 5 um). The
injector and detector temperature was 230 °C, and the injection
volume was 1 pl.. The temperature was fixed at 190 °C. The
synthesis of ILs was carried out as previously reported.*?

Synthesis of Ru(0)-NPs

In a typical experiment, a Fischer—Porter bottle was loaded with
[Ru(COD)(2-methylallyl),] (30 mg, 0.094 mmol) under argon.

Then, the IL HM,I-NTf, (1.5 mL) was added via syringe under
an argon flow. The mixture was stirred at room temperature for
60 min, resulting in a turbid dispersion. The system was heated to
50 °C, and stirred under argon for two days resulting in a black
suspension. The Fischer—Porter bottle was connected to a mass
gas-analyser in order to evaluate the gas phase. After analysis the
Fischer—Porter bottle was then kept under reduced pressure to
eliminate the organic volatiles formed. An aliquot of the Ru(0)-
NPs embedded in the IL was analysed by TEM.

Synthesis of Ni(0)-NPs

[Ni(COD);] (50 mg, 0.14 mmol) was stirred under argon in the
ILs BMI-NTf,, EMI-NTf, and BM,I-NTf, (10 mL) producing
a pale yellow solution at 25 °C. After 1 h the solution had turned
green and after a further hour a black solution resulted. Samples
for TEM observations were prepared by placing a thin film of the
Ni(0)-NPs dispersed in ILs on a copper grid coated with holey
carbon film.

Oligomerisation of ethylene by Ni(0)-NPs in IL

A 2 mL sample of the Ni(0)-NPs solution in the IL was intro-
duced under argon into a Schlenk of known volume. The sample
was treated under flow of argon for 18 h. The argon atmosphere
was replaced with a known pressure of ethylene using a vacuum
line and the system was stirred. A decrease of the internal pres-
sure was observed, and the composition of the gas phase was
monitored by gas chromatography. After 12 h, the atmosphere
was replaced by a H, atmosphere and the system was heated and
stirred for 12 h. The composition of the gas phase was again
monitored by gas chromatography.
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In situ X-ray photoelectron spectroscopy analysis of Ir(0) nanoparticles (1.6 + 0.3 nm) dispersed in imi-
dazolium ionic liquid (EMI.EtSO,4) shows evidences of the effective interaction between the metallic clus-
ters and the surrounding liquid. By monitoring the C 1s signal of the ionic liquid one observes a change of
the binding energy in one of its components (C2) when in the presence of Ir nanoparticles. This result was

corroborated by isotope labeling experiments.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The surface properties of soluble-metal nanoparticles depend
not only on the relative abundance of different types of active sites
(such as diameter, shape and size distribution) but also on the con-
centration and type of stabilizers present in the medium [1-4].
Therefore the type and nature of the interaction between the nano-
particles and the stabilizer plays an important role on the metal-
surface properties such as in catalysis [5]. Quaternary ammonium
salts are among the most popular and used metal nanoparticles
stabilizers [1-4], and it is assumed that stabilization in these cases
is due to the positive charge on the metal surface, which is ulti-
mately induced by the adsorption of the anions onto the coordina-
tive unsaturated, electron-deficient, and initially neutral metal
surface [6,7]. More recently, ionic liquids and in particular imi-
dazolium based salts have been used as stabilizers for the forma-
tion of ‘soluble’ transition-metal nanoparticles [8-26]. These
fluids are per-definition quaternary ammonium salts but their
interaction with the metal-surface is apparently some-how differ-
ent especially due to their particular structural organization
[15,27-29]. It has been recently proposed that together with the
electrostatic stabilization provided by the intrinsic high charge of
the ionic liquid, there is a steric type stabilization due to the pres-
ence of anionic and cationic supramolecular aggregates of the type
[(BMDy(X)x—n]™ [(BMDx_n(X)x]"~ (BMI is the 1-n-butyl-3-methyl-
imidazolium cation and X is the anion) [11,30,31]. Moreover,
strong evidences obtained by H/D and D/H exchange experiments

* Corresponding author. Fax: +55 51 3308 6510.
E-mail address: jonder@if.ufrgs.br (J. Morais).
! Fax: +55 51 3308 7304.

0009-2614/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2009.07.110

indicated that the stabilization may also involve surface attached
N-heterocyclic carbenes (NHC), at least as transient species [32,33].

Among the various techniques used, X-ray photoelectron spec-
troscopy (XPS) is one that may give more detailed indications con-
cerning the type and nature of the interactions existent in the
metal surfaces [34]. Although the surface XPS analysis, that have
been already performed with isolated transition-metal nanoparti-
cles prepared in ionic liquids, showed the presence of an oxide
layer [30,35] together with of residual fluid on their surfaces
[12,30,35], no direct evidence of the interaction between the metal
nanoparticles dispersed in the ionic liquid has been observed. It is
worth to mention that due to their very low vapor pressure [36-
38], high vacuum techniques may be used for the investigation
of process occurring in the imidazolium ionic liquids [19]. Trans-
mission electron microscopy (TEM) has been used for monitoring
the evolution of size and shape of palladium nanoparticles [39],
dissolved in ionic liquids during the Heck coupling reaction [40].
Moreover, XPS technique has been successfully used for the inves-
tigation of various imidazolium ionic liquids [41-44], such as 1-
ethyl-3-methylimidazolium ethylsulfate (EMI.EtSO,4) [42]. These
investigations have shown that ILs are stable during X-ray expo-
sure and the 1s atomic emissions of these ionic liquids displayed
well resolved features. The chemical composition, calculated from
the peak areas, is close to the stoichiometric one and the preferen-
tial orientation of the N-alkyl imidazolium chain is away from the
liquid surface. Moreover, XPS was used to reveal the composition
of the surface layer [45,46], the chemical state of the atoms and
for purity analysis of ionic liquids [47]. For example, it was
demonstrated the top most layer of 1-ethyl-3-methylimidazolium
ethylsulfate with dissolved [Pt(NH3)4]Cl; is enriched with the plat-
inum complex [48]. Therefore XPS can constitute an interesting
tool to investigate the surface properties of metal nanoparticles
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Fig. 1. Chemical structure of the IL EMILEtSO, with their respective carbon
components.

dispersed in ionic liquids. In this work we disclose our recent
findings on the interaction of Ir(0) nanoparticles surface with ionic
species of the EMLEtSO,4 (Fig. 1) obtained from X-ray photoelectron
spectroscopy experiments.

2. Experimental
2.1. General

The reactions involving Ir compounds were carried out under an
argon atmosphere in oven dried Schlenk tubes. The IL purity was
checked by 'H NMR spectra using the intensity of the '3C satellites
of the imidazolium N-methyl group as an internal standard [49].
All other chemicals were purchased from commercial sources.

2.2. Nanoparticles formation and isolation

In a typical experiment, a Fischer-Porter bottle containing
an orange solution of [Ir(COD)Cl], (COD =1,5-cyclooctadiene)
(0.02 g, 0.03 mmol) in dichloromethane (2.0 mL) was added to
the respective ionic liquid (1.0 mL) and stirred at room tempera-
ture for 15 min. The volatiles were then removed under reduced
pressure. The system was kept at 75 °C and molecular hydrogen
(4 atm) was admitted to the system. The solution turn into black
after stirring for 24 h. Acetone (5.0 mL) was added to the black sus-
pension and the black powder was separated by centrifugation
(3000 rpm for 5 min). The acetone washing was repeated five
times (5 x 5.0 mL). Then, Ir nanoparticles were dried under re-
duced pressure for 5 h. The isolated Ir nanoparticles (0.01 g) pre-
pared in EMLEtSO, were re-dissolved in the same ionic liquid
(0.5 mL). The sample of the solution containing Ir nanoparticles
and IL (C =10 mg Ir(0)/0.5 mL IL) were analyzed by XPS.

2.3. TEM analysis of the iridium nanoparticles

TEM micrographs were taken on a JEOL-JEM 2010 operating at
an acceleration voltage of 200 kV. In order to perform the TEM
analysis, a droplet of the black suspensions containing the [Ir(0)],
nanoparticles embedded in the IL was dispersed in isopropanol
and a slight amount of this dispersion was placed on a carbon
coated copper grid. The nanoparticles diameter was estimated
from ensembles of 400 particles (800 counts) chosen in arbitrary
areas of the enlarged micrographs. The diameters of the particles
in the micrographs were measured using the software Sicma scan
PRO 5.

2.4. XPS measurements

The photoemission studies were performed using a VG ESCALAB
MKII, equipped with 150 mm hemispherical analyzer and Al Ko an-
ode X-ray source. The analyzer was set with pass energy of 20 eV,
the energy step was 0.1 eV, with acquisition time of 500 ms/point.
The overall resolution was 200 meV. The detection angle of the

photoelectrons was 45° with respect to the sample surface. The
measurements were performed for the EMLEtSO4 IL and Ir nano-
particles dispersed in this liquid. Prior to analysis, in the case of
IL with Ir nanoparticles, the samples were submitted to an ultra-
sonic agitation for 1 h 15 min in order to homogenize the sample
and avoid precipitation of the nanoparticles during measurements.
The samples were presented for analysis using standard stubs.
Since IL is electrically conducting, none of the problems associated
with differential charging are encountered and charge neutraliza-
tion is not required. No IL decomposition was observed during
exposure to the X-ray source. The Xpspeak 4.1 software was used
to fit the XPS results. Shirley type background was used and for
all components a Gaussian-Lorentzian product function with 30%
Lorentzian was used to model the peak shape with the fwhm’s con-
strained to ~1.5 eV [42]. We have also considered that there is no
change in the FWHM value of a given carbon component after
insertion of Ir nanoparticles.

2.5. Isotope labeling experiments

The deuterated ionic liquid [EMI]-d3.EtSO4 was synthesized un-
der argon atmosphere in dried glassware using standard Schlenk
techniques as previously described [33]. 'TH NMR spectrum indi-
cates a deuterium content of, respectively, 89% at C,, 85% at C,4
and 82% at Cs positions of the imidazolium ring. 'H and '>*C NMR
spectra were recorded on a Varian VNMRS 300 MHz spectrometer
in acetone-dg. Chemical shifts are reported relative to TMS stan-
dard. For '"H NMR studies the following spectral parameters were
used: pulse, 45°; acquisition time, 2.049s; relaxation delay,
10.0 s; scan repetitions, 128; and total acquisition time, 26 min
7 s. The D/H exchange reaction was monitored during the cyclo-
hexene hydrogenation with the iridium nanoparticles.

3. Results and discussion

The sample containing a solution of the Ir(0) nanoparticles syn-
thesized in EMI.EtSO,4 was analyzed by TEM showing a monomodal
size distribution with a mean diameter of 1.6 + 0.3 nm (Fig. 2) and
the iridium content was confirmed by EDS analysis.

Fig. 3 displays the XPS overall scans of the pure EML.EtSO,4 IL and
of the same IL containing dispersed Ir nanoparticles. The spectra
showed the presence of carbon, nitrogen, oxygen and sulphur. Pos-
sible contaminations (e.g. silicones) were not observed.

An analysis of the C 1s region can provide the electronic struc-
ture of the five chemical states of carbon present in the IL, num-
bered 1 to 5 in Fig. 1. In this work, the C 1s spectrum was
adjusted with five components of C with distinct binding energies,
in accordance with the literature [41]. The binding energy posi-
tions of the components relative to each other were fixed [41],
such that (C2-C4)=0.43, (C2-C3)=1.17 eV and (C2-C1)=2.4¢eV.
The ratio of peak areas for the C1-C5 components was restricted
to 1:0.4:1:0.8:0.5, where the losses due to shake-up/off process
(from the aromatic ring carbons C2 and C4) were considered. The
C1 was assigned as aliphatic carbon and charge corrected to
285 eV accordingly [42]. The best fitting results was chosen consid-
ering the least deviation to the experimental data.

Fig. 4 shows the C 1s photoemission spectra and fitting results
for the EMLEtSO,4 IL before and after insertion of the Ir nanoparti-
cles. The carbon bonds numbered in Fig. 1 are identified with the
components in the fitted peaks.

Table 1 shows the binding energy of the C 1s chemical compo-
nents before and after insertion of Ir nanoparticles. The best fitting
was obtained with the C2 component shifted 0.3 eV to lower bind-
ing energy value in the presence of the Ir nanoparticles. Therefore,
it can be assumed that the carbon (C2) is turning into a more pro-
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Fig. 3. XPS overall scans of the pure EMILEtSO,4 IL and the mixture containing Ir(0)
nanoparticles and the IL.
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Fig. 4. X-ray photoelectron spectra showing the C 1s region with the fitting results
for the pure IL EMIEtSO, (left) and with dispersed Ir(0) nanoparticles (right).

nounced nucleophilic character. In other words, N-heterocyclic
carbene (NHC) species derived from imidazolium cation could be
presented in the medium. Particularly for the EMLEtSO,4 IL, it is
possible to suggest a basic behavior for the EtSO,4 anion. This com-
portment could be explained by the high coordination ability of the
EtSO4 anion in the 3D IL network where generally it is well known
that the more pronounced interaction is between the most acidic

Counts (a. u.)

Table 1

Binding energies (eV) of the different carbon chemical states for pure EMI.EtSO4 and
with Ir(0) re-dispersed in this IL. The symbols C1-C5 correspond to the carbons
identified in Fig. 1.

Carbon Pure EMILEtSO4 Ir(0) in EMLEtSO4
C1 285.0 285.0
Cc2 287.4 287.1
c3 286.2 286.2
C4 287.0 287.0
c5 286.0 286.0

hydrogen (namely C2 position in Fig. 1) at imidazolium cation
and the anion. This strong interaction between C2-H and EtSO,
can result in a very fast polarization of the C-H bond sufficiently
to lead the formation of transient NHC species in the presence of
metal. Due to its electronic configuration, these NHCs are strong
o electron-donor ligand and then, they could interact with the
electrophilic surface of the Ir nanoparticles explaining the shift ob-
served for the C2 component in XPS analysis.

Ir 4f signal of Ir nanoparticles dispersed in EML.EtSO, is shown
in Fig. 5. One notices a component corresponding to Ir’ metallic
at 60.7 eV (dashed curve) and an Ir-0 (dotted curve) contribution
at 62.0 eV. The peak area analysis gives a contribution of 78% Ir°
and 22% Ir-0. It can be observed that the nanoparticles in the IL
present a large contribution from the Ir-Ir component character.
The small Ir-O component observed in the sample is probably orig-

IIII[I]IIIIIIIlIIIIIIIlIIIIIllIII!

Ir(0) in EMLEtSO,

Counts (a. u.)

RN NN AR RN AN NN NN
70 68 66 64 62 60 58 56

Eb (eV)

Fig. 5. X-ray photoelectron spectra of the Ir 4f region for Ir dispersed in EML.EtSO4
IL. The Ir doublet presents two components corresponding to Ir° (dashed curve) and
Ir-0 (dotted curve) bonds.
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Fig. 6. D/H exchange reaction on the imidazolium cation in [EMI]-d3.EtSO, IL
catalyzed by Ir(0) nanoparticles at 75 °C under 5 atm of H,. (O) C,, (/) C4 and (M) Cs
[33].

inated from the brief air exposure occurred between isolation and
dispersion of the nanoparticles. The N 1s region was adjusted and
no shift in the binding energy was observed after dispersion
of Ir nanoparticles. The same was true for the S 2p and O 1s in
EMLEtSO,.

Moreover, this result obtained by XPS analysis for EMLEtSO,/
Ir(0) is in agreement with those observed by D/H labeling experi-
ments in a previous published work [33]. There, it was related that
NHC species are involved in reactions employing imidazolium ILs
and Ir(0) nanoparticles. For all deuterated ILs tested, D/H exchange
reactions were detected at the three imidazolium C-D moieties
(namely C,, C4 and Cs in Fig. 6). Unexpectedly, in the most cases,
the D/H exchange processes occur at the least acidic positions of
the imidazolium cation (C4 and Cs), suggesting that ILs interact
with the metal preferentially as aggregates of the type
{[(DAD(X)x—n]™ [(DADx_n(X)x]" }n (Where DAI is the 1,3-dialkylim-
idazolium cation and X the anion) rather than isolated ions.

However, only for the [EMI]-ds.EtSO,4 IL, it was observed an
anomalous comportment of D/H exchange reaction. In particular,
the D/H exchange rate is higher at the most acidic position (Cy)
at the beginning of reaction (Fig. 6). Therefore, it can be assumed
that the EtSO4 anion could be acting as a ‘base’ interacting with
the most acidic hydrogen at imidazolium cation in 3D IL arrange-
ment leading the C,-D moiety more susceptible to D/H reaction
(NHCs formation).

Additional attempts to determinate the interaction between the
Ir(0) nanoparticles and the EMLEtSO4 IL by infrared measurements
were unsuccessful. It was not possible to observe significant mod-
ification on the vibrational modes of the IL induced by the presence
of Ir nanoparticles.

4. Conclusion

In conclusion, the observed changes on the binding energy of
the C 1s component, namely C2, after dispersion of Ir nanoparticles
in EMLEtSO4 IL are a strong indication of the effective interaction of
the ionic species to the nanoparticles surface. In addition, it cannot
be excluded the possibility of the EtSO4 anion acts as a ‘base’ in
EMLEtSO,4/Ir(0) system due to experimental evidences obtained
by XPS analysis and D/H exchange measurements.

Therefore, Ir nanoparticles in EMLEtSO4 IL are much probably
stabilized by protective layers via the loosely bond anionic moie-
ties of the ionic liquid and/or NHC transient species. These loosely
surface-bonded protective species are in one hand, responsible in
some extend for their catalytic activity but in other hand to their

relatively low stability that leads to aggregation/agglomeration
and eventually to the bulk metal.
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D/H exchange reactions at the imidazolium cation of an ionic liquid were observed in hydroformylation
reactions of l-octene catalyzed by [Rh(acac)(CO);](phosphine ligand) dissolved in 1-n-butyl-3-meth-
ylimidazolium-d; N-bis(trifluoromethanesulfonyl)imidate at 75 °C under 5 atm (constant pressure) of
CO/H, (1:1). This D/H exchange occurs preferentially at the C2 position and occurs essentially in the
presence of the phosphine ligand and the rhodium precursors, and it is more pronounced in the presence
of bases, even a very weak one such as methanol. The presence of phosphine is also essential for the
hydroformylation reaction. This result suggests the formation of N-heterocyclic carbenes (NHCs) in
the biphasic hydroformylation reactions promoted by Rh complexes in imidazolium ionic liquids. These
carbene species are easily displaced by the other species present in the ionic liquid, and they do not
cause any significant changes in the catalytic activity or selectivity of the hydroformylation reaction.

Introduction

The hydroformylation reaction is one of the most investigated
procedures in the field of catalysis.'” Discovered by Roelen in
1938, this reaction is an important industrial homogeneous
catalytic process, as it is a powerful method to functionalize
C=C bonds to provide aldehyde compounds.*

The common metal catalysts used in hydroformylation of
general olefins are rhodium,’™® cobalt,”'” and platinum."'
Supported metal catalysts also have been employed in an attempt
to combine the practical advantages of a heterogeneous system
with the efficiency of a homogeneous catalyst.'>'* Also,
different reaction media have been used for hydroformylation
such as organic solvents,'*'> aqueous media,'® supercritical

*To whom correspondence should be addressed. E-mail: dupont@
iq.ufrgs.br.
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CO,,"” and ionic liquids,'® in addition to solventless conditions."
In particular, ionic liquids (ILs) have demonstrated various
advantages as immobilizing agents for catalytic biphasic hy-
droformylation reactions. Among the various advantages, it is
worth mentioning catalyst stabilization and recycling, product
separation (distillation, decantation, extraction with supercritical
carbon dioxide, and continuous-flow processes, for example),
selectivity controlled through ionic reaction pathways, and the
possibility of using long-chain alkenes. 2°~**

However, as is well-known, the C2 deprotonation of 1,3-
dialkylimidazolium ILs using relatively weak bases produces
N-heterocyclic carbenes® %’ derived from the imidazolium
cation.?® Moreover, imidazolium cations can oxidatively add
to low-valent and electron-rich Ni(0), Pd(0), and Pt(0) com-
plexes to form carbene complexes via C—H activation.??* It
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Figure 1. Structures of the deuterated ionic liquid and phosphines
used.

is assumed that these processes are much likely to occur in situ
when coordinatively unsaturated low-valent metal species
(particularly ones bearing strong o-donor ligands) are present
or are formed during reactions in imidazolium ILs. It has been
recently demonstrated, via labeling experiments, the involvement
of carbenes in hydrogenation reactions catalyzed by iridium
nanoparticles in imidazolium ionic liquids.** Interestingly, in
these hydrogenations the D/H exchange occurs mainly at the
least acidic positions (C4 and C5) on the imidazolium cation.>
Herein we have demonstrated, via labeling experiments, that
carbenes are also formed during the hydroformylation of
1-octene by [Rh(acac)(CO),] (phosphine) (acac = acetylaceto-
nate) in [BMI]-d3«NTf, (Figure 1) and, in particular, in the
presence of weak bases such as methanol.

Results and Discussion

The hydroformylation of 1-octene was performed in the
presence of the precursor [Rh(acac)(CO),](phosphine ligand)
(substrate/Rh = 250) in [BMI]-d3+NTf, at 75 °C and 5 atm
(constant pressure) of a CO/H, (1/1) gas mixture (Scheme 1).

Table 1 summarizes the obtained results for the hydroformy-
lation of 1-octene as well as the control experiments performed.

The hydroformylation in the presence of the phosphine
sulfonated Xantphos (molar ratio L/Rh = 4) gives 73%
conversion after 21 h with a selectivity of 69% in aldehydes
(I/b = 20), 23% octene isomers, and 8% octane (entry 1, Table
1). Most importantly, there was 80% of D/H exchange at the
C2 position of the imidazolium cation and only 4% at the least
acidic positions (C4 + C5), suggesting the formation of NHC
species in the reaction medium. The reaction performed using
Xantphos as ligand (molar ratio L/Rh = 1) in the hydroformy-
lation of 1-octene gave similar results: 90% conversion after
1.5 h with a selectivity of 70% in aldehydes (/b = 21), 28%
octene isomers, and 2% octane (entry 3, Table 1). A high
percentage of D/H exchange was verified at the C2 position
(86%), but none at C4 and CS5. The 1-octene hydroformylation
performed without the addition of phosphine ligands, i.e. using
only the precursor [Rh(acac)(CO),], gave almost complete olefin
conversion after 21 h of reaction (entry 5, Table 1). However,
in this case the products are constituted mainly of olefin isomers,
octane, and traces of aldehydes. More interestingly, there was
no detectable D/H exchange in any of the three imidazolium
positions. The same result, i.e. no D/H exchange, was observed
in the control experiment of [Rh(acac)(CO),] in [BMI]-d5 * NTf,
at 75 °C and under 5 atm (constant pressure) of CO/H, without
1-octene after 21 h (entry 7, Table 1). This result indicates that
the phosphine-free organometallic precursor is not responsible
for the isotopic exchange (see Figure 2). It is also important to
note that no significant D/H exchange reaction is attained in
the reaction performed in the presence of the phosphine

(33) McGuinness, D. S.; Cavell, K. J.; Yates, B. F. Chem. Commun.
2001, 355.

(34) Ott, L. S.; Cline, M. L.; Deetlefs, M.; Seddon, K. R.; Finke, R. G.
J. Am. Chem. Soc. 2005, 127, 5758.

(35) Scholten, J. D.; Ebeling, G.; Dupont, J. Dalton Trans. 2007, 5554.

Scholten and Dupont

Xantphos without the metal catalyst precursor after 21 h under
the same reaction conditions. Notably, in the experiment using
[Rh(acac)(CO),] dispersed in [BMI]-d5+NTf, at 75 °C and 5
atm (constant pressure) of CO/H; in the presence of Xantphos
ligand (molar ratio L/Rh = 1), 85% of D/H exchange at the C2
position and just 1% at the least acidic positions (C4 + C5)
were observed (entry 8, Table 1) (Figure 2). However, it is
important to note that these D/H exchange reactions are more
pronounced when the catalyst precursor and phosphine ligands
were immobilized in the IL using methanol than when dichlo-
romethane was used (compare entries 1 and 3 with entries 2
and 4, respectively). This result clearly indicates that even the
presence of trace amounts of weak bases, such as methanol,
increases the D/H exchange via dedeuteration/protonation
reactions. Indeed, a relatively fast H/D exchange process was
observed at C2 by the simple dissolution of BMI < NTf; (0.018
g) in CD30D (0.5 mL) (66% after 1.5 h at 25 °C) but no reaction
was observed in CDCls. Therefore, carbenes are quite probably
formed when the reactions are performed in imidazolium ionic
liquids, even in the presence of weak bases.

It is quite plausible to assume that this D/H exchange process
occurs through the oxidative addition of the imidazolium ring
to the metal center, generating Rh-containing carbene species,
similar to those recently isolated from the mixture of Rh(I)
dimeric species dissolved in imidazolium ionic liquids.>® The
presence of the phosphine is apparently necessary to increase
the complex electron density, thus favoring the C—D addition
process and/or acting as a base. Moreover, the formation of the
carbene is also observed from the simple deprotonation of the
C2 of the imidazolium ring by methanol. Therefore, the basicity
of the methanol increased when dissolved in the ionic liquid
akin to the basicity of water when dissolved in ILs.*” No
deuterated alkene, alkane, or aldehydes were detected by NMR,
IR, or MS analysis of the organic phase isolated after the
catalytic reactions. Therefore, the deuterium is much probably
incorporated in the acid—base reaction and/or by exchange of
the Rh—D intermediate with molecular hydrogen. It is also clear
that the catalytic species contains the phosphine ligands, since
the selectivity (I/b = 20) is typical of complexes containing
Xantphos type ligands.®®

The formation of NHC carbenes during the hydroformylation
reaction in ILs is also evident, but these species are easily
displaced by the other compounds present in the media and/or
are transient species, since they do not inhibit the reaction rates
or significantly change the selectivity (I/b). Indeed, no hydro-
formylation, hydrogenation, or isomerization products were
detected in the reaction performed in the presence of a base
(z-BuOK) and in the absence of a phosphine ligand (entry 6,
Table 1). Moreover, the D/H exchange occurred in modest yield
at the C2 position (19%), indicating that both the hydroformy-
lation and the D/H exchange reactions are catalyzed essentially
by the Rh—phosphine complex in the IL.

Interestingly, the system employing Xantphos as ligand
shows a higher catalytic activity in 1-octene hydroformylation
as compared to that of the sulfonated Xantphos phosphine
(Figure 3).

The same behavior was observed in the hydroformylation of
heavy olefins by Rh—phosphines in 1-n-butyl-3-methylimida-

(36) Hintermair, U.; Gutel, T.; Slawin, A. M. Z.; Cole-Hamilton, D. J.;
Santini, C. C.; Chauvin, Y. J. Organomet. Chem. 2008, 693, 2407.

(37) Thornazeau, C.; Olivier-Bourbigou, H.; Magna, L.; Luts, S.; Gilbert,
B. J. Am. Chem. Soc. 2003, 125, 5264.

(38) Bronger, R. P. J.; Silva, S. M.; Kamer, P. C. J.; van Leeuwen, P.
Chem. Commun. 2002, 3044.
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Scheme 1. Biphasic Hydroformylation of 1-Octene Catalyzed by [Rh(acac)(CO),](phosphine) Complexes in [BMI]-d3+ NTf,

CO/H, (5 atm)

[Rh{acac}{CO),J/L
[BMI]-d.NTf,, 75 °C

N CHO

+

NN /\/\/\/\CHO

Table 1. Hydroformylation of 1-Octene in [BMI]-d3 - NTf,” at 75 °C and 5 atm (Constant Pressure) of CO/H; (1/1) with the Precursor
[Rh(acac)(CO);] (1-Octene/Rh = 250) and Control Experiments

time alkene conversn D/H exchange D/H exchange at

entry system (h) (%) at C2 (%) C4 + C5 (%)

1 1-octene + [Rh(acac)(CO),](sulfonated Xantphos) (L/Rh = 4)¢ 21.0 73° 80 4

2 l-octene + [Rh(acac)(CO);](sulfonated Xantphos) (L/Rh = 1)" 21.0 30¢ 1 9

3 1-octene + [Rh(acac)(CO),](Xantphos) (L/Rh = 1)* 1.5 90¢ 86

4 l-octene + [Rh(acac)(CO),](Xantphos (L/Rh = 1)" 1.5 62¢ 6 7

5 1-octene + [Rh(acac)(CO),]* 21.0 99"

6 1-octene + [Rh(acac)(CO),](--BuOK) (base/Rh = 2)* 21.0 19 2

7 [Rh(acac)(CO),J¢ 21.0

8 [Rh(acac)(CO),](Xantphos) (L/Rh = 1)* 20.0 85 1

9 [Rh(acac)(CO),](Xantphos) (L/Rh = 1)" 21.0 6 (100)’ 8 (16)’

“93% D at C2 and 90% at C4 + C5 (88% C4, 92% C5). ” 69% aldehydes (/b = 20), 23% octene isomers, 8% octane.  43% aldehydes (I/b = 7),
54% octene isomers, 3% octane. ¢ 70% aldehydes (I/b = 21), 28% octene isomers, 2% octane. ¢ 67% aldehydes (I/b = 20), 29% octene isomers, 4%
octane. / traces of aldehydes, 83% octene isomers, 17% octane. ¢ IL and catalyst previously dissolved in MeOH. ” IL and catalyst previously dissolved in
CH,Cl,. ‘ The values in parentheses were obtained after the addition of MeOH (0.5 mL) and the reaction was conduced for 2 h at 25 °C.

b, ,D
NON
~ \/\/
Yy c2 caics
D NTh / /
a) A ac
b) A u
c
) r T T T ] T T T T [ T T T T | T T T T | T T T T | T T T T ‘ T T T T ] T T T T
9.50 9.00 8.50 8.00 7.50 7.00 6.50

ppm

Figure 2. Parts of the "H NMR spectra (a) of the pure [BMI]-ds*NTf; ionic liquid containing 93% D at C2, 88% D at C4, and 92% D at
the CS5 position of the imidazolium ring, (b) after the control experiment using [Rh(acac)(CO),] in [BMI]-d; * NTf, without 1-octene (entry
7 in Table 1), and (c) after the control experiment using the same catalytic system but with the presence of Xantphos (entry 8 in Table 1).

zolium hexafluorophosphate ionic liquid.>* The considerable
difference in the catalytic activity observed for both hydro-
formylation systems is probably related to the different kinds
of interactions between the phosphine ligand in the modified
catalyst and the IL. Indeed, it was recently reported that the
sulfonated phosphine TPPMS (TPPMS = triphenylphosphine-
monosulfonated) interacts with the IL mainly through C—
H--+ X" hydrogen bonding with the sulfonate group (where the
IL is an anion receptor), while for the neutral phosphine TPP
(TPP = triphenylphosphine), supramolecular structures***° are
formed by 7-stacking interactions.*' It is quite possible that the
reactions performed with the nonionic phosphines** occurs in
both phases (organic and in the ionic liquid), whereas those
performed with the sulfonated ligands occur preferentially in
the ionic phase (typical under multiphase conditions).
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Conclusions

There is almost no doubt that there is involvement of NHC
species during the hydroformylation of 1-octene by the complex
[Rh(acac)(CO),] in the presence of phosphine ligands dispersed
in a deuterated imidazolium-based ionic liquid. Most impor-
tantly, the phosphine ligands in the presence of methanol play
an essential role in the occurrence of D/H exchange reactions.
Therefore, N-heterocyclic carbenes derived from imidazolium
cations are probably present, even in typical hydroformylation
reactions in ionic liquids promoted by metal complexes without
strong o-donor ligands. Also of great importance, the probability
for the formation of these carbene species is increased in the
presence of weak bases such as an IL dissolved in methanol.

Experimental Section

General Considerations. The synthesis of deuterated ionic
liquids was performed under an argon atmosphere using Schlenk
tubes. The hydroformylation reactions were performed on a
modified Fischer—Porter bottle immersed in a silicon oil bath and
connected to a gas reservoir. The system temperature was kept at
75 °C with constant stirring (400 rpm). The fall in the gas pressure
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Figure 3. Biphasic hydroformylation of 1-octene in [BMI]-d3 < NTf,
at 75 °C and 5 atm of CO/H; (constant pressure) with the precursor
[Rh(acac)(CO),] (substrate/Rh = 250) in the presence of (H)
Xantphos and (O) sulfonated Xantphos.

in the reservoir was monitored with a pressure transducer interfaced
through a Novus converter to a PC, and the data were worked up
via Microcal Origin 7.0. The total pressure of gas (~5 atm) in
hydroformylation reactions was estimated by considering that before
the catalytic reaction the Fischer—Porter bottle was placed under
vacuum (3.0—5.0 mmHg) for 5 s in order to remove the argon
atmosphere and then 4 atm of the gas mixture was added to the
reactor. NMR spectra were recorded on a Varian VNMRS 300 MHz
instrument. For 'H NMR studies the following spectral parameters
were used: pulse, 45°; acquisition time, 2.049 s; relaxation delay,
10.0 s; scan repetitions, 128; total acquisition time, 26 min 7 s.
Mass spectra were obtained using a GC-MS Shimadzu QP-5050

Scholten and Dupont

spectrometer (EI, 70 eV). Gas chromatography analyses were
performed with a Hewlett-Packard 5890 gas chromatograph with
a FID and 30 m capillary column with a polyphenylmethylsiloxane
stationary phase. Reagents were purchased from commercial sources
(Strem Chemicals, Acros, Aldrich) and used without further
purification. The deuterated ionic liquid [BMI]-ds;<NTf, was
synthesized as previously reported®> from the methanesulfonate
imidazolium salt.** Analysis of '"H NMR indicates a deuterium
content of 93% at C2, 88% at C4, and 92% at the C5 position of
the imidazolium ring.

Procedure for 1-Octene Hydroformylation. In a Fischer—
Porter bottle reactor, [Rh(acac)(CO),] (0.0134 g; 0.052 mmol) and
sulfonated Xantphos (0.163 g, 0.208 mmol) or Xantphos (0.0301
g, 0.052 mmol) was dissolved in methanol (2.0 mL) or dichlo-
romethane (2.0 mL) and then the 5 ionic liquid (1.0 mL) was added
with stirring at room temperature. The volatiles were evaporated
under reduced pressure at 50 °C (methanol) or 25 °C (CH,Cl,) for
1 h. In sequence, 1-octene (1.46 g, 13.0 mmol, substrate/catalyst
adjusted for a molar ratio of 250) was added, CO/H; (1/1 mixture;
5 atm of constant pressure) was admitted to the reactor, and the
mixture was heated to 75 °C. The products were analyzed by GC-
MS.
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Figure S1. 'H NMR spectrum of the [BMI]-ds.NTf, after 1-octene hydroformylation at

75 °C and 5 atm of CO/H, (1:1) catalyzed by [Rh(acac)(CO),]/Sulfonated Xantphos
(MeOH was used as previously solvent).
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Figure S2. 'H NMR spectrum of the [BMI]-ds.NTf, after 1-octene hydroformylation at
75 °C and 5 atm of CO/H; (1:1) catalyzed by [Rh(acac)(CO),]/Xantphos (MeOH was used
as previously solvent).
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Figure S3. Part of *C NMR spectrum of the pure [BMI]-ds.NTf, (top) and after
hydroformylation reaction catalyzed by [Rh(acac)(CO),]/Xantphos (bottom) showing the

region of imidazolium carbons (C2, C4 and C5).
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Figure S4. 'H NMR spectrum of the [BMI]-ds.NTf, after 1-octene hydroformylation at
75 °C and 5 atm of CO/H, (1:1) catalyzed by [Rh(acac)(CO),;] (MeOH was used as

previously solvent).
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Figure S5. 'H NMR spectrum of the [BMI]-ds.NTf, after 1-octene hydroformylation at
75 °C and 5 atm of CO/H; (1:1) catalyzed by [Rh(acac)(CO),] in the presence of t-BuOK
(in this reaction MeOH was not used as previously solvent).
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Figure S6. *H NMR spectrum of the [BMI]-ds.NTf, after the control experiment at 75 °C

and 5 atm of CO/H, (1:1) in the presence of [Rh(acac)(CO),] without 1-octene (MeOH was
used as previously solvent).
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Figure S7. *H NMR spectrum of the [BMI]-ds.NTf, after the control experiment at 75 °C

and 5 atm of CO/H; (1:1) in the presence of [Rh(acac)(CO),]/Xantphos without 1-octene
(MeOH was used as previously solvent).
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Figure S8. *H NMR spectrum of the [BMI]-ds.NTf, after the control experiment at 75 °C
and 5 atm of CO/H; (1:1) in the presence of Xantphos without the metal catalyst (in this
reaction MeOH was not used as previously solvent).
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Decomposition of Formic Acid Catalyzed by a Phosphine-
Free Ruthenium Complex in a Task-Specific lonic Liquid

Jackson D. Scholten, Martin H. G. Prechtl, and Jairton Dupont*®

The dehydrogenation of formic acid is effectively catalyzed by
the Ru complex [{RuCl,(p-cymene)},] dissolved in the ionic
liquid (IL) 1-(2-(diethylamino)ethyl)-3-methylimidazolium chlo-
ride at 80°C without additional bases. This catalytic system
gives TOF values of up to 1540 h™". Preliminary kinetic insights
show formal reaction orders of 0.70(%0.15), 0.78(£0.03) and
2.00(£0.17) for the Ru catalyst, IL 1, and formic acid, respec-
tively. The apparent activation energy of this process is esti-

Introduction

Currently, there is a strong interest in hydrogen storage to
serve an advanced hydrogen-based energy system.'™ In this
context, one of the most significant challenges of hydrogen-
based energy generation is the storage of large quantities of
hydrogen at safe pressures.” In particular for portable applica-
tions, the use of liquid hydrogen has several disadvantages
due to its continuous evaporation. Among various storage ma-
terials and methods currently under investigation, molecular
hydrogen adsorption on materials of large surface area®® and
clathrate hydrates,”” the use of bonded hydrogen atoms in hy-
drocarbons,"® metal hydrides™'? or formic acid (FA)"*"'” show
considerable promise.

The decomposition of FA as a formate-amine adduct, such
as the azeotropic mixture comprising HCO,H and NEt; (5:2
molar ratio), is usually the method of choice for hydrogen gen-
eration.®?? FA decomposition to hydrogen and carbon diox-
ide can easily be catalyzed by several homogeneous!*'® 82!
and heterogeneous catalysts.*” In particular, Ru phosphine
complexes in the presence of a base, such as triethylamine or
sodium formate, in water are quite effective catalysts for this
transformation. However, these systems use volatile amines
and/or water that should be removed before application in
fuel cell devices. Very recently, Deng and co-workers indicated
that FA decomposition can be catalyzed by [{RuCl,(p-
cymene)},] 2 in amine-functionalized ILs in the presence of

O

NN TN R R

/\/ \\ \Cl/ Cl
cI™

1 2

Figure 1. Cocatalyst IL 1 and ruthenium precursor 2.
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mated to be (69.1+7.6) kimol™". In addition, dimeric Ru hy-
dride ionic species involved in the reaction, such as [{Ru(p-cym-
ene)L{(H)u-(H)-u-(HCO ™  and  [{Ru(p-cymene)},{(H)p-~(Cl)u-
(HCO,)N ", are identified by mass spectrometry. The presence
of water in large amounts inhibits higher conversions. Finally, a
remarkable catalytic activity is observed during recycles, indi-
cating this system’s potential for hydrogen gas production.

sodium formate with turnover numbers of up to 627 in one
hour at 60°C.* Herein, we report our findings on the decom-
position of FA by the phosphine-free [{RuCl,(p-cymene)},] 2 in
functionalized IL®*?" 1 (Figure 1) in the absence of base, with
discussion of kinetic and mechanistic aspects, and identifica-
tion of the ionic organometallic species involved in this trans-
formation.

Results and Discussion

The functionalized IL 1 was chosen for study not only because
of its basicity and very low vapor pressure, but also because
Ru catalyst precursor 2 and the other components (FA and
water) are highly soluble in this liquid, whereas the main prod-
uct is almost insoluble. Therefore, the catalytic system could
be considered as one-phase, and the kinetic and mechanistic
aspects were investigated using classical homogeneous cata-
lytic models.

Investigation of the catalyst system 1/2 showed activities
with initial turnover frequencies (TOFs) of up to 1540 h~' with-
out additional solvents or bases. The TOFs were determined
from the normalized slopes obtained by online pressure moni-
toring and calibration by 'H NMR spectroscopy. Preliminary ex-
periments showed that it was crucial to slightly heat (T=40°C,
80°C) the reaction mixture of FA (17.6 mmol), IL 1 (7.0 mmol)
and complex 2 (6.5 umol; Table 1, entries 1 and 2). There was
no significant reaction at 25°C, probably due to a lack of for-
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Table 1. Ruthenium 2-catalyzed FA decomposition using IL 1 as a co-cat-
alyst.

Entry IL FA Ru T t Conv. TOF
[mmoll  [mmol]  [umoll  [°C] [h] [%]® h—"®
170 17.6 6.5 40 45 31 N.D.
2 70 17.6 6.5 80 7 911 1540
3470 17.6 6.5 80 24 41 280
4€ 70 17.6 6.5 80 22 86 1684
5 23 17.6 6.5 80 5 921" 738
6 23 17.6 13.1 80 3 97 472
7 70 17.6 19.6 80 6 909! 664
8 23 17.6 19.6 80 3 99 366
9 09 17.6 19.6 80 4 91 206
10 23 26.5 19.6 80 5 >99 352
11 23 8.8 19.6 80 2 >99 374
12 23 17.6 19.6 40 24 87 26
13 23 17.6 19.6 50 24 91 38
14 23 17.6 19.6 60 8 99 180
15 23 17.6 19.6 70 7 98 220
16 23 17.6 19.6 95 2 99 460

[a] Formic acid decomposition to H, and CO, (1:1); [b] TOF = (mol,,duc)/
(MOlgy gimer X 1) (@t 20% conversion); [c] conversion >99% after 17 h; [d] in
the presence of water (1.0 mL); [e] in the presence of toluene (1.0 mL);
[fl conversion=99% after 20 h; [g] conversion=98% after 20 h; [h] con-
version >99% after 20 h. N.D.=not determined.

mation of catalytically active species, which apparently only
occurs at higher temperatures. Indeed, at T=40°C (Table 1,
entry 1) conversion was quite low (31%) at a prolonged reac-
tion time (45 h). However, at 80°C, the conversion was over
90% within 7 h and was practically complete (>99%) within
17 h (Table 1, entry 2). It is worth noting that the obtained cat-
alytic activities (TOFs of up to 1540 h™") reported herein are su-
perior to those recently reported using a iPr,NEMimCl/2 at
60°C in the presence of sodium formate (TOF up to
627 h™").2*) These differences are probably related to the use
of strong base, which is known to form N-heterocyclic car-
benes by imidazolium deprotonation®®® and/or decompose imi-
dazolium ILs in the presence of water by Hoffman elimina-
tion.” Water plays an important role in this catalytic reaction;
the addition of 1 mL of water had a detrimental effect (Table 1,
entry 3), in contrast to Laurenczy’s system, which operates in
water." In our system, excess water gave lower conversions,
and after 24 h, only 41% of the FA was dehydrogenated at
80°C, which corroborates a recent report using the same cata-
lytic system in the presence of an extra base.” In this case,
the excess of water may make difficult the formation of cata-
lytic active species in the medium, probably as a result of sol-
vation or coordination processes that have a negative effect
on the reaction. However, traces of residual water did not dras-
tically influence the catalysis, as all reactions were prepared
without the exclusion of humidity. Furthermore, another run
was set up with the addition of toluene (1 mL) to check wheth-
er a lower viscosity of the catalyst system (owing to the pres-
ence of a cosolvent) supported faster conversion (Table 1,
entry 4). Surprisingly, the conversion was slightly lower (86%
after 22 h).
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More importantly, in our investigations we found that high
quantities of IL may slow down the catalytic reaction, and that
even small amounts are sufficient to make the FA capable of
dehydrogenation. Although high amounts of IL make the de-
hydrogenation faster up to 20% conversion, the overall reac-
tion is slower when compared to that with low concentrations
of the IL (Table 1, entries 2 and 5, 7 and 8), which may be relat-
ed to the a high viscosity of the medium being attained with a
high IL concentration and/or the amine moiety of the IL block-
ing the active sites of the ruthenium complex. Although no
transition species containing the IL—amine as a ligand were de-
tected by electrospray ionization mass spectrometry (ESI-MS)
analysis (see later), the second (site-blocking) aspect is in
agreement with previous observations, where excess ligands
such as phosphine blocked the catalyst active site and drasti-
cally lowered the conversion."™ Moreover, the addition of
phosphine ligands to our system completely inhibited the cat-
alytic decomposition of FA. In other words, the active sites of
the ruthenium species are blocked by strongly coordinating
phosphine ligands. Consequently, we ran a phosphine-free
system and tested lower base concentrations in the FA decom-
position reaction. Initially, decreasing the IL amount from 7.0
to 2.3 mmol led to a drop in the reaction time under the same
conditions (Table 1, entries 7 and 8). However, using 0.9 mmol
of the IL did not significantly improve FA decomposition
(Table 1, entry 9). Therefore, it was assumed that the best reac-
tion conditions consisted of the use of 2.3 mmol of IL1 and
19.6 umol of 2 at 80°C. As expected, increasing the FA concen-
tration (to 26.5 mmol) increased the reaction time, whereas
with a lower quantity (8.8 mmol), the reaction was practically
complete in less time and a high conversion was reached after
a few hours (Table 1, entries 8, 10, and 11). The stability of the
catalyst system was tested by performing recycling experi-
ments using the standard conditions (2.3 mmol IL1,
19.6 umol 2, 17.6 mmol FA, T=80°C). Although a slight de-
crease in the catalytic activity was observed after the first run,
the system proved robust even after five recycles (Figure 2). In
all cases, gas-phase analyses of the FA dehydrogenation reac-
tions by mass spectrometry indicated the formation of H, and
CO, in a 1:1 ratio. Moreover, carbon monoxide was detected in
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Figure 2. Reaction profiles for FA (0.81 g; 17.6 mmol) decomposition cata-

lyzed by Ru complex 2 (0.012 g; 19.6 umol) in IL 1 (0.5 g; 2.3 mmol) at 80°C
for 6 cycles: Wl 1°; O 2™, A 3%, V 4™; & 5; + 6" cycle.
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trace amounts in the gas-phase of the reactions by infrared
analysis (Figure 3).

It is important to note that no CO was detected by gas chro-
matography (GC) analysis indicating that the CO concentration

100+

dependence (2.00+0.17; Table 1, entries 8, 10 and 11). Thus,
this preliminary result suggests that FA is present in its dimeric
form during the catalytic reaction. The influence of the reac-
tion temperature was investigated with the standard system
(19.6 umol 2, 2.3 mmol IL 1, 17.6 mmol FA) in the range of 40-
95°C (Table 1, entries 8 and 12-16; Figure 4). The slope of the
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Figure 3. Infrared spectrum of the gas-phase after FA decomposition cata-
lyzed by Ru complex 2 in IL 1 at 80°C. Conditions as for Figure 2.

is below the detection limit of the detector (TCD, 10 ppm).
This result is similar to those reported previously by Beller and
co-workers.”" However, a week CO stretching was detected by
IR spectroscopy indicating its concentration was in the range
1-10 ppm in the gas-phase. Since CO generation implies water
formation (dehydration of FA), the water content was also
monitored by mass spectrometry (MS). In fact, no water was
detected in the gas-phase by MS, again indicating a CO pro-
duction less than 10 ppm®? (see the Supporting Information).
Although the time for complete conversion on the recharges
was slightly higher than the first run, the presence of traces of
CO did not significantly influence the catalytic activity of the
system. The reaction parameters of this homogeneous system
at different temperatures (40-95°C), catalyst loadings (6.5
19.6 umol), substrate loadings (8.8-26.5 mmol) and base
amounts (0.9-7.0 mmol) are summarized in Table 1.

Using the determined initial rate constants of the selected
curves at low conversions (< 20%), it was possible to estimate
the formal reaction order for this catalytic system (see the Sup-
porting Information). From a double logarithmic plot of the ini-
tial rates, a formal “broken” reaction order (0.70 4 0.15) was de-
duced for catalyst 2 (constant IL and FA amounts of 2.3 and
17.6 mmol, respectively; Table 1, entries 5, 6 and 8). The reac-
tion order with respect to IL 1 was also checked by variation of
its concentration at a constant catalyst loading of 19.6 umol of
2 and 17.6 mmol of FA at 80°C (Table 1, entries 7-9), and
showed a similar order (0.78+0.03). Broken reaction orders are
usually related to the formation of the active species. In this
case, it is probable that not all of the Ru precursor gives Ru hy-
drides, but also gives other Ru species (neutral complexes, for
example) that could not be identified by ESI analysis (see fur-
ther). This entire process was possibly supported by the IL 1.
Furthermore, a formal reaction order for the FA substrate was
determined in a similar manner, which showed a second-order
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Figure 4. FA decomposition catalyzed by Ru complex 2 in IL 1 at different
temperatures: V 95°C; ll 80°C; + 70°C; O 60°C; & 50°C; A 40°C.
Amounts as for Figure 2.

line up to 20% conversion (initial rate) was used to determine
the apparent activation energy of the process. From the Arrhe-
nius plot (Figure 5), the activation energy was derived as E,=
69.1+£7.6 kJmol™". This activation energy fits in the range of
the most active catalyst systems previously reported for the
dehydrogenation of FA?Y In general, heterogeneous catalysts
have activation energies higher than 100 kJmol~"B"

Moreover, the standard catalytic system was investigated by
means of ESI-MS techniques for the detection of ruthenium
complexes during the catalysis. For the detection of intermedi-
ates and organometallic complexes in dilute homogeneous
solutions, especially in IL systems, ESI-MS spectrometry is the
most powerful and convenient tool, and is best known as ion
fishing.?2 An aliquot of the reaction mixture was taken after
45 min (ca. 50% conversion), and the sample was analyzed in
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Figure 5. Arrhenius plot for the determination of the apparent activation
energy of the process (E,=69.1+7.6 kJmol™'). Reaction conditions:
Amounts as for Figure 2; T=40-95°C.
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water. The ESI(4+)-MS spectrogram (Figure 6) showed the IL (m/
z=182.07) and two ruthenium species with signal sets at
around 518.81 and 552.76. Both signal sets had the typical iso-
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Figure 6. ESI(+)-MS analysis of FA dehydrogenation catalyzed by Ru com-
plex 2 in IL 1, analyzed at 50% of conversion. Conditions as for Figure 2. The
inset shows the signals of intermediary ruthenium species 3 (m/z=518.81)
and 4 (m/z=552.76). [C]" corresponds to the cation of IL 1, [C]** is the pro-
tonated dicationic IL 1 and [C,A]" is one cluster where A is the anion.

topic distribution for ruthenium. Considering the dimeric
ruthenium precursor 2 with a chloride bridge, we observed
some evidence of dimeric ruthenium complexes 3 and 4, with
a formate-hydride bridge and formate-chloride bridge, respec-
tively (Figure 7). Formate-bridged ruthenium dimers have been
previously reported for the ruthenium-catalyzed dehydrogena-
tion of FA,”” where a simple ligand exchange between halide
and formate is likely to occur and can be easily understood in
presence of excess FA. The analysis of both main signals (m/
z=518.81 and 552.76) with higher energies (50V) in the
ESI(+)-MS/MS experiments showed the loss of the formate
bridge ligand, with the ruthenium fragments rearranged. In
the case of Ru complex 3, a formerly terminal hydride acts as a
hydride bridge in proposed ruthenium dimer 5 (m/z=473.84),
and chloride-bridged ruthenium dimer6 (m/z=>507.78) is
formed after the fragmentation of Ru complex 4 (Figure 7). The
ESI(+)-MS/MS  experiments also showed that the formate
ligand in the stable dimers 3 and 4 can be eliminated more
easily and with reasonably low energies in the gas-phase,
rather than a hydride or chloride being eliminated under these
conditions. Additionally, for the proposed complexes (3 and 4),
the theoretical isotope modeling fit well with the experimental
data, which strengthens the assumed presence of the catalytic
species in a dimeric form. Consequently, the calculated TOFs
are based on ruthenium dimers and not ruthenium monomers.

Attempts to characterize the related ruthenium species
in situ by 'H and "*C NMR spectroscopy failed, probably due to
the very low Ru concentration becoming difficult to obtain
NMR spectra from the crude reaction mixture.

To prove the high potential of our in situ-formed catalytic
system 1/2, we considered the use of the corresponding solid
hydrochloride of the amine-functionalized IL (soluble in FA),
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Figure 7. ESI(4)-MS/MS analysis of the signals in Figure 6: a) m/z=518.81
(3); b) m/z=552.76 (4). Capillary voltage =3050 V; Sample cone volta-
ge=50V.

IL 1-HCI, which renders the last synthetic step with IL 1 (depro-
tonation) unnecessary. Indeed, the formation of a catalytically
active ruthenium species and the deprotonation (in equilibri-
um) of FA with the IL 1-HCl was possible under identical reac-
tion conditions, and resulted in a moderate conversion of 60%
after 25h (50% after 9 h; see the Supporting Information).
Such a long reaction time compared to that performed in IL 1
is a probable consequence of IL 1-HCI crystallization during the
course of the reaction. Notably, the conversions were estimat-
ed here by fitting the pressure curves using the previously cali-
brated and normalized conversion curves. This was crucial be-
cause at high conversions of FA, the IL 1-HCl started to crystal-
lize from the FA/formate solution; thus, IL 1-HCI backbone sig-
nals could not be used as an internal standard for quantifica-
tion by 'HNMR spectroscopy. Interestingly, a very low
concentration of IL 1-HCI (39.2 umol; 1 equivalent with respect
to Ru) still produced a conversion of 30% after 20 h (see the
Supporting Information).

Conclusions

In conclusion, we have demonstrated the easy conversion of
FA into dihydrogen and carbon dioxide gas using phosphine-
free ruthenium complex [{RuCl,(p-cymene)},] 2 in a task-specif-
ic IL. The task-specific IL 1 stabilizes the active catalyst species
and the immobilized amine group acts as crucial promoter for
the dehydrogenation of FA. High conversions (TOF values of
up to 1540 h™") of FA dehydrogenation could be obtained in a
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few hours under mild conditions. Kinetic measurements indi-
cated formal broken reaction orders of 0.704+0.15 and 0.78 +
0.03 for catalyst 2 and IL 1, respectively, whereas the reaction
order was estimated as 2.00+0.17 for FA, suggesting that FA
is present in its dimeric form during the catalytic reaction. The
apparent activation energy of this process was estimated to be
69.14+7.6 kJmol™', which is in the range of the most common
catalytic systems used for FA dehydrogenation. Moreover,
ESI(+)-MS analyses showed ionic dimeric Ru complexes (3 and
4) as probable catalytic species involved in the FA decomposi-
tion. The stability to air and humidity and potential for catalyst
recycling suggests that the catalyst system is quite robust and
easy to handle, indicating it as a potential system for hydrogen
gas production. Interestingly, the reaction was also possible
with IL 1-HCl as a promoting agent.

Experimental Section
General

All manipulations were performed in air. Ruthenium complex 2 (di-
p-chlorobis[(p-cymene)chlororuthenium(ll)]) was purchased from
STREM and used as received. The FA (88%, Labsynth) was distilled
and used without further purification. "H NMR spectra were record-
ed on a Varian Inova 300 MHz instrument using [Ds]DMSO as the
solvent. Mass spectra were obtained using a QIC-20 Hiden Analyti-
cal gas analyzer. An aliquot of the gas-phase was introduced to a
pre-reservoir and then this sample was injected into the mass ana-
lyzer. Electrospray ionization mass spectrometry (ESI(+)-MS) analy-
ses were performed on a Waters micromass Q-Tof microTM instru-
ment operating at 2750 V of capillary voltage and 13 V of sample
cone voltage. For ESI analysis, 5mg of the reaction mixture was
first diluted in 1 mL of water. Thereafter, one drop of this solution
was diluted again in 1 mL water and then the sample was ana-
lyzed. Infrared analyses of the gas-phase were obtained using a
Bomem FTLA 2000 equipped with a DRIFT cell (Harrick Praying
Mantis reaction chamber). At the end of the reaction, the DRIFT
cell was pressurized with the gas contained in the reactor
(ca. 2 MPa) and the gas phase was analyzed at 25°C. Gas chroma-
tography analyses were carried out in Agilent Technologies equip-
ment using a TCD detector. Analysis condition: column = Supelco-
Molecular Sieves 5 A; column temperature=100°C; detector tem-
perature =150°C; time for analysis =20 min; carrier gas=He.

Synthesis of IL 1

IL 1 was prepared using a similar method to that previously report-
ed.B? First, IL 1-HCl was prepared from the reaction of 1-methylimi-
dazole (19.1 g; 232.4 mmol) and 2-chloro-N,N-diethylethylamine hy-
drochloride (40.0 g; 232.4 mmol) in acetonitrile (200 mL) under
reflux conditions. After 4-5 days of reaction, a white solid was sep-
arated by filtration and washed with a 1:1 v/v mixture of ethyl
ether and acetonitrile (3x80 mL). The resultant white solid was
dried under reduced pressure to afford IL 1-HCI in 90% yield. Fur-
ther, deprotonation of IL 1-HCl (15.0g; 58.9 mmol) with NaOH
(2.4 g; 58.9 mmol) in water (150 mL) was carried out for 2 h. Water
was then removed under reduced pressure and the liquid residue
was extracted with dichloromethane (100 mL). The organic phase
was dried over MgSO, and filtered through celite/neutral alumina.
The solvent was removed under reduced pressure to afford the de-
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sired IL 1 in good vyields (76-98%). Finally, IL1 was dried under
vacuum for 5 h at 50°C.

Formic acid dehydrogenation

In a typical FA decomposition experiment, IL1 (0.5 g; 2.3 mmol)
was mixed with FA (0.81 g; 17.6 mmol) in a glass reaction vessel.
Afterwards, the mixture was stirred until it became a homogene-
ous solution, and then Ru complex2 (0.012 g; 19.6 umol) was
added. The vessel containing the solution was placed into a high-
pressure Parr reactor. The system was then immersed in a silicon
oil bath at 80°C under stirring. A sample was analyzed by 'H NMR
before and after reaction, where signals of IL 1 were used as the in-
ternal standard to determine the conversion based on FA/IL 1 inte-
gral ratios. For recharges, at the end of each cycle, more FA
(0.81 g; 17.6 mmol) was added to the system and the reaction was
restarted. The increase in the gas pressure in the reactor was moni-
tored with a pressure transducer interfaced through a Novus con-
verter to a PC, and the data was worked up via Microcal Origin 7.0.
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Fig. S1 'H NMR (300 MHz, DMSO-d) spectrum of the pure IL 1.
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Fig. S2 Comparison of the 'H NMR (300 MHz, DMSO-ds) analyses of a) the pure IL 1, b) in the
presence of formic acid (FA:IL 1 = 7.65) before and c¢) after reaction. The singlet at 9.27 ppm and the
doublet at 7.77 ppm correspond to C,-H and C4-H/Cs-H of the imidazolium ring of IL, respectively;
singlet at 8.20 ppm is due to the formic acid.
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Fig. S3 Mass analysis of the gas-phase after the formic acid (0.81 g; 17.6 mmol) decomposition catalysed
by the Ru 2 complex (0.012 g; 19.6 umol) in IL 1 (0.5 g; 2.3 mmol) at 80 °C. The water signal in the bar

mode (below) corresponds to the same value before the sample analysis.
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Fig. S4 Calibration curve made using a standard gas containing 5 mol% of CO in He. Analysis condition:
Column = Supelco — Molecular Sieves 5A; column temperature = 100 °C; detector = 150 °C; time for

analysis = 20 min; carrier gas = He.
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Fig. S5 Typical GC analysis of the standard 5 mol% CO in He for an injection of 500 uL of gas sample.
Retention times of 0.760 and 1.212 min correspond to oxygen and nitrogen impurities from air,

respectively.
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Fig. S6 GC analysis of the gas-phase (800 uL) after the FA (0.81 g; 17.6 mmol) decomposition catalysed
by the Ru 2 complex (0.012 g; 19.6 umol) in IL 1 (0.5 g; 2.3 mmol) at 80 °C. The negative signal
corresponds to hydrogen gas. Signals at 0.738 and 1.108 min correspond to oxygen and nitrogen

impurities from air, respectively.
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Fig. S7 Data for the determination of the formal reaction order deduced for the catalyst 2 (reaction
conditions: 6.5-19.6 umol of Ru 2, 2.3 mmol of IL 1 and 17.6 mmol of formic acid at 80 °C). Equation
obtained from the linear fit: y = 3.900 + 0.704 (= 0.147)x; formal “broken” order = 0.70 = 0.15

(Correlation = 0.98). On graphic, vy is the initial rate.
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Fig. S8 Data for the determination of the formal reaction order deduced for the IL 1 (base) (reaction
conditions: 0.9-7.0 mmol of IL 1, 19.6 pmol of Ru 2 and 17.6 mmol of formic acid at 80 °C). Equation
obtained from the linear fit: y = 5.276 + 0.776 (= 0.026)x; formal “broken” order = 0.78 = 0.03

(Correlation = 0.99). On graphic, vy is the initial rate.
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Fig. S9 Data for the determination of the formal reaction order deduced for formic acid (reaction
conditions: 8.8-26.5 mmol of formic acid, 2.3 mmol of IL 1 and 19.6 umol of Ru 2 at 80 °C). Equation
obtained from the linear fit: y = -0.433 + 1.998 (+ 0.165)x; formal order = 2.00 = 0.17 (Correlation =

0.99). On graphic, vy is the initial rate.
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Fig. S10 Formic acid (0.81 g; 17.6 mmol) decomposition catalysed by Ru 2 complex (0.012 g; 19.6
pmol) in the IL 1-HCI (0.58 g; 2.3 mmol) at 80 °C.

30

25+

20+

154

Conversion (%)

104

o+
[8,]
N
o
N
8]
N
o

Time (h)

Fig. S11 Formic acid (0.81 g; 17.6 mmol) decomposition catalysed by Ru 2 complex (0.012 g; 19.6
pmol) in the IL 1sHCI (0.0099 g; 39.2 umol; 1 eq. per Ru atom) at 80 °C.



Notas de Correcao dos Artigos

Artigo |
i) Pagina 1796, linha 11 (esquerda): o LI correto € HMI.PFs e ndo BMI.PFs como

descrito.

Artigo Il
i) Pagina 76, figura 4: o sinal em m/z = 3 é referente & espécie [Hs]" e ndo [HD]" como
mostrado.

ii) Pagina 77, esquema 1: a relacdo [PhCN:IL-2] deve ser corrigida para [PhCN:IL 1].

Artigo V

i) Pagina 4441, tabela 1, entrada 6: neste caso ndo houve adicdo prévia de metanol ao

sistema. Portanto, o indice g deve ser desconsiderado.

Artigo VI
i) Pagina 1268, figura 7: uma andlise detalhada das espécies envolvidas sugere que a
fragmentacdo mais provavel das espécies 3 e 4 seja a perda de um ligante HCO, radical

e ndo anibnico (formiato) como mostrado, gerando os cations radicais 5 e 6.
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Figura 7 corrigida (Artigo V1).
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