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Preface

The application of the right solvent in chemical reactions is always a key-point for a
chemist. In addition to conventional organic solvents several alternative ones were
tested. Among them ionic liquids (ILs) and especially room temperature ionic
liquids (RT-ILs) play an important role due to their environmentally benign prop-
erties such as extremely low vapor pressure, chemical and thermal stability, high
ionic conductivity, and good solvent properties towards both ionic and covalent
compounds.

A major drive of these efforts with ionic liquid both in industry and in funda-
mental research is to find more environmentally friendly technologies for tradi-
tional ones in which damaging and volatile organic solvents are generally used.
ITonic liquids are considered not only as promising surrogates of organic solvents in
conventional text-book reactions, but also their applications show an upward
tendency also in catalytic reactions.

In this book we intend to summarize the recent achievements in catalytic
reactions carried out in ILs. Leading scientists worldwide accepted our invitation
to contribute to this volume and write about the recent developments. Although
most chapters of the book are mainly focused on the catalytic reactions of synthetic
importance, where appropriate, theoretical and mechanistic aspects are included in
order to help the reader understand the underlying principles. We are confident that
this book will provide a comprehensive overview of topics of current interest for the
non-specialist reader.

One of the fundamental issues, the homogeneous or heterogeneous catalysis in
ILs, is discussed by N. Yan (chapter “The Nature of Metal Catalysts in Ionic
Liquids: Homogeneous vs Heterogeneous Reactions”). The formation of
nanoparticles, as well as their application in catalytic reactions (hydrogenation,
coupling reactions, methanol synthesis), is discussed by Ch. Janiak (chapter “Metal
Nanoparticle Synthesis in Ionic Liquids™). P. Lignier’s contribution is dealing with
the size control of metal nanocrystals in ILs (chapter “Size Control of Monodis-
perse Metal Nanocrystals in Ionic Liquids”). C. Chiappe et al. report on the
structural features and properties of metal complexes in ILs with special focus on
anionic speciation of metals (chapter “Structural Features and Properties of Metal
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Complexes in Ionic Liquids: Application in Alkylation Reactions”). The state of the
art in ionic liquid-based hydroformylation is reviewed by B. Rieger et al. (chapter
“Ionic Liquids in Transition Metal-Catalyzed Hydroformylation Reactions”). The
research carried out recently in the field of carbonylation of alkenes and alkynes, as
well as aryl and alkenyl halides in the presence of O- and N-nucleophiles, is
summarized by R. Skoda-Foldes (chapter “ILs in Transition Metal-Catalysed
Alkoxy- and Aminocarbonylation”). Metal-catalyzed oxidations of alcohols and
sulfides are discussed by A.M. Afonso et al. (chapter “Metal-Catalyzed Oxidation
of C-X (X=S, O) in Ionic Liquids”). Recent results on epoxidation of various
olefins by different transition metal complexes, as wel as by metal-free compounds
in ILs, are summarized by F.E. Kiihn et al. (chapter “Epoxidation of Olefins with
Molecular Catalysts in Ionic Liquids”). The beneficial effect of ILs in terms of
activity, selectivity, and recyclability in cross-coupling reactions such as Heck,
Suzuki—Miyaura, Stille, Sonogashira, Ullmann, and Negishi couplings is described
by P. Mastrolilli et al. (chapter “Ionic Liquids in Palladium-Catalyzed Cross-
Coupling Reactions”). The chapter of Ch. Bruneau et al. covers the catalytic olefin
metathesis reactions carried out in RT-ILs (chapter “RTILs in Catalytic Olefin
Metathesis Reactions”). Selected examples of polymerization and oligomerization
catalyzed by transition metal complexes in ILs are presented by A.M. Trzeciak
(chapter “Ionic Liquids in Transition Metal-Catalyzed Oligomerization/Polymeri-
zation”). The efficiency of transition metal-catalyzed asymmetric reactions provid-
ing precursors of pharmaceutical importance is described by Q.-H. Fan et al.
(chapter “Ionic Liquids in Transition Metal-Catalyzed Enantioselective
Reactions”).

We are indebted to all chapter authors for their careful work. The editors thank
Elizabeth Hawkins (Springer, Chemistry Editorial) and Sujitha Shiney (Project
Coordinator) for their kind cooperation in producing the present volume.

As volume editors we kindly recommend the present book entitled Ionic Liquids
in Organometallic Catalysis to the attention of research scientists at universities or
in industry, as well as graduate students.

Pécs, Hungary Laszl6 Kollar
Porto Alegre, Brazil Jairton Dupont
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Metal Nanoparticle Synthesis in Ionic
Liquids

Christoph Janiak

Abstract The synthesis of metal nanoparticles (M-NPs) in ionic liquids (ILs) can
start from metals, metal salts, metal complexes, and in particular metal carbonyls and
can be carried out by chemical reduction, thermolysis, photochemical, microwave
irradiation, sonochemical/ultrasound-induced decomposition, electroreduction, or
gas-phase synthesis, including sputtering, plasma/glow-discharge electrolysis,
physical vapor deposition, or electron beam and y-irradiation. Metal carbonyls,
M,(CO),, are commercially available and elegant precursors because the metal
atoms are already in the zerovalent oxidation state for M-NPs so that no reduction
is necessary. The thermal decomposition of metal complexes, including metal
carbonyls in ILs by microwave irradiation, provides a fast and low-energy access
to M-NPs. The reason is an excellent absorption efficiency of ILs for microwave
energy due to their high ionic charge, high polarity, and high dielectric constant.
Ionic liquids allow for the stabilization of M-NPs without the need of additional
stabilizers, surfactants, or capping ligands because of the electrostatic and steric
properties inherent to ILs. From the IL dispersion, the M-NPs can be deposited on
various surfaces, including graphene derivatives and nanotubes. The formation of
intermetallic MM’ -nanoalloys in ILs has just begun to be explored. Examples for
M(M')-NP/IL dispersions in catalytic reactions (C—C coupling, methanol synthesis,
hydrogenation) are noted.
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1 Introduction

Metal nanoparticles (M-NPs) are of interest for new technologies [1]. The terms
“nanoparticles,” “nanophase clusters,” “nanocrystals,” and ‘“(nano-)colloids” are
often used with a similar connotation. Here we use the word nanoparticles as a
generic term. For applications, it is important to synthesize M-NPs with defined
size and small-size distribution in a controlled and reproducible manner [2-6]. A
chemical “bottom-up” approach prepares M-NPs by reduction of metal salts or the
photolytic, sonolytic, or thermal decomposition of metal-organic precursors [7].
The synthesis conditions such as temperature, solvent, and reducing and stabilizing
agent can influence the size, size distribution, and shape of metal nanoparticles [8].

Nanoparticles have a high surface-to-bulk atom ratio and a high surface energy
which dominates their properties [9]. A high surface area is, for example, beneficial
in (heterogeneous) catalysis [10—16]. Therefore, small M-NPs need to be stabilized;
otherwise they will combine to thermodynamically favored larger particles via
agglomeration (Fig. 1).

Agglomeration of small particles is based on the principles of Ostwald ripening
[17, 18] which is a thermodynamically driven spontaneous process and occurs
because larger particles are more energetically favored than smaller ones.
Coordinatively, unsaturated surface atoms of a particle are in a higher energy
state than well-ordered and fully coordinated atoms in the bulk. The lower the
surface area with respect to the bulk volume, the lower the energy state of a particle.
A small metal nanoparticle tries to lower its overall energy by detaching atoms
from the surface. The atoms then diffuse through the solution and attach to the
surface of a larger particle. Thereby, larger particles grow at the expense of smaller
particles (Fig. 2).

Small metal nanoparticles can be stabilized by coordination of surface capping
ligands, polymers, or surfactants which form a protective electrostatic and/or steric
layer to prevent agglomeration (Fig. 1) [19-22]. Metal nanoparticles in ionic liquids
(ILs) do not require additional stabilizers. The electrostatic and steric properties of

9 <
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Fig. 2 Schematic presentation of Ostwald ripening

ionic liquids can stabilize M-NPs without capping ligands, polymers, or surfactants
(Fig. 1). ILs stabilize metal nanoparticles through their ionic nature [23], high
polarity, high dielectric constant, and supramolecular network (cf. Fig. 4) [24-31].

2 Ionic Liquids (ILs)

By definition, ionic liquids are salts with a melting point below 100°C. Typically,
ILs are even liquid at room temperature (RT-ILs). For this, they consist of
conformationally flexible and weakly coordinating inorganic or organic cations
and anions with small lattice enthalpies so that the liquid state is thermodynami-
cally favored [32-36]. Examples of nonfunctionalized IL cations and anions are
shown in Fig. 3, and functionalized IL cations in Fig. 5 [12, 43]. ILs have a high
charge density, high polarity, and high dielectric constant and form a supramolec-
ular network [28]. Ionic liquids (ILs) have become interesting alternatives to
traditional aqueous or organic solvents [44, 45]. Over the last years, they have
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Cations: Anions:
[BMIm]* = 1-n-butyl-3-methyl-imidazolium ([BMI]*, [C4mim]*) hotde. o -
tetrafluoroborat, [BF ;]
— —\ hexafluorophosphate, [PFg]”

®
SOSN N <> WN%N\

+ . e . [\ o trifluoromethylsulfonate, triflate, [TfO]~
[BBIm[" =1,3-di-n-butyk-imidazolium SN N NS (trifluoromethanesulfonate) (TfMS)

o}
[EMIm]" = 1-ethyl-3-methyl-imidazolium [T\ @ FSCf‘s‘foe
\/N\7N\ !
(e}
/T \e
[C10Mlm]+ = 1-n-decyl-3-methylimidazolium _N_ __N—_ ethylsulfate (ES), EtSO4~
H21C10™ N methylsulfonate (MS), MeSO5
—\ trifl tate, [TFA]~, F3C-CO,~
[C12Mlm]+ = 1-n-dodecyl-3-methyl-imidazolium N N® riluoroacetate, [ I Fs 2
HasCi ™ N
bis(trifluoromethylsulfonyl)amide, [Tf,N]~
CiHan. @ (N-bis(trifluoromethanesulfonyl)imide)
16! 33\N¢\ (TFSA)
\\/N o} o
= [l © 1
. F3C—S—N—S—CF;
[tris-Im]" = tris-imidazolium salt i i
N o OH
—
® ’E\/N \\\\N® (oleley
= “CyeH —
CieHaz” (3[BF,I) 16733 [citrate] = Ho«ECOOH
COOH
@/\/\
[BMPy]* = 1-butyl-1-methyl-pyrrolidinium N\
/

[Guan]* = 1,1-dibutyl-2,2,3,3-tetramethyl-guanidinium ®>>FN

le

[BtMA]*= n-butyl-tri-methyl-ammonium INN— |
€]

[MeaPrN]+ = trimethyl-n-propyl-ammonium ‘ SN

[TBA]" = tetra-n-butyl-ammonium, "Bu,N*
[TBP]+ = tetra-n-butyl-phosphonium, "BusP*

Fig. 3 Cations and anions of nonfunctionalized ILs. For functionalized IL cations see Fig. 5.
The abbreviations given in the literature vary

been introduced into solution chemistry and intensively investigated as a new liquid
medium [46, 47].

3 Metal Nanoparticles and Ionic Liquids

The preparation of advanced functional materials, including metal nanoparticles, in
ILs through ionothermal synthesis, appears highly promising [14, 25, 48-55].
Nanoparticles and ionic liquids go more and more together for materials chemistry
[27, 56]. ILs have excellent solvent properties, such as negligible vapor pressure,
high thermal stability, high ionic conductivity, a broad liquid-state temperature
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1
' l l l l

. = cation — =anion = stabilizing anion layer around

the metal nanoparticle

Fig. 4 Schematic network structure in ionic liquids and metal nanoparticles in the IL network.
Formation of an anion layer around the M-NPs is suggested for the electrostatic and steric
(= electrosteric) stabilization

range, and the ability to dissolve a variety of materials [57, 58]. The combination
of undirected Coulomb forces and directed hydrogen bonds leads to a high attrac-
tion of the IL building units. This induces the (high) viscosity, negligible vapor
pressure, and three-dimensional network in ILs. Figure 4 suggests how the IL
network could provide the needed electrostatic and steric (= electrosteric) stabili-
zation through the formation of an ion layer around metal nanoparticles [24, 26, 27].
The type of this ion layer, [L-anion or IL-cation, is still a matter of some discussion
[27, 37].

ILs provide an electrostatic protection for M-NPs according to DLVO (Derjaguin—
Landau—Verwey—Overbeek) theory [59—65] which predicts that the IL-anions should
be the primary source of stabilization for the electrophilic metal nanoparticles [59].

Thiol- [38—40], ether- [41], carboxylic acid- [37], amino- [37, 42], hydroxyl-
[39, 66, 67], or nitrile- [68—70] functionalized imidazolium cations can stabilize
metal NPs even more efficiently through the added functional group (Fig. 5). The
OH-functionalized IL [HOEMIm][Tf,N] gave smaller Pd-NPs with diameter
4.0 £ 0.6 nm compared with Pd-NPs isolated from the nonfunctionalized IL
[BMIm][Tf,N] with diameter 6.2 + 1.1 nm (cf. Table 1) [67]. The donor atom of
the functional group on the cation can attach to the metal nanoparticle like a
stabilizing capping ligand possibly together with parallel coordination of the
imidazolium plane (Fig. 6) [17, 37, 41, 111-113].

4 Synthesis of Metal Nanoparticles in Ionic Liquids

Metal nanoparticles are obtained in ionic liquids from metal salts by either one of
the following ways [114]: (1) chemical reduction [71, 76, 78, 79, 81, 104, 115-118],
(2) photochemical reduction [119, 120], or (3) electroreduction/electrodeposition
[121-123]. Compounds with zerovalent metal atoms, such as metal carbonyls
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[AEMIm]* = ™\ e [HOIm]* =

N_ N
HNT SN N \)\/N /N\

1-aminoethyl-3-methyl-imidazolium
OH

* = 0.
(BMMor] \)\/N NA N OH
@
N
u

hydroxy-functionalized imidazolium ILs ,
e.g., 1-(2',3"-dihydroxypropyl)-3-methyl-imidazolium

N-butyl-N-methyl-morpholinium

[HSCO,Im]* =
(CEMIm* = ™\ o HS\AO/\/N NS
WNVN\ 1-methyl-3-(2'-mercaptoacetoxyethyl)-imidazolium
(o]
1-(3-carboxyethyl)-3-methyl-imidazolium [HSIm]* = \)\/
. X = O(CO)CH,SH N N\
[CMMIm]* =

)k/ 1
NN
NI \)\/N /N X

1-carboxymethyl-S-methy|-|m|dazolium
thiol-functionalized imidazolium ILs,

e.g., 1-(2',3'-dimercaptoacetoxypropyl)-3-methyl-imidazolium

[C4gHOEIm]" =
/\:/N N\CwsHsa INCBMIm]* = “\e
B = NN~
S-3-hexadecyl-1 -(2-hydroxy-1 -methylethyl)-imidazolium N
1-butyronitrile-3-methyl-imidazolium

(HOBMIm[" = /\/\/N/ N [ShexMIm]* = ™\ o
HO SN NN N

1-(4"-hydroxylbutyl)-3-methyl-imidazolium
3.3-[disulfanylbis(hexane-1,6-diyl)]-bis(1-methyl-imidazolium)

[HOEMIm]* = ™\ o [TriglyMim]* = MeO._0 ™\ e
H O/\/ N \%N\ \/\o/\/N N
1-(2'-hydroxylethyl)-3-methyl-imidazolium 1-triethylene glycol monomethyl ether-3-methyl-imidazolium

| 2N
N 0e
4 N

0 O
W O

/7\ »
N N
[BIMBJ?* = 4,4"bis-[(1,2 dimethylimidazolium)methyl]-2,2"bipyridine
[BIHBJ?* = 4,4'-bis-[7-(2,3-dimethylimidazolium)heptyl]-2,2'-bipyridine
[BIMB][T,N], n = 1
[BIMB][Tf,N], n = 7

[Gem-IL]2* = gemini / geminal-ILs OMe
N, N N, N
| | _® //\N’H\N/\\ @
7 Se 7 S N,
oN Ng oN Ng == B =
2Br
(), O, (Os Ol S
Jo (s
2Br S 2Br s
12Brn=7 4-2Br
22Brn=9
32Brn=15

Fig. 5 Examples of functionalized imidazolium cations [37—42]
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Fig. 6 Possible coordination modes of imidazolium cations with functional groups (FG) to metal
nanoparticles [111]

M(CO), [24, 117, 124, 125] or [Ru(COD)(COT)] (see Sect. 4.6) [91, 126], give
metal nanoparticles by thermal, photolytic, or chemical decomposition. Extra stabi-

lizing molecules or organic solvents are not needed in ILs but are added in some cases
[19, 24, 27, 65, 127].

4.1 Chemical Reduction

Table 1 compiles metal nanoparticles which have been obtained from the reduction
of metal salts and complexes in ionic liquids. Frequent reducing agents are H, gas,
sodium citrate, ascorbic acid, and imidazolium cations of ILs, NaBH,, or SnCl,.

The synthesis of M-NPs by reduction is carried out in batch reactions using glass
flasks, but also microfluidic reactors have been reported for the fabrication of metal
nanoparticles of cobalt, copper, platinum, palladium, gold, silver, and core—shell
particles [93].

Noble metal nanoparticles, such as Pd- or Ir-NPs, can be synthesized in the
presence of imidazolium ILs from metal salts without an added reducing agent [78,
81, 85, 128]. Pd-N-heterocyclic carbene complexes may form as intermediates
preceding the formation of Pd-NPs (Fig. 7) [79, 80, 128]. Imidazolium salts are
precursors for stable carbenes and mild reducing agents [129].

Thermal reduction/decomposition of Pd(OAc), to black Pd-NP dispersion in
hydroxyl-functionalized ILs with the 1-(2'-hydroxylethyl)-3-methylimidazolium
[HOEMIm]* cation and nonfunctionalized control IL argued against the alcohol
group in the [HOEMIm]* cation as reductant according to unchanged '"H NMR
spectra [67]. The influence of anions on the decomposition rate of Pd(OAc), was
given in the order [Tf,N] ™, [PFg]” >[BF,]  >[OTf] >[TFA] .

Decomposition of the organometallic Pt(IV) precursor (MeCp)PtMe; in the ILs
[BMIm][BF,] and [BtMA][Tf,N] also does not require a separate reductant and
leads to small, crystalline, and longtime stable Pt-nanoparticle (Pt-NP) dispersions
(Fig. 8) [89].

The salt AgBF, can be reduced with H, in n-butyl-methyl-imidazolium ionic
liquids with different anions to yield Ag-NPs which increase in size with the size of
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Fig. 7 Pd-carbene formation with imidazolium IL as an intermediate to Pd-NPs [80]
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Fig. 8 Decomposition of the air and moisture stable organometallic Pt(IV) precursor (MeCp)
PtMe; in ILs to well-defined, small, crystalline, and longtime (>10 months) stable Pt-nanocrystals
without any additional reducing agents. High-angle annular dark-field-scanning transmission
electron microscopy (HAADF-STEM) images with particle diameter distributions in histograms,
top row: freshly prepared sample with NP diameter distribution @ 1.1 £+ 0.5 nm, based on
703 particles; bottom row: sample after 331 days, @ 1.2 + 0.4 nm, based on 518 particles
[89]. Reprinted from [89] with permission from the author; © 2012 The Royal Society of
Chemistry

the ionic liquid anion (Fig. 9). The acidic HBF, side product needs to be scavenged
with a base in order not to perturb the ionic liquid matrix. N-Butylimidazole (BIm)
was the base of choice because it gave a [BHIm]" cation which closely resembled
the [BMIm]* cation (Fig. 9) [115].

Gold nanoparticles are among the best-studied particles in nano- and materials
science due to their electronic, optical, thermal, and catalytic properties associated
with possible applications in the fields of physics, chemistry, biology, medicine,
and materials science [130]. Au-NPs can be reduced from gold salts, e.g., KAuCly
or auric acid, HAuCly, by citrate which in addition acts as a coordinating ligand
(Turkevich route) [131]. This reduction could also be carried out in the IL 1-ethyl-
3-methylimidazolium ethyl sulfate [EMIm][EtSO,4] and the Au-NP shape adjusted
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Fig. 9 Formation of Ag-NPs by hydrogen reduction of AgBF, with an imidazole scavenging
process in [BMIm][X]. The TEM image shows the Ag-NPs in [BMIm][BF,] (@ 2.8 & 0.8 nm).
The Ag particle size increases with the size of the X~ anion from BF,~ < PFs~ < TfO™ < Tf,N™
[115]. TEM reprinted from [115] with permission from the author; © 2008 American Chemical
Society

2 KAuCl, + 38nCl, > 2AW + 2SnCl, + K,[SnClg]
(excess) RT (Au-NP)

124 14

Fig. 10 Selected colors with given molar Au: Sn ratios during the step-by-step Au-NP growth
process. The color change represents the transition of Au-NPs from nonmetallic (white/yellow) to
metallic and crystalline (red and purple) particles. Because of the weakly coordinating nature of
the IL, the gold nanoparticle growth can be stopped and resumed here reproducibly by the
controlled dropwise addition of a KAuCl, solution to a mixture of SnCl,/IL at every different
color step, which is size dependent for Au-NPs. Such a stop-and-go nanoparticle growth would not
be possible in the presence of strongly coordinating capping ligands [109]. Cuvette picture
reprinted from [109] with permission from the author; © 2010 The Royal Society of Chemistry

by addition of a silver salt [96]. Cellulose is a reductant, morphology- and size-
directing agent for Au-NPs from HAuCl, so that gold nano-plates with a thickness
from 300 nm at 110°C to 800 nm at 200°C were synthesized [104]. Variation of the
molar Au(IIl):Sn(II) ratio gave Au-NPs in different sizes in a stepwise, stop-and-go
nucleation, nanocrystal growth process. The Au-NP growth could be stopped and
resumed at different color steps and sizes from 2.6 to 200 nm (Fig. 10) [109].
Gold nanoparticles are obtained from Au(CO)CI or KAuCly in imidazolium ILs
without an added reducing agent. The reductive thermal, photolytic, or microwave-
assisted decomposition was carried out in the presence of n-butyl-imidazole as a
scavenger (Fig. 11). The nanoparticles of about 1-2 nm diameter in [BMIm][BF,]
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Fig. 11 Formation of Au-NPs (@ 3.6 £+ 0.6 nm from Au(CO)CI in thermal process) with the
imidazole scavenging process in [BMIm][BF,4] (cf. Fig. 9). The TEM picture shows the
nanoparticles after 6 weeks of exposure to air [106]. The decomposition of Au(CO)CI can also
proceed by intramolecular reduction under phosgene formation according to 2 Au(CO)Cl
— 2 Au + CO + COCl, [132]. TEM reprinted from [106] with permission from the author; ©
2009 Wiley-VCH

increase in size with the ionic liquid anion in [BMIm][TfO] and [BtMA]
[T£,N] [106].

Small Au-NPs of diameter 1.1 £+ 0.2 nm which are formed without any capping
ligands or surfactants in the IL [BMIm][BF,] can be selectively reduced or oxidized
(quantized charged). A theoretical density functional theory calculation suggests
that the positive or negative cluster charging is accompanied by a switching in the
orientation of the ionic shell from anion to cation [133].

NaAuCl, and KAuCN, were reduced in [BMIm][PF¢] to gold nanoparticles
which were catalysts for the cyclopropanation of alkenes with ethyldiazoacetate
to yield cyclopropanecarboxylates. In the IL, the stabilized gold catalysts could be
separated and recycled [134].

Carboxylic acid- and amino-functionalized ionic liquids [CMMIm][CI] and
[AEMIm][Br] (cf. Fig. 5) stabilized gold and platinum nanoparticles in an
aqueous solution. Smaller Au-NPs (3.5 nm) and Pt-NPs (2.5 nm) were prepared
with NaBH, as reducing agent. Larger gold nanospheres (23, 42, and 98 nm) were
synthesized with trisodium citrate. Simultaneous interactions between imidazolium
ions and its functional groups and the metal atoms were proposed for the M-NP
stabilization (cf. Fig. 6). The metal nanoparticles could be assembled on
multiwalled carbon nanotubes. The imidazolium ring moiety of the ionic liquids
might interact with the nanotube z-surface and the functional group with the M-NPs
surface (cf. Fig. 6¢) [37].

The microwave-induced decomposition of the transition metal amidinates
{[Me(C(N'Pr),]Cu}, and [Me(C(N'Pr),],Zn in [BMIm][BF,] gives copper and
zinc nanoparticles which are stable in the absence of capping ligands (surfactants)
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Fig. 12 Microwave-assisted thermal co-decomposition of copper and zinc amidinates to mono-
metallic (not shown) and bimetallic Cu/Zn-NPs in IL. The high-angle annular dark-field-scanning
TEM (HAADF-STEM) image of a 1.0 wt% p-CuZn dispersion in IL gave a median diameter of
51 £ 29 nm. The p-CuZn/IL dispersion could be employed as precursor for the conversion of
syngas to methanol without any catalyst deactivation up to 300 min (5 h) at different temperatures

for more than 6 weeks [189]. Co-decomposition of the two amidinates selectively
yields the intermetallic nano-brass phases B-CuZn and y-CuzZn depending on
the chosen molar ratios of the precursors. The bimetallic p-CuZn nanoparticles
were precursors to active catalysts for methanol synthesis from syntheses gas Ho/
CO/CO, with a productivity of 10.7 mol(MeOH)/(kg(Cu)-h) (Fig. 12). STEM
investigation of the CuZn/[BMIm][BF,] dispersion after catalytic methanol forma-
tion still showed particles in the 50 nm diameter range as before the catalysis.
These particles had a high Cu content by energy-dispersive X-ray spectroscopy
(EDX). The regions around the particles were amorphous and contained
mostly ZnO according to EDX. Also powder X-ray diffraction of the separated
particles revealed that only a fraction of the original f-CuZn phase remained with
the rest having turned into crystalline Cu-NPs and amorphous ZnO [189].

From ILs metal nanoparticles can also be deposited onto a support.

Rhodium-NPs (<5 nm) on attapulgite (Rh-Atta) were prepared by reducing immo-
bilized Rh** on Atta in the IL 1,1,3,3-tetramethylguanidinium lactate. Cyclohexene
hydrogenation activity of the Rh-Atta composite was much higher than other catalysts
with turnover frequencies reaching 2,700 (mol cyclohexene/mol Rh)/h [135]. Uniform
Pd nanoparticles on Vulcan XC-72 carbon were synthesized from H,PdCl, and
NaBH, using G-IL as medium [77].

Hybrids of Au-NP-decorated multiwalled carbon nanotubes (Au-MWCNT)
onto poly(ethylene terephthalate) (PET) films were prepared by a sonochemical
method from HAuCl,-3H,O and MWCNT in [BMIm][BF,4] [108]. Au-NPs can
also be deposited onto a polytetrafluoroethylene (PTFE, Teflon) surface [106].
Poly(vinylpyrrolidone) (PVP)-stabilized Au-NPs were encapsulated into titania
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Fig. 13 Schematic presentation of the formation of PU@TRGO-SH hybrid materials in IL with
three magnifications of TEM images. The Pt-NP loading is 3.2 wt% with a median particle diameter
of 9 £+ 4 nm. Reprinted from [137] with permission from the author; © 2014 Elsevier B.V

xerogels with [BMIm][PF¢s] as medium. Then the IL was removed by solvent
extraction and the PVP calcinated. The average Au-NP diameter was 8.8 &+ 2.5 nm
after calcination [136].

Hybrid materials of platinum nanoparticles and thiol-functionalized thermally
reduced graphite oxide (TRGO-SH) were synthesized by thermal decomposition of
the organometallic precursor (MeCp)PtMej in dispersions of TRGO-SH in [BMIm]
[BF,] under microwave heating conditions (Fig. 13) [137]. Thiol groups on TRGO
assist the deposition of Pt-NPs through a possible dual role of anchor groups and
nucleation centers. The IL also helps to exfoliate and separate the graphene sheets
in order to increase the surface area and accessibility for deposition of Pt-NPs [137].

4.2 Photochemical Reduction

UV photolysis of (MeCp)PtMe; in [BMIm][BF,] and [BtMA][Tf,N] yielded
Pt-NPs of 1.1 + 0.5 nm diameter (1 day old) or 1.2 + 0.4 nm (aged 331 days)
(Fig. 8). Complete decomposition was verified by 'H-NMR spectroscopy
through the absence of the characteristic signals from the Pt—-Me groups of
(MeCp)PtMe5 [89].
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Irradiation of AgClO,4 with a high-pressure mercury lamp in a mixture of an IL,
water, Tween 20 (polyoxyethylene sorbitan monolaurate), and benzoin as photo-
activator gave Ag-NPs with average diameters of 8.9 and 4.9 nm in water/[BMIm]
[BF4] and water/[OMIm][BF,] (l-octyl-3-methylimidazolium) microemulsions,
respectively [138].

UV irradiation of HAuCl,-4H,O in a [BMIm][BF,]/acetone mixture (ratio 10:1)
turned the acetone into a free radical which reduced Au(Ill) to Au nanosheets of
about 4 pm length and 60 nm thickness [119]. UV irradiation of HAuCl, in 1-decyl-
3-methyl-imidazolium chloride/water gave differently shaped nanorods with
lengths between 100 and 1,000 nm [120]. Photolysis of Au(CO)CI in [BMIm]
[BF,] (cf. Fig. 11) yielded Au-NPs with large diameters of 61 £ 43 nm [106].

4.3 Sonochemical (Ultrasound) Reduction

Ultrasound irradiation of Pd(OAc), or PdCI, in [BBIm][Br] or [BBIm][BF,] for
1 h yielded nearly spherical Pd-NPs with a diameter of 20 nm. The formation
of a Pd-biscarbene intermediate and its subsequent sonolytic conversion to Pd
nanoparticles (cf. Fig. 7) was established by NMR/MS and TEM analyses [79].

Au-NP-decorated MWCNT-hybrids were prepared by the ionic liquid-assisted
sonication onto PET films. Sonication of a HAuCl,-3H,O, MWCNT, and [BMIm]
[BF,] mixture for 60 s gave Au-NPs with narrow size distribution of 10.3 £+ 1.5 nm
decorated onto the surface of ionic liquid-wrapped MWCNTs [108]. Ultrasound
was also used for the synthesis of ionic-liquid-functionalized multiwalled carbon
nanotubes decorated with highly dispersed Au nanoparticles from HAuCl,-3H,0 in
the presence of 1-(3-aminopropyl)-3-methylimidazolium bromide and dicyclohex-
ylcarbodiimide in DMF solution [139].

4.4 Electro(chemical) Reduction

Tonic liquids are conducting and have a wide electrochemical window of up to 7 V
which makes them nearly inert in electrolytic processes. A clean route to prepare
metal nanoparticles in ionic liquids is electroreduction with electrons as the only
metal-reducing agent (see also Sects. 4.5 and 4.5.2). However, the size of the metal
nanoparticles from electroreduction is often above the 100 nm definition limit for
nanoparticles.

The technique of pulsed electrodeposition (PED) [140, 141] was used to deposit
nanocrystalline Ni [142], Pd [143], Cu [144], Fe [145], Cr [146], and other metals
with normal potentials E° > 0 V as well as nanoalloys Ni,Fe;_, and Ni,Cu,_,
[147] from aqueous electrolytes. Less-noble metals like Al, Mg, and W and their
alloys cannot be electrodeposited from aqueous electrolytes but from ionic liquids
[140, 141]. Table 2 provides an overview on nanostructured metals which were
electrodeposited from ILs.
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Table 2 Nano-metals by electrodeposition in ILs

Metal

Metal precursor Tonic liquid®  Size and remarks References

Monometallic

Fe FeCls, [BMIm][CI]  40-160 nm by variation of the [148]

anhydrous DC-current density
Pd Pd-foil [BMMor] Nearly 0.5 nm size control with [149]
[BE,4] 2.0+ 0.1,22 £ 0.3,

24 +03,29 £ 0.3,
3.5+ 0.5,3.9 + 0.6, and
4.5 + 0.9 nm; particle size
increased with a decrease in
the current density and an
increase in temperature and
electrolysis duration

Cu CuCl [BMIm][PFs] 10 nm, at electrode potential of [150]
—18V

Ag Ag(TfO) [EMIm][TfO] Nanowires 3 pm long and 200 nm  [151]
wide

Ag@TiO, AgBF, [BMIm][BF;] Dendritic network [152]

Au@PANI HAuCl,;-3H,0 [EMIm][Tos]/ 500-800 nm Au-NPs distributed [153]
CF;COOH in polyaniline (PANI) matrix
Au@graphene HAuCly [BMIm][PFs] 10 nm Au-NPs by simultaneous [154]
reduction of graphite oxide
and HAuCl, at —2.0 V
Al AlCls;, [EMIm][CI] Crystallite sizes from 10 to 133 nm [148]
anhydrous with aromatic and aliphatic
carboxylic acid additives and
by temperature variation

Bimetallic

AlLMn,_, MnCl, [BMIm] 25 [148]
[CI]/AICI5

Al In,_, InCl3 [BMIm] 25 [148]
[CI]/AICI5

“For nonfunctionalized ILs, see Fig. 3; for functionalized ILs, see Fig. 5

4.5 Gas-Phase Synthesis

Gas-phase synthesis can be divided in gas-phase condensation and flame pyrolysis
and is very effective for high purity nanoparticle products. In gas-phase condensa-
tion, the metal is vaporized from heated crucibles by electron or laser beam
evaporation or sputtering and condensed here onto an ionic liquid. When a precur-
sor compound is decomposed, the process is called chemical vapor condensation or



36 C. Janiak

chemical vapor synthesis. In flame pyrolysis, the gaseous or liquid precursors are
decomposed by a combustion reaction [155]. The negligible vapor pressure of ILs
allows to use them in methods requiring vacuum conditions. For metal nanoparticle
synthesis, such methods are magnetron sputtering onto ILs, plasma reduction in
ILs, physical vapor deposition onto ILs, and electron beam and y-irradiation to
ILs [34].

4.5.1 Magnetron Sputtering

The sputtering of clusters or atoms onto ILs to give nanoparticles is possible for all
elements that can be ejected from a target by Ar* and N,* plasma ion bombardment.
Thus, Au, Ag, Pt, and other M-NPs with diameters of less than 10 nm were prepared
by magnetron sputtering. The surface tension and viscosity of the IL are important
factors for the nanoparticle growth and stabilization [34].

Indium nanoparticles were obtained by sputter deposition of indium into
[BMIm][BF,], [EMIm][BF,], [(1-ally)MIm][BF,], and [(1-allyl)EIm][BF,]. The
In-NP surface was covered by an amorphous In,O3 layer as In/In,O5 core—shell
particles. The size of the In core was tunable from ca. 8 to 20 nm by choice of the
IL [156].

Platinum nanoparticles were produced by Pt sputtering onto [Me;PrN][Tf,N]
with mean particle diameters of 2.3-2.4 nm independent of sputtering time [157].

Gold nanoparticles of 1-4 nm size were prepared by sputter deposition of the
metal onto the surface of [BMIm][BF,] [158] and [BMIm][PFg] [159]. In the latter,
the size of Au nanoparticles was increased from 2.6 to 4.8 nm by heat treatment at
373 K [159]. Au-NPs of 3—5 nm diameter were obtained by sputtering onto several
imidazolium ILs [160].

4.5.2 Plasma Deposition Method, Glow-Discharge (Plasma)
Electrolysis

A plasma is a gas which is partially ionized, becomes electrically conductive,
and has collective behavior. Plasma deposition is also called glow-discharge
electrolysis (GDE) [34], plasma electrochemical deposition (PECD) [140, 141,
155], or gas-liquid interfacial discharge plasma (GLIDP) [161]. It is an electro-
chemical technique in which the discharge is initiated in the gas between a metal
electrode and a solution by applying a high voltage. In ionic liquid glow-discharge
electrolysis (IL-GDE), the discharge is initiated in the gas between the metal
electrode and the ionic liquid solution. The plasma is regarded as an electrode
because of the deposition of the materials at the interface of ionic liquid and plasma.
In IL-GDE the precursor material is dissolved in the IL and is reduced with free
electrons from the plasma [155, 162]. Table 3 lists metal nanoparticles which were
obtained by IL-GDE.
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Table 3 Nanoparticles by plasma deposition method (glow-discharge plasma electrolysis) in ILs

Average particle diameter £ standard

Metal Metal precursor  Ionic liquid® deviation/nm References

Pd  PdClL, [BMIm][BF,] 327 [163]

Cu Cu(TfO), [BMPy][TfO] ~40, deposited on gold surface [164]

Cu [EMIm][Tf,N] ~11 [165]
Cu [BMPy][TE,N]  ~26 [165]

Ag  AgNOsy/Ag(TfO) [BMIm][TfO]  ~8-30 [155, 166]
Ag(TfO) [EMIm][TfO] 20 [155, 164]
AgBF, [BMIm][BF,], <100, at glassy carbon electrode [167]

[BMIm][PF]
Au HAuCly [BMIm][BF,] ~2; as Au-NP-DNA encapsulated [161]
SWNTs®
HAuCl,-4H,0 [BMIm][BF,] 1.7 &+ 0.8, in presence of PVP¢ [168]
Al AlCl; [BMPy][Tf,N] ~34, 20-64, deposited on gold surface [164]
Ge GeCl, dioxane [EMIm][Tf,N] <50 [169]

“For nonfunctionalized ILs, see Fig. 3; for functionalized ILs, see Fig. 5
PSWNTs single-walled carbon nanotubes
°PVP polyvinylpyrrolidone

4.5.3 Physical Vapor Deposition Method

Physical vapor deposition uses laser beam evaporation of the metal and condensa-
tion onto an ionic liquid under vacuum. It offers an easy and fast method for the
preparation of stable metal and metal-oxide particles. The use of nonvolatile ILs
avoids the otherwise needed freezing of the solvent as well as additional
stabilizers [170].

Evaporization of elemental Cu powder under high vacuum (10~° Torr) onto the
surface of [BMIm][PFs] or [BMIm][Tf,N] generated Cu nanoparticles with an
average diameter of 3 nm. Cu metal was also vaporized into an IL dispersion of
ZnO to give Cu-NPs with ~3.5 nm diameter on or near the ZnO surface [170].
Gas-phase deposition gave Au-NPs whose average diameter (&) depended on the
IL: [BMIm][BF,] & 7 nm, [BMIm][Tf,N] & 4 nm, [BMPy][Tf,N] & 20-40 nm,
[BMIm][DCA] (DCA = dicyanamide) initial & 10 nm, later 40-80 nm, and
[Psss14][DCA] (Pess14 = trishexyltetradecylposphonium) & 50 nm [170].

4.5.4 Electron Beam and y-Irradiation

Very strong electron beam and y-irradiation of an IL with a dissolved metal
salt yield solvated reducing electrons and/or radicals which generate the metal
nanoparticles [34].

Accelerator electron beam and y-irradiation of NaAuCly-2H,O gave Au-NPs at
6 and 20 kGy in [BMIm][Tf,N]. From accelerator electron beam irradiation,
spherical Au nanoparticles were formed with a mean diameter of 7.6 &+ 1.5 nm at
6 kGy irradiation and of 26.4 £ 3.7 nm at 20 kGy. The y-irradiation gave smaller
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Au-NPs with 2.9 + 0.3 nm and 10.7 £ 1.7 nm at 6 kGy and 20 kGy, respectively,
in [BMIm][Tf,N]. It was emphasized that the prepared Au-NPs were stable without
the need for a coordinating additive for more than 3 months [171]. A low-energy
electron beam irradiation was used to synthesize 122 nm Au-NPs from
NaAuCly-2H,0 in [BMIm][Tf,N] [172].

4.6 Metal Nanoparticles from Zerovalent Metal Precursors

4.6.1 Metal Nanoparticles from Metal Carbonyls, M,(CO),

The binary metal carbonyls Cr(CO)gs, Mo(CO)s, W(CO)g, Mn,(CO);g, Re;(CO)y,
Fe(CO)s, Fex(CO)y, Fe3(CO)iz, Ruz(CO)jn, Os3(CO)ip, Cox(CO)g, Cou(CO)yo,
Rhy(CO)y,, Rhg(CO)y4, Irgy(CO)45, and Ni(CO), are commercially available from
Aldrich, ABCR, or Acros. Fe(CO)s and Ni(CO), are industrially produced on a
multiton scale [173]. Most metal carbonyls M, (CO), are easily purified and han-
dled, even if care should be exerted for the possible liberation of poisonous CO. The
metal carbonyls contain the metal atoms already in the zerovalent oxidation state,
and a reducing agent is not needed for M-NP synthesis. The side product CO is
removed through the gas phase. Thus, contamination from by- or decomposition
products is greatly reduced. Hence, metal carbonyls were already long used for the
preparation of M-NPs but without ILs. Much of the work on Fe- or Co-NPs from
M,(CO), dealt with magnetic NPs [174].

Metal nanoparticles were reproducibly obtained by conventional thermal
decomposition (180-250°C, 612 h), by UV photolysis (1,000 W, 15 min), or by
easy, rapid (few minutes), and energy-saving (as low as 10 W) microwave irradi-
ation (MWI) under an argon atmosphere from their metal carbonyl precursors
M(CO), in ILs (Fig. 14, Table 4). The M-NP synthesis in IL from M,(CO),
again does not require any additional stabilizers, surfactants, or capping molecules
to give long-term stable M-NP/IL dispersions [30, 31].

Ionic liquids have a significant absorption efficiency for microwave energy
because of their high ionic charge, high polarity, and high dielectric constant and,
thus, are attractive media for microwave reactions [35]. Microwave heating is
extremely rapid. The low-frequency energy source of microwaves is remarkably
adaptable to many types of chemical reactions [179]. Microwave radiation can
interact directly with the reaction components. The reactant mixture absorbs the
microwave energy and localized superheating occurs resulting in fast and efficient
heating times [180, 181]. The use of microwaves is a rapid way to heat reactants
compared with conventional thermal heating. Any presumptions about abnormal
“microwave effects” [182—184] have been proven wrong in the meantime [185,
186]. Microwaves are also an “instant on/instant off” energy source which reduces
the risk of overheating reactions [179, 180].

Complete M,(CO), decomposition from the short 3—10-min microwave irradi-
ation was verified by Raman or IR spectroscopy through the absence of (metal)
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Fig. 14 Schematic presentation for the formation of M-NPs from M,(CO),/IL dispersions by
conventional thermal heating, photolysis, or microwave-induced heating

carbonyl bands around 2,000 cm ™! (Fig. 15) [30, 31, 111, 117]. For W- and
Rh-NPs, it was shown that the diameter increases with the molecular volume of
the ionic liquid anion (similar to Ag-NPs, cf. Fig. 9) [124].

Examples of TEM pictures of metal nanoparticles obtained by microwave
irradiation or UV photolysis from their metal carbonyl precursors M (CO), in
[BMIm][BF,] are given in Fig. 16 [117].

The synthesis of Co-NPs and Mn-NPs from Co,(CO)g and Mn,(CO);, respec-
tively, in the functionalized IL 1-(3-carboxyethyl)-3-methyl-imidazolium
tetrafluoroborate [CEMIm][BF,] yields smaller and better separated particles
(1.6 £ 0.3 nm and 4.3 £+ 1.0 nm, respectively) than in the nonfunctionalized IL
[BMIm][BF,] (5.1 £ 0.39 nm and ~29 + 12 nm, respectively) (see Table 4) under
the same conditions which is an indication of a rather strong interaction of the
IL-carboxy group with the nanoparticles [111].

4.6.2 Metal Nanoparticles from Zerovalent Metal Precursors Other
Than M,(CO),

Other organometallic compounds with zerovalent metal atoms are [Ru(COD)
(COT)] and [Ni(COD),] (COD = 1,5-cyclooctadiene, COT = 1,3,5-cyclooctatriene).
Hydrogen as a reagent was used to hydrogenate the ligands COD and COT to
cyclooctane and thereby dissociate them from the Ru(0) or Ni(0) atom [91, 118, 126,
187]. [Ru(COD)(COT)] and [Ni(COD),] were dissolved in imidazolium ILs and the
mixture heated with 4 bar of hydrogen under different conditions to obtain the metal
nanoparticles (Table 5).

Ruthenium nanoparticles from [Ru(COD)(COT)]/H, in various I-alkyl-3-
methyl-imidazolium ionic liquids showed a relationship between the Ru-NP diam-
eter and the size of IL nonpolar domains [188]. This suggested that the size of the
nanoparticles is governed by the degree of self-organization of the imidazolium
ionic liquid in which they are generated: the more structured the ionic liquid, the



x4 (rr1l 1X91 998 IMIN €0 F 91 ["ag][wpAgD]
E QeI ‘g F 1
g GUSTF I8 INGLIWING]
[L11 *pel Jopo JMIN 60 F IS ‘[osLI[wiNg] ‘[PAg][wing] 8(0D)%0D 0D
QW ‘40 F 6T
AUOT FOT
[L11 *pT] Jopto MIN TO F L0 [PAg][wiAg] ¢(0D)ts0 SO
61 "SL] 191 938
(L1l ‘0DYL uo payisodep SIN-1Y IMN 40 F TC [Pad][wrag]
QIBWIW ‘50 F 91
81 "Sig “skeIe0 US0F 0T
[L1T ‘bT] uoneuaSoIpAy ‘91 "SLf 99s !\, JMIN €0 F 91 [PAd][wiAg] ¢ (OD)ny oy
QIBWI ‘9T F T°C
QUTEFOL
[L11 *pel Fopto JMIN TE F 98 ["aglwrAng] 5(0D)%d EE|
ay >
[L11] 9T "SL 298 *y 0y IMIN 60 F +'C [PagI[wiAg] oToD%y el
(111l 1X1 995 IMN 0T F €F ["ag][wiAgD]
IMIN ‘S'TT F 98
aq ‘>
LT 111l apto IMIN ‘€ F ¢TI [Padl[wrag] TodauN un
QB €0 F S 1>
4T [INGLIwiAE]
[ver “Lit] G114 008 tpy JMIN 80 F I'°€E ‘[osLI[wiNg] ‘[PAg]wing] (00)M M
q[PUIRW €0 F 1> IN@ARIENIE
[ver ‘L1l yopo U TMIN ‘T T~ ‘losL][wing] ‘[Pag][wing] (0D)OI O
AUOT F oy NG LI[wrAg]
[yer“Linl yopo qlBWI ‘TN €0 F S'1> ‘losLIwing] ‘[Paglwing] °(0D)1D D
SQOURIRJOY SYTRWY (wu) uonerAdp Lpmbiy oruor Josanoaxd BION
piepuels F Idjowrelp oFeroae JN-IN [Auoqied [ejoN
(=]
<

+STI Ut sjAuoqred Tejowr woiy paredaid sgN-IN jo sojdwexyq 4 diqe,



41

[Auoques [ejow oty uo urpuadop J,0£7—081 Wi [ T 01 9 woy S[KU0qIEd [e1du Jo uonisoduwodap [euLdy ],
uru ¢ 10y (ypSuseaem wu (OSH—007) dwel SH M 0001 © Yiim s[Auogred [ejow jo uonisodwoosp onkjojoyd,

Metal Nanoparticle Synthesis in Ionic Liquids

urw ()T—¢ I0J A\ 0T YIm s[AuoqIed [ejowt jo uonisodwodop QABMOIDIAL,
SJUSWIAINSEIW JAH ], WOIJ 918 SUOIJBIAQD pIEpue)s pue SISJQWRIP URIPIAL
[Pag][wrAag] v,
G 81 99s ‘ST[ pazI[euonouny 10 ¢ ‘31 39S ‘S PIZI[RUONOUNJUOU IO,
€10C UesUIqN ], ‘SUNYdSIONMIEN INJ JUYISIAZ 10p SefoA WSLAdO) "6801—6S0T ‘489 ‘€10T “"UdsIojmieN 7 woly pajutidor o[qe

JBWID T0 F 1T

1sAe180 AUE0 F ¥T INGLI[wAg]
[L1T ‘pc] uoneusSoIpAy ‘Y "SLf 9s : ..., oIMIN T0 F 80 ‘[O3LI[wpAd] ‘[PAd][wrNg] Ri(ele)lesi I
0T "1 ‘1x9) 95
‘Ieq SULLIT)S PAJBOD-UOYR],
[8L1] uo pansodep SAN-UY SOF 1T [Pag]wrng]
61 "SI 19 998
[sL1] ‘0DYL uo paytsodop SAN-UY S0 F 8T [PAd][wpAg]
QU ‘80 F G'¢
AMUEOF 6T [INGLI[wiAE]
[L11 “pel 15KeIe0 UOTRURSOIPAY ©). JdMIN €0 F LT ‘losL][wing] ‘[Pag][wing] °1(0D)°ud T
adeys ren3orn
JO SIN-0D YIMm I1ayjaSo}
[LL1] adeys o1qno IM SIN-0D D081 Y6 [ewroy) ‘7 F €6 [INYLITWIACTD] 8(0D)*0D
sauwll} 9Iy) Jse9| je
J[qesnar ‘(9¢H—Ly) suggered
pue ‘s91euadAX0 ‘Suyajo
[9L1]  Surats 1skqeres yosdor]—royosty 08T Ye Tewwioy) L/ NG LI[WIAD] 8(0D)*0D



42 C. Janiak

002 e T 005 —1,COy dsaved in [BMIMIBF,]
NS s (BIITNEE ) ater s i MWL | Ir-NPs in [BMIm[BE ] ater 3 min MWI
! 0.04
=
%‘ J % 003+
£ 0014 | | . E . L
g ! Tan § 0.024 r‘ ! v.ﬂ»’ :
5 '} ) g ] | M
'I lll}'r © ‘i A ket
il .01 4 | i
o, ‘ L Vol 0.01 | [ d
0.00 oy LEET SRTIE T R L 0,00 Juierin ™ Lol |
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
viem™) vlom™]

Fig. 15 Raman-Fourier-transform spectra of W(CO)g and Ir4(CO);, in [BMIm][BF,] before and
after 3 min 10 W microwave irradiation (MWI). Red boxes highlight the indicative metal carbonyl
bands [117]. Adapted from [117] with permission from the author; © 2010 Wiley-VCH

T
2l

Fig. 16 TEM photographs. Left: Re-NPs from Re,(CO) ;o by MWI in [BMIm][BF,], & 2.4 + 0.9
nm. Right: Ru-NPs from Ru;(CO);, by photolysis in [BMIm][BF,], @ 2.0 & 0.5 nm (cf. Table 4)
[117]. Reprinted from [117] with permission from the author; © 2010 Wiley-VCH

smaller the size [91]. The stabilization of Ru-NPs in imidazolium ILs is further
related to the presence of surface hydrides and their confinement in nonpolar
domains due to the continuous 3-D network of ionic channels [191].

Very small (ca. 1.2 nm) and stable Ru-NPs were obtained from [Ru(COD)
(COT)]/H; in the imidazolium ILs [C,MIm][Tf,N] (C, = C,H,,.; where n = 2,
4, 6, 8, 10) in the presence of amine ligands (1-octylamine, 1-hexadecylamine)
which act as coordinating ligands [192].

Ni(COD), also decomposes thermally in 1-alkyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide ionic liquids [118] or in [BMIm][BF,] under
microwave heating to Ni nanoparticles [193]. Thermal co-decomposition of
[Ni(COD),] and GaCp* in [BMIm][BF,] in 1:1 or 1:3 molar ratio gave the stable
nanoalloys NiGa and Ni;Ga, respectively (Fig. 17) [193].
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Fig. 17 Microwave-assisted thermal co-decomposition of [Ni(COD),] and GaCp* to bimetallic
Ni/Ga-NPs in IL. The high-angle annular dark-field-scanning TEM (HAADF-STEM) image of a
1.0 wt% NiGa dispersion in IL gives diameters between 7 and 29 nm (average 14 £ 9 nm). PXRD
provides evidence for NiGa as the single crystalline component with reference data in red taken
from ICSD No: 103854 (NiGa). The slightly broadened reflections suggest crystallite domain sizes
of 21 £ 10 nm as calculated with the Scherrer equation [190]. The NiGa/IL dispersion could be
employed for the catalytic semihydrogenation of 1-octyne or diphenylacetylene (tolan, not depicted)
to 1-octene or diphenylethylene in about 90% yield and with up to 94 or 87% selectivity, while
Ni-NPs under the same conditions yield the alkanes in 97 or 78% selectivity, respectively [193]

4.6.3 Catalytic Applications of Metal Nanoparticles Derived
from M,(CO),

Nonfunctional ionic liquids contain only weakly coordinating cations and anions
(see Fig. 3) which bind less strongly to the M-NP surface than coordinating capping
or protective ligands. Hence, metal nanoparticles in ILs should be effective
catalysts, and a number of catalytic reactions have successfully been carried out
in ILs [12, 194]. Nonvolatile ILs fit into the context of “green catalysis” [195]
which requires that catalysts be designed for easy separation from the reaction
products and multi-time efficient reuse [35, 196, 197]. The miscibility of ILs with
organic substrates can be designed to allow for phase separation and decantation
[197] or removal of volatile products by distillation in vacuum. At the same time,
the IL is able to retain the M-NPs for catalyst reuse and recycling. It was already
demonstrated that M-NP/IL systems were quite easily recyclable and reusable for
several times without significant catalytic deactivation [24]. In hydrogenation
reactions with Rh- or Ru-NP/IL systems, the catalytic activity did not decrease
upon repeated reuse [117, 124]. The catalytic properties (activity and selectivity)
put dispersed M-NPs closer to heterogeneous (multisite, surface-like) than to
homogeneous (single-site) catalysts [198, 199].

The hydrogenation of internal alkynes with Pd-NPs at 25°C under 1 bar of
hydrogen yields Z-alkenes with up to 98% selectivity. At higher hydrogen pressure
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Fig. 18 Hydrogenation of cyclohexene to cyclohexane with Ru-, Rh-, or Ir-NP/IL. Activity even
increases over seven runs with the same Ru-NP/[BMIm][BF,] catalyst at 90°C, 10 bar H, pressure.
Conversion was intentionally stopped at 95% as thereafter the decrease in cyclohexene concen-
tration lowered the reaction rate [117]. Rh- and Ir-NP/[BMIm][BF,] gave activities of 1,900mol
cyclohexane x (mol Ir)’l x h~! and 380 mol cyclohexane x (mol Rh)’1 x h™! for quantitative
conversion at 4 bar H, pressure and 75°C [124]

(4 bar), alkanes were exclusively obtained without detection of any alkenes. TOF
values reached 1,282 h™" with good recyclability of the system and no loss of
activity for at least four runs [85].

Ru-, Rh-, and Ir-NP/[BMIm][BF,] dispersions were active catalysts in the
organic-solvent-free hydrogenation of cyclohexene or benzene to cyclohexane
(Fig. 18) [30, 31, 117]. Also, a remarkable partial hydrogenation of benzene to
cyclohexene with Ru-NP/[BMIm][PFg] has been reported [187].

Ruthenium or rhodium nanoparticles could be supported on thermally reduced
graphite oxide (TRGO, “graphene”) with small and uniform particle sizes (Ru2.2 +
0.4 nm and Rh 2.8 + 0.5 nm) from Ru3(CO);, and Rhg(CO)q, respectively,
through microwave irradiation of a M(CO),/TRGO/[BMIm][BF,] mixture
(Fig. 19). The hybrid materials Rh-NP@TRGO and Ru-NP@TRGO were directly
catalytically active in hydrogenation reactions. The recyclable M-NP@TRGO
nanocomposites gave a complete conversion of cyclohexene or benzene to cyclo-
hexane under organic-solvent-free conditions (50—75°C, 4 bar H,) with reproducible
and steady activities of 1,570 mol cyclohexene x (mol Ru)™" x h™' and 310 mol
benzene x (mol Rh)™' x h™' (Fig. 19) [175].

Rhodium nanoparticles could be deposited onto a standard Teflon-coated
magnetic stirring bar which is present during microwave decomposition of
Rhg(CO) ¢ in [BMIm][BF,]. Such metal nanoparticle deposits were not easy to
remove from the Teflon surface by simple washing with organic solvents.
The barely visible Rh-NP@stirring bar deposits (32 pg or less Rh metal,
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Fig. 19 Scheme for the synthesis of transition metal nanoparticles on thermally reduced graphite
oxide (TRGO) in ILs by microwave treatment and the use of Ru- and Rh@TRGO for hydroge-
nation catalysis with activities for cyclohexene hydrogenation over 10 consecutive runs. TEM
images fop row: Ru-NP@TRGO before (/eft) and after (right) 10 hydrogenation runs; bottom row:
Rh-NP@TRGO before (left) and after (right) 10 hydrogenation runs [175]. Reprinted in part from
[175] with permission from the author; © 2010 Elsevier Ltd

@ 2.1 +£ 0.5 nm, on a 20 x 6 mm magnetic stirring bar) could act as an easy-to-
handle and reusable catalyst in organic-solvent-free hydrogenation reactions with
quantitative conversion and very high turnover frequencies of up to 32,800 mol
cyclohexene x (mol Rh)™' x h™! (Fig. 20) [178].
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Fig. 20 Rh-NP deposition on a Teflon-coated magnetic stirring bar from an IL dispersion and the
use of Rh-NP@stirring bar in hydrogenation catalysis with high activities [178]. Reprinted in part
from [178] with permission from the author; © 2010 Elsevier Ltd

5 Conclusions

In this review, it is shown that ionic liquids are remarkable and excellent media
for the synthesis and stabilization of metal nanoparticles (M-NPs) without the need
of additional coordinating ligands, polymers, or surfactants. The stabilization of
metal nanoparticles in ILs can be attributed to electrostatic and steric effects from
the Coulomb network properties of ILs which prevent M-NP agglomeration.
Various chemical synthesis methods of metal nanoparticles in ILs allow for
the design of M-NP shapes and sizes. The synthesis of M-NPs can proceed
by chemical, photochemical, sonochemical, and electroreduction as well as
gas-phase deposition methods. A microwave-induced thermal decomposition of
metal carbonyls M (CO), in ILs provides an especially rapid and energy-saving
access to M-NPs because of the significant absorption efficiency of ILs for micro-
wave energy due to their high ionic charge, high polarity, and high dielectric
constant. Metal carbonyls present attractive synthons for M-NPs as they are
readily commercially available and contain the metal atoms already in the required
zerovalent oxidation state needed. No reducing agent is necessary for metal car-
bonyls. The only side product is CO which is removed through the gas phase
and avoids contaminations of the M-NP/IL dispersion. From the IL dispersion,
the M-NPs can be deposited on various surfaces, such as nanotubes and thermally
reduced graphite oxide (TRGO). The formation of bimetallic MM’'-NPs in ILs
has just been started, e.g., with intermetallic Cu/Zn-nanobrass and Ni/Ga nanoalloy
phases. M-NP/IL dispersions have been successfully employed in organic-solvent-
free catalytic reactions with multiple recycling of the M-NP catalyst.
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2-Arylacrylic acids, asymmetric
hydrogenation, 326

2-Aryl-2,3-dihydrofurans, 257

Aryl halides, 7, 145, 247, 258, 261, 263,
267, 272

carbonylations, 152, 155

Aryl iodides, 154, 157, 159, 242, 250, 255,
257,267, 270

2-Arylpropanoic acids, 146

Au-NP-decorated multiwalled carbon
nanotubes (Au-MWCNT), 32

B
Benzothiophene (BT), 164
7-Benzyloxy-2H-chromene, oxyarylation, 256
Biodesulfurization, 164
Biphenyl carbinol, oxidation, 177
Bis(cinchona) alkaloids, 335
Bis(3-sodium sulfonatophenyl)
phenylphosphine (TPPDS), 112
Bis-(4-tert-butylphenyl)(3-sodium
sulfonatophenyl)phosphine, 113
Bromobenzene, hydroxycarbonylations, 155
1,3-Butadiene, cyclodimerization, 315
hydrodimerization, 315
hydrogenation, 4
1-Butene, 127, 312
dimerization, 289, 313
2-Butene, 87, 89, 128, 312, 314
Butoxycarbonylation, 153
1-Butyl-3-methylimidazolium chloro-ethyl-
aluminate ionic liquid, 314
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C
Carbene complexes, 307
Carbon dioxide (CO,), 95
scCO», 95, 118, 325
Carbon monoxide, 145
Carbonyl alkylation, 341
Carbonylation, 9
Carbonyl-ene reaction, 341
Carene, 208
Catalysis, 1, 17, 55
asymmetric, 323
heterogeneous, 1, 185, 222, 249
homogeneous, 1, 99, 145, 176, 185, 324
metal-free, 256
Catalysts, immobilization, 287, 323
ionic, 294
ionically tagged, 295
metal-free, 185, 215, 256
recycling, 323
C—C bond forming reactions, 237
C—C coupling, 7
Cellulose, 30
Cetyltrimethylammonium bromide
(CTAB), 70
Chalcones, epoxidation, 201, 215
Chloroaluminate, 88
6-Chloro-dimethylchromene,
epoxidation, 204
Chloroindanate, 88
Chlorometallate ILs, 82
Chloroperoxidase (CPO), 221
Chromones, epoxidation, 205, 215, 217
Cinchonidine, 329
Cinnamic esters, 243
Colloids, 55
Coordination structure, 83
Couplings, 7
Cross-coupling reactions, 237
CS,, catalyst poisoning, 3
a-Cyclodextrins, 110
Cyclohexanol, oxidation, 176
Cyclohexene, hydroformylation, 134
hydrogenation, 32, 46
Cyclohexyl acrylate, 255
Cyclooctadiene (COD), 39, 57, 153
Cyclooctane, 68
Cyclooctatriene (COT), 39, 57
Cyclooctene, epoxidation, 186, 192, 197
oxidation, 195
Cyclooctene oxide, 207

Index

Cyclopropanation, asymmetric, 338

D

1-Decene, 206

Dehalogenation, 9

a-Dehydroamino acid esters, hydrogenation,
327

Derjaguin—Landau—Verwey—Overbeek
(DLVO) theory, 21

Dialkylimidazolium ILs, 246

Diallyltosylamine, RCM, 298

Dibenzo[a,e]cyclooctatetraene (DCT), 3

Dibenzothiophene (DBT), 164

Diels—Alder, asymmetric, 336

Diethyl diallylmalonate (DEDAM), 290

Dihaloarenes, carbonylation, 158

1,2-Dihydronaphthalene, epoxidation, 221

Dihydroxylation, asymmetric, 334

Dihydroxytetrahydronaphthalene, 221

Dimerization, 10

Dimethylbutenes, 310

Dimethyl itaconate, 100

Ru-catalyzed hydrogenation, 328

Dimethyl 1,18-octadec-9-enedioate, 301

Dioxomolybdenum(VI), 187

Diphenyl-3-acetoxyprop-1-ene, 339

Diphenylmethane, 88

Dodecene, hydroformylation, 108

E
Earth-abundant metals, 55
Electrodeposition, 21
Electron beam, 37
Electroreduction, 21, 34
Enantioselectivity, 323
Energy, 55
Epoxidation, 185, 189, 191, 205
asymmetric, 333
metal-free, 215
Epoxides, asymmetric ring-opening, 340
Ethenolysis, 291
Ethyl benzoylformate, asymmetric
hydrogenation, 328
Ethylene, 128
1-Ethyl-3-methylimidazolium ethyl sulfate, 29
Extraction and oxidative desulfurization
(EODS), 165
Extractive desulfurization (EDS), 164
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Fatty acid methyl esters (FAMEs), metathesis
transformations, 291

Fischer—Tropsch reaction, 9

Friedel—Crafts reactions, 88

G

Gamma-irradiation, 37

Gas-liquid interfacial discharge plasma
(GLIDP), 36

Gas—phase synthesis, 35

Geraniol, 208

Glow-discharge electrolysis (GDE), 36

Gold, 55

Gold nanoparticles, 30

Green chemistry, 163

Grubbs catalyst, 290, 300

Guggulsterone, epoxidation, 211

H
Halometallates, coordination, 83
Heck coupling, chiral ionic liquids, 256
Heck reaction, 237, 241
Henry reaction, 341
Heterogeneous catalysis, 1, 185, 222, 249
1-Hexene, 102, 113, 116, 119, 122, 133, 149,
293, 313, 336
dihydroxylation, 336
Homogeneous catalysis, 1, 99, 145, 176,
185, 324
Hoveyda catalysts, 288, 293, 298
Hydroarylation, 11
Hydrodesulfurization (HDS), 164
Hydroesterification, 9
Hydroformylation, 9, 95
Pt-based, 131
Ru-based, 132
Hydrogenation, 4
asymmetric, 325
Hydrosilyation, 10
Hydrovinylation, 341
Hydroxycarbonylation, 150, 155
1-(2'-Hydroxylethyl)-3-methylimidazolium
cation, 6
4-Hydroxy styrene, epoxidation, 220

I
Ibuprofen, 146
Imidazolium, 246
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Inclusion complexes, 106

Iodobenzene, hydroxycarbonylations, 155
3-lodo-2-cyclohexen-1-one, 175

Tonic liquid glow-discharge electrolysis

(IL-GDE), 36
Tonic liquids, 1, 17, 19, 79, 163, 185, 237,
287, 323

room temperature (RT-ILs), 19
Iridium nanoparticles, 2, 28
Iron, 211
Iron oxide, 55
Iron(IIl) porphyrin, 212
Ir-phosphinooxazoline, 329
Isoflavones, epoxidation, 215
Isomerization, 10

J
Jacobsen-type Mn-salen, 199, 206, 226, 333
Jeffery conditions, 243

K
Ketoprofen, 146

Lactones, macrocyclic, 301
Ligands, 55

Limonene, 208

Lipases, 218

M
Magnetron sputtering, 36
Manganese, 199, 226
Mannich reaction, 341
Menthol, 256
Mercury, catalyst poisoning, 3, 4
Metal carbonyls, 38
Metal
catalysts, 1
nanocrystals, 55
nanoparticles, 2, 17, 20
oxides, 55
salts, solvation, 81
speciation, 79
Methyl 2-acetamidoacrylate, asymmetric
hydrogenation, 330
hydrogenation, 328
Methyl acrylate, 100
Methyl benzoylformate, Pt/NPs-catalyzed
hydrogenation, 329
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1-Methyl-3-butylimidazolium decatungstate,
177

Methyl 9-decenoate, 291

3-Methyleneisoindolin-1-ones, 158

3-Methylheptene, 315

Methyl linoleate, epoxidation, 191

Methyl methacrylate, 316

Methyl oleate, 301

Methyl oleate oxide, 213

Methylpentanoate, 132

Methyl-3-pentenoate, 100

Methyl ricinoleate, self-metathesis, 293

Methyltrioxorhenium (MTO), 179

Michael addition, 256, 341

Mn-porphyrin, 199

Molybdenum, 187, 222, 287

Monoterpenes, MTO-catalyzed epoxidation,
208

Mukaiyama aldol reaction, 341

N
N-Alkyl-3,4-dihydroquinolinium salts, 218
Nanoclusters, 55
Nanocrystals, 55
Nanoparticles, 2, 17, 55
oxo processes, 131
Nanostructures, 55
Naproxen, 146
N-Butylimidazole (BIm), 29
N-Crotonyloxazolidione, 337
Negishi coupling, 237, 240, 275
Nerol, 208
N-Heterocyclic carbenes (NHCs), 4, 63,
117,292
Noble metals, 55
Norbornadiene, 319
Norbornenes, 100, 104, 192, 199, 294, 318
polymerization, 295
ROMP, 294, 317
Novozym 435, 220
Nucleophiles, 145

(0]

9-Octadecene, 301

Octa-2,7-dien-1-ol, 315

1-Octene, epoxidation, 204
hydroformylation, 109, 130
self-metathesis, 291

Olefins, asymmetric dihydroxylation, 334
asymmetric epoxidation, 333
epoxidation, 185, 189, 193, 196, 206, 219
metathesis, 9, 287
oligomerization, 307, 309
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polymerization, 307, 309
Oleic acid, epoxidation, 213
Organometallics, 55
Organomolybdenum, 188
Ostwald ripening, 18
Oxidation, 6

asymmetric, 333

metal-catalyzed, 163
Oxodiperoxomolybdenum, 194
Oxo process, 99

P
Palladium, 237
nanoparticles, 28, 237
Pauson—-Khand reaction, 9
Peroctanoic acid, 219
Perrhenate, 210
Phenylacetylene, 307
polymerization, 318
Phenylborylation, 11
1-Phenylethanol, 179
Phenyl(3-sodium sulfonatophenyl)(4-tert-
butylphenyl)phosphine, 113
Phosphine-imidazolylidene palladium, 262
Phosphinooxazolidine, 338
Physical vapor deposition, 37
a-Pinene, 192
epoxidation, 209
Plasma deposition, 36
Plasma electrochemical deposition (PECD), 36
Platinum, 55
nanoparticles, 28, 36
Polyether guanidinium methanesulfonates, 109
Polyoxometals (POMs), 171, 196
Polyoxotungstate, 196
Propene, 123, 125, 130
dimerization, 310, 314
Pulsed electrodeposition (PED), 34
Pyridinium-based ILs, 246
Pyridinium chloroaluminate, 312

Q

Quinolines, Ru-catalyzed hydrogenation, 330

R

Reduction, asymmetric, 325
chemical, 21, 28
electrochemical, 34
photochemical, 33
sonochemical (ultrasound), 34

Rhenium, 206, 228

Rhodium, 104, 114, 131, 318, 332
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nanoparticles, 3, 32, 45
Ring-opening metathesis polymerization
(ROMP), 317
Room temperature ionic liquids (RTILs),
19, 287
Ruthenium, 55, 214, 287, 290
allenylidene, cationic, 294

S
s¢CO,, 95, 118, 325
Schrock catalysts, 295
SILPs. See Supported ionic liquid phases
(SILPs)
Silver, 55
Sodium triphenylphosphine-3-monosulfonate
(TPPMS), 100, 112, 117, 120, 123
Sonogashira coupling, 269
Stabilization, 17
Stilbenoids, 248
Stille cross-coupling, 267
Styrene, 100, 104, 147, 192, 200, 248, 317
alkoxycarbonylation, 147
carbonylation, 150
CO copolymerization, 317
cyclopropanation, 339
dihydroxylation, 336
epoxidation, 203, 207, 226
hydroformylation, 104, 132
hydrogenation, 64
self-metathesis, 290
Sulfides, 163
oxidation, 164
Sulfoxidation, 6
Supported ionic liquid phases (SILPs), 95,
121, 254
Surface chemistry, 55
Suzuki coupling, 4-9, 240, 248
Suzuki—Miyaura reaction, 237, 261

T
Tetraalkylammonium ionic liquids, 243
Tetrabutylammonium decatungstate, 173
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Tetradecene, 102, 104, 291

Tetramethylguanidinium lactate, 32

Tetra-n-decyltrihexylphosphonium chloride
(THPC), 263

Thermally reduced graphite oxide (TRGO),
graphene, 45

Thiocarbonylation, 159

Thiocyanatodioxomolybdenum complexes,
189

TPPMS. See Sodium triphenylphosphine-
3-monosulfonate (TPPMS)

Transition metals, 55, 79, 185, 307, 323

Trimethyl-1,4-benzoquinone (TMBQ), 180

Trimethylphenol (TMP), 181

Tris(imidazolium)-tetrakis(diperoxotungsto)
phosphate, 179

Tri(3-sodium sulfonatophenyl)phosphine
(TPPTS), 112

Tungsten, 225

U
Ullmannn homo-coupling, 272
Ultra low sulfur diesel (ULSD), 164

A%
Vanadium, 186
peroxides, 186
Vinyl acetate, 100
Vinylarenes, 129
4-Vinyl-1-cyclohexene, 214, 315
2-Vinylnaphthalene, 100, 129
hydroformylation, 108
Vitamin K, 215

X
Xantphos, guanidinium-modified, 115

Z
Zerovalent metal precursors, 38
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