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Kurzzusammenfassung

Das Interesse an Metallnanopartikeln (M-NPs) ist in den letzten Jahrzehnten stetig
gestiegen. Vor allem durch die vielféltigen Mdglichkeiten, sie in ihrer Morphologie, Gré3e und
GroBenverteilung beeinflussen zu kénnen, lassen sie sich im Bereich der Optik, Katalyse,
Medizin, Lumineszenz und Elektronik sehr gut einsetzen. Hierbei haben sehr kleine
Nanopartikel < 5 nm einen Vorteil gegentber groBBen Nanopartikeln, da die Oberflache der
Partikel mit immer kleiner werdenden Durchmesser zunimmt. Die groBe Oberflache, die vor
allem auch in der Katalyse von Nutzen ist, hat aber auch den Nachteil, dass es wahrend des
Partikelwachstums zur Agglomeration der Partikel kommt. Um dies zu verhindern, werden
verschiedene Stabilisatoren, wie z.B. Koordinationsliganden, Surfactants oder verschiedene
Polymere eingesetzt. Durch diese sterischen und elektrostatischen Méoglichkeiten der
Stabilisierung wird die Agglomeration der M-NPs zwar weitgehend verhindert, allerdings
haben diese auch Einfluss auf die Oberflacheneigenschaften der M-NPs und kénnen diese
einschranken bzw. verandern. Um M-NPs stabilisieren zu kdénnen, die Eigenschaften
derselben jedoch nicht zu veréndern, stellt die Verwendung von lonischen Flissigkeiten (ILs)
eine gute Alternative dar. Mit Hilfe dieser < 100 °C fllissig vorliegenden Salze lassen sich M-
NPs ebenfalls in ihrer Morphologie und GréBe variieren, die Oberflacheneigenschaften
bleiben hierbei jedoch weitgehend erhalten. Durch die Stabilitat der ILs bis zu 200 °C und
héher, der niedrigen Viskositdét und dem kaum vorhandenen Dampfdruck, lassen sich
Nanopartikelsynthesen auch bei hdéheren Temperaturen nasschemisch mittels
Mikrowellenstrahlung durchfiihren.

Der Schwerpunkt der vorliegenden Arbeit liegt zum einen auf der Synthese und
Stabilisierung von monometallischen Nanopartikeln in ILs mit Hinblick darauf, wie z.B. eine
Veranderung der Kationen, Anionen und der Seitenkettenlange der IL Einfluss auf die
Morphologie und GroBe der Partikel nehmen kann und zum anderen darauf, wie sich aus
Single-Source Precursoren intermetallische Nanopartikel in den bereits gut untersuchten ILs
1-Butyl-3-Methyl-imidazolium Tetrafluoroborat [BMIm][BF,] und 1-Butyl-3-Methyl-imidazolium
Triflatimid [BMIM][NTf,] synthetisieren lassen.



Abstract

The interest in metal nanoparticles (M-NPs) has risen steadily during the last decades. Most
of all because of the various possibilities to influence their morphology, size and particle size
distribution lets them be implemented in the fields of optics, catalysis, medicine,
luminescence and electronics. Extremely small nanoparticles < 5 nm have advantages
compared to large nanoparticles, because of the growing surface with smaller becoming
diameter. The large surface, which is particularly useful in catalysis, has the disadvantage of
agglomerating particles during particle growth. To avoid this, different stabilizers like
coordinating ligands, surfactants or different polymers are used. Because of those steric and
electrostatic possibilities of stabilizing such agglomeration of M-NPs is mostly prevented,
however they also influence the M-NPs’ surface properties and can either restrict or modify
them. To stabilize M-NPs without modifying their properties, a good alternative is the use of
ionic liquids (ILs). With the help of those < 100 °C liquidly available salts M-NPs can be
varied in their morphology and size whereby the surface properties can mainly be preserved.
Because of the ILs’ stability of 200°C and above, their low-viscosity and the barely existing
vapour pressure, nanoparticle synthesis can be conducted wet-chemically through

microwave irradiation at higher temperatures.

The focus of the present thesis lies on the synthesis and stabilization of monometallic
nanoparticles in ILs with respect to how a modification of cations, anions and alkyl chain
length of those ILs influences the morphology and size of the particles and on the other hand
on how single-source precursors can be synthesized to intermetallic nanoparticles and those
already well examined ILs 1-butyl-3-methyl-imidazolium tetrafluoroborate [BMIm][BF,] and 1-
butyl-3-methyl-imidazolium triflatimide [BMIm][NTf,].



Abkilirzungsverzeichnis

°C
% d. Th.

Abb.
EDX
eV
GC
Gew% bzw. wt%
h

HV

Hz

IC
IL(s)
KFT
kV

LM
(M)-NPs
MHz
min.
mL
mol
MWI
nm
PXRD
RT
SAED
STEM

Tab.
TEM

Grad Celsius

Prozent der theoretischen Ausbeute
Angstrom

Abbildung

Energiedispersive Rontgenspektroskopie
Elektronen Volt
Gaschromatographie
Gewichtsprozent bzw. weight percent
Stunde(n)

Hochvakuum

Hertz

lonenchromatographie

lonic Liquid(s)

Karl-Fischer-Titration

Kilo Volt

Lésemittel

(Metall)-Nanopartikel

Mega Hertz

Minute(n)

Milliliter

Mol

Microwave Induction

Nanometer
Réntgenpulverdiffraktometrie
Raumtemperatur

Selected Area Electron Diffraction
Scanning Transmission Electron
Microscope

Tabelle
Transmissionselektronenmikroskopie
Watt



Inhaltsverzeichnis

3.2

4.1

4.2

4.2.1

422

4.3

EINIEIUNG . e 1
Metal Nanoparticles in 1onic LiQUIAS..........ccoeriinieeeseeseeee e 2
YT 11YZ= 1 [ ST 35
KUMUIAEVET TEIl ettt nnneennnnes 36
Soft, Wet-Chemical Synthesis of Metastable Superparamagnetic

Hexagonal Close-Packed Nickel Nanoparticles in Different lonic Liquids....... 37
Soft wet-chemical synthesis of Ru-Sn nanoparticles from single-source
ruthenocene-stannole precursors in an ionic liquid ...........ccccceevviiiiiiiiieeeeenns 84
Unverdffentlichte Arbeit ........cooooeeeeiii i 90
BINIEIUNG ..o 90
Untersuchungen zur Katalyse mit mono — und bimetallischen Nanopartikeln

In lonischen FlUssigkeiten und Propylencarbonat ............coooociiiieeiiiiiiiiiinnen. 99
Darstellung von Ru-NPs@TRGO-400 in Propylencarbonat (PC) zur

Katalyse vOn LAVUIINSAUIE ..o 99
Verwendung von Ru,Sn-NPs in der IL [BMIm][BF,] als Katalysator flr die
Semihydrierung von 1-Octin zu 1-OCten ........cccuviiiiiiiiii 107
Darstellung von Ru/Rh/Sn Nanopartikeln aus einem

(cod)Rh-Stannol-RuCp* heterotrimetallischen Triple-Decker Komplex.......... 112
Zusammenfassung und AUSBIICK..........ccooiririreii e 128
EXPerimentalteil ..o 131

LI ATUIVEIZEICINIS ... et e e e e e e e et e e e e e e e e arneees 133



Einleitung

1. Einleitung

Abschnitt 1.1 beinhaltet die Einleitung dieser Dissertation in Form eines Reviews, welches in
einem internationalen Journal publiziert wurde und wird in kumulativer Form dargestellt. Die

Einleitung steht fur sich und beinhaltet ein separates Quellenverzeichnis.



Metal Nanoparticles in lonic Liquids

1.1 Metal Nanoparticles in lonic Liquids

Susann Wegner, Christoph Janiak
Top. Curr. Chem. 2017, 375, 65.
DOI: 10.1007/s41061-017-0148-1, Quelle [1]

In den letzten Jahren wurden ionische Flissigkeiten (ILs) zunehmend als Reaktionsmedien,
Wasserstoffquellen, Katalysatoren, Templatmittel und Stabilisatoren fir die Synthese von
(monometallischen und bimetallischen) Metallnanopartikeln genutzt und erforscht.
Besonders ILs mit 1,3-Dialkyl-imidazolium-Kationen eigneten sich bei der Bildung und
Stabilisierung von M-NPs hervorragend. Dieses Kapitel fasst Studien zusammen, die sich
auf die Interdependenzen der IL mit dem Metallnanopartikel fokussieren und versucht z.B.
den Einfluss der IL-Kation, -Anion und Alkylkettenlange zu erlautern. Qualitativ wurde
festgestellt, dass die GréBe der M-NPs mit der GroBe des IL-Anions ansteigt, wohingegen
der Einfluss des IL-Kations weniger klar ist. Es wurde festgestellt, dass die M-NP-GréBe mit
zunehmenden Kettenlangen des 1,3-Dialkyl-imidazolium-Kations sowohl zu- als auch
abnimmt. Aus diesen Berichten lber Kationen- und Anioneneffekte der ILs geht hervor, dass
die Wechselwirkung zwischen einer IL und einem (wachsenden) M-NP wenig verstanden ist.
Faktoren wie die IL-Viskositat, Wasserstoff-Bindungsfahigkeit und das relative Verhaltnis von
polaren und nicht-polaren Doméanen von ILs kénnen ebenfalls einen Einfluss auf die Stabilitat
von M-NPs in ILs haben und ein besseres Verstandnis fir die IL-Nanopartikel
Wechselwirkung ware fur ein rationelleres Design von Nanomaterialien in ILs erforderlich.
Dartber hinaus tragen Thiol-, Ether-, Carbonséure-, Amino-, und Hydroxylfunktionalisierte
ILs zur Komplexitat bei, indem sie auch als koordinierende Capping-Liganden wirken. Des
weiteren sind Imidazolium-Kationen Vorlaufer far N-heterocyclische Carbene, NHCs, die sich
aus imidazoliumbasierten ionischen Flussigkeiten durch in situ-Deprotonierung an der
sauren Hy-Ringposition als Zwischenspezies wahrend des Nanopartikelbildungs-, und
Wachstumsprozesses oder als oberflachenkoordinierender Ligand fir die Stabilisierung der
Metallnanopartikel bilden.

Anteil an der Veréffentlichung:

- Literaturrecherche und Konzipierung des Reviews, Schreiben der Kapitel und
Bearbeitung des Manuskripts nach Revision. Korrekturen des Reviews wurden durch
Herrn Prof. Dr. Christoph Janiak vorgenommen.
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Abstract During the last years ionic liquids (ILs) were increasingly used and
investigated as reaction media, hydrogen sources, catalysts, templating agents and
stabilizers for the synthesis of (monometallic and bimetallic) metal nanoparticles
(M-NPs). Especially ILs with 1,3-dialkyl-imidazolium cations featured prominently
in the formation and stabilization of M-NPs. This chapter summarizes studies which
focused on the interdependencies of the IL with the metal nanoparticle and tried to
elucidate, for example, influences of the IL-cation, -anion and alkyl chain length.
Qualitatively, the size of M-NPs was found to increase with the size of the IL-anion.
The influence of the size of imidazolium-cation is less clear. The M-NP size was
both found to increase and to decrease with increasing chain lengths of the 1,3-
dialkyl-imidazolium cation. It is evident from such reports on cation and anion
effects of ILs that the interaction between an IL and a (growing) metal nanoparticle
is far from understood. Factors like IL-viscosity, hydrogen-bonding capability and
the relative ratio of polar and non-polar domains of ILs may also influence the
stability of nanoparticles in ionic liquids and an improved understanding of the IL-
nanoparticle interaction would be needed for a more rational design of nanomate-
rials in ILs. Furthermore, thiol-, ether-, carboxylic acid-, amino- and hydroxyl-
functionalized ILs add to the complexity by acting also as coordinating capping
ligands. In addition imidazolium cations are precursors to N-heterocyclic carbenes,
NHCs which form from imidazolium-based ionic liquids by in situ deprotonation at
the acidic C2-H ring position as intermediate species during the nanoparticle

This article is part of the Topical Collection “Ionic Liquids II"”’; edited by Barbara Kirchner, Eva Perlt.

D41 Christoph Janiak
janiak @uni-duesseldorf.de
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seeding and growth process or as surface coordinating ligand for the stabilization of
the metal nanoparticle.

Keywords Ionic liquids - Metal nanoparticles - Cation and anion effects - Alkyl
chain effects - Stabilization

1 Introduction

Already in the nineteenth century the first research efforts were seen on the
synthesis of nanoparticles and the study of their properties [1-6]. Michael Faraday
found in 1857 that nano-alloys can be synthesized by chemical reduction of noble-
metal compounds and placed solutions of metal salt precursors with Au, Pt and Ag
in a reducing atmosphere of “sulphured hydrogen™ [7]. Over the last decades the
evolvement of imaging methods like electron and scanning microscopies together
with the application oriented interest in their properties has led to an exponential
growth of metal nanoparticle (M-NP) research [8—10]. M-NPs have become
significant for applications in medicine [11, 12], optics [13, 14], electronics [15],
luminescence [16] and catalysis [17-19].

The synthesis of metal nanoparticles can be commonly carried out by chemical
reduction [20-22], electrochemical reduction [23] and thermal decomposition [24]
also induced by microwave heating [25-27]. Through the synthetic methodology, it
is possible to vary the morphology, size and size distribution of M-NPs. Strong
reducing agents such as sodium hydride seldom control the size and shape of M-NPs
but mild reducing agents such as sodium citrate and ascorbic acid [28] which
simultaneously act as coordinating capping ligands can control the size and shape of
metal NPs. The size of metal nanoparticles could also be controlled by varying the
concentration of metal salt precursors, reducing agents, pH, and temperature [28].

Depending on the application, e.g., in catalysis a small nanoparticle size of for
example less than 5 nm may be desirable. At the same time, agglomeration of such
small nanoparticles in the process of Ostwald-ripening needs to be avoided (Fig. 1).

To avoid agglomeration the nanoparticles have to be stabilized sterically or
electrostatically (see also Sect. 4). For this, M-NPs are typically surrounded by
coordinating (capping) ligands, by surfactants (electrostatic stabilization) or organic
polymers (steric stabilization) (Fig. 2) [30]. Examples for common capping ligands
are thiols, organic acids, alcohols or amines. Protic ligands like thiols and organic
acids become deprotonated upon surface coordination and bind to the surface metal
atoms as thiolates and carboxylates. In turn, the metal surface layer can be assumed
to become cationic [31, 32]. The mean size of dodecanethiolate-stabilized Au
nanoclusters can be finely adjusted by the Au:dodecanethiolate ratio and the
temperature and rate at which the reduction is conducted to vary between diameters
of 1.5 and 5.2 nm (~ 1104800 Au atoms/core) [31]. Phosphine-stabilized gold
nanoparticles can be easily prepared from HAuCl, trihydrate and sodium
borohydride in the presence of triphenylphosphine in a water/toluene mixture
where tetraoctylammonium bromide transferred the reactants into the organic phase.
The biphasic synthesis can be carried out quickly under ambient conditions, permits

@ Springer
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Fig. 1 Schematic presentation of (metal) nanoparticle growth and stabilization [29]

Capping ligands:

carboxylic acids/carboxylate:

thiols/thiolates:
(@] OH O
- /\/\/\/\/\
HO o- S
10) OH decane-1-thiolate
citrate amines:
CH, HZN/\/\/\/\/\/\
dodecan-1-amine
N
ne H2N/\/\/\/\/\/\/\/\
o) oleate hexadecan-1-amine (hexadecylamine, HDA)
Surfactants: /CHS
M N N NP P\
HyC '}I\CHs Br

CHj3

N,N,N-trimethylhexadecylammonium bromide (cetyltrimethylammonium bromide, CTAB)

gemini surfactants:

Br- Br- X =CH,, n =12: 1,3-bis(dodecyldimethylammonium) propane dibromide (12-3-12)
Nl A~ n =16: 1,3-bis(cetyldimethylammonium) propane dibromide (16-3-16)
—N X N— X = CH,CH,, n = 16: 1,4-bis(cetyldimethylammonium) butane dibromide (16-4-16)

énH2n+2 CrHones X =CH,0CH,, n = 16: 1,4-bis(cetyldimethylammonium) diethylether dibromide

Polymers: &
H NTP
(0]
m Jto/\/} “H N
n n

CN
poly(acrylonitrile), PAN poly(ethylene glycol), PEG poly(N-vinyl-2-pyrrolidone), PVP

Fig. 2 Examples of typical classic stabilizers for metal nanoparticles
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the use of a variety of phosphines as passivating ligands, and provides control over
particle core size to produce 1.5-nm nanoparticles [33]. Phosphine-stabilized
nanoparticles are precursors to other functionalized nanoparticle building blocks
where nearly any functional group can be introduced into the ligand shell, and the
metal core size can be tuned from 1.4 to 10 nm in diameter through ligand exchange
reactions [34]. Further, non-agglomerated Ru- and Pt-NPs with a diameter of
2 £ 1 nm were prepared in ethylene glycol with acetate as coordination and
stabilizing ligand [35], small Ru-NPs with a diameter of 2-3 nm were stabilized
with alkylamines and alkylthiols [36].

Examples for surfactants used in the stabilization of metal nanoparticles are
sodium dodecylsulfate (SDS) for Pd-NPs [37], gemini surfactants (cf. Figure 2) for
Au-NPs, Ag-NPs, Au/Ag-alloy-NPs, Pd-NPs and Pt-NPs [38—42] or cetyltrimethy-
lammonium bromide (CTAB) [42].

Examples for stabilizing polymers (cf. Figure 2) are poly(ethylene glycol),
poly(acrylonitrile) and poly(vinylpyrrolidone). Poly(ethylene glycol) (PEG) can be
used to control the formation and stability of Ag-NPs [43]. With poly(acrylonitrile)
(PAN) it is possible to stabilize Pd-NPs with a nanoparticle diameter of 10-60 nm
[44] and poly(vinylpyrrolidone) (PVP) can be used as stabilizer for Ag-NP in hybrid
latex mini-emulsion at higher temperatures above 150 °C [45]. Gold and silver
nanoparticles can be prepared from HAuCl, and AgNOs;, respectively, by using
polysaccharides as reducing/stabilizing agents to obtain positively charged chitosan-
stabilized gold nanoparticles and negatively charged heparin-stabilized silver
nanoparticles inside the nanoscopic polysaccharide templates. The morphology and
size distribution of prepared gold and silver nanoparticles varied with the
concentration of both the polysaccharides and the precursor metal salts [46].

At the same time, the stabilization of M-NPs by the aforementioned coordinating
capping ligands, surfactants or polymers results in a change of the surface properties
and the surface accessibility of the nanoparticles particularly with regard to
applications in catalysis [47].

2 Ionic Liquids

An alternative way for stabilizing metal nanoparticles can be the use of ionic liquids
(ILs). By definition ionic liquids are molten organic or inorganic salts with a melting
point below 100 °C [48-51], for practical purposes ILs are preferably already liquid
at room temperature (RTILs). The low melting point of the ionic liquids is due to
their low lattice energy, which in turn is a consequence of having weakly
coordinating cations and anions. The weakly coordinating ion character derives
from having large and mostly only single-charged ions so that the charge is
delocalized over a large surface area. Consequently, the Coulomb attraction
between ions with an effectively low surface charge density is weak. Examples of
typical non-functionalized IL cations and anions are shown in Fig. 3. ILs have a
very low vapor pressure which makes them easy to handle solvents [52], albeit
problematic to recycle and purify by distillation. The thermal stability of typical ILs
usually extends to 200 °C and even above [53-57]. Further, their physical properties

@ Springer
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N
N

Fig. 3 Typical cations and anions of common non-functionalized ILs

like high polarity, high charge density and high dielectric constant [58] together
with the formation of supramolecular mesoscopic networks [59] sets them apart
from conventional organic solvents.

The well-established and probably most studied ILs contain an imidazolium
cation (e.g. l-ethyl-3-methylimidazolium [C,C;Im]™ or 1-butyl-3-methylimida-
zolium [C4C;Im]") [60] and weakly-coordinating anions (WCAs) such as
tetrafluoroborate [BF,] ™, hexafluorophosphate [PF¢]™ and trifluoromethylsulfonate
(triflate) [CF3SOs3]~ ([OTf] ) or bis(trifluoromethylsulfonyl)imide (triflimide)
[(CF3S0O,),N]™ ([NTf,]7) [61, 62]. ILs with the 1-n-butyl-3-methylimidazolium
[C4C,Im]™ cation and the relatively weakly coordinating anions tetrafluoroborate,
hexafluorophosphate and trifluoromethanesulfonate, 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
vapor pressure [63].

Variation of the side chain R, R, R> (cf. Figure 3) of the cation or variation of the
anion results in a change of the physicochemical properties of the IL like thermal
behavior, viscosity and density. The viscosity increases with the length of the side
chain of the imidazolium cation from [C,C;Im][(CF5S0,),N] to [CgCIm][(CF5.
SO,),N] whereas the ionic conductivity decreases [64].

3 Metal Nanoparticles in Ionic Liquids

In the last years many different M-NPs (monometallic and bimetallic) in ILs were
obtained. The activities in this field have already been summarized in reviews which
provide an overview of available metal nanoparticles in ionic liquids with their
precursor, size and size dispersion. “A short review on stable metal nanoparticles
using ionic liquids, supported ionic liquids and poly(ionic liquids)” focused on
supported IL-like phases and on different types of poly(ionic liquids) [P(ILs)] and

@ Springer
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polyelectrolytes as stabilizing agents for the synthesis of M-NPs. P(ILs) are an
emerging class of cationic polymers with a poly(vinyl) backbone, e.g., from the
polymerization of 1-vinyl-3-alkyl-imidazolium salts. P(ILs) possess properties of
polymers as well as ILs with tunable properties through the anion and varying
imidazolium alkyl chain length [8]. The main focus of the review “On the structural
and surface properties of transition-metal nanoparticles in ionic liquids” [65] is on
the different synthesis methods of transition-metal nanoparticles in ILs, the polar
and non-polar regions in the M-NP/IL dispersion and steric and electronic protective
layer formation against aggregation or agglomeration of the M-NPs. Further this
review discusses the use of stable transition-metal NPs in ILs as green catalysts for
several reactions and also as novel materials for chemical sensors. Particular
attention is also paid to the stabilization models proposed to explain the stability and
properties of the M-NP/IL dispersion [65]. The reviews entitled “naked metal
nanoparticles from metal carbonyls in ionic liquids: Easy synthesis and stabiliza-
tion” [47] and “synthesis and application of metal nanoparticle catalysts in ionic
liquid media using metal carbonyl complexes as precursors” [66] inter alia
summarize work on the synthesis of metal nanoparticles in ionic liquids from metal
carbonyls. Commercially available binary metal carbonyls M,(CO), are unique
precursors as they contain the metal atoms already in the zero-valent oxidation state
needed for M-NPs. Thus, no reduction process is necessary and the only side-
product CO is easily given off to the gas phase and removed from the reaction
mixture. The microwave induced thermal decomposition of metal carbonyls in ILs
provides an especially rapid and energy-saving procedure because of the ILs
significant absorption efficiency for microwave energy. Examples for the direct use
of M-NP/IL dispersions in hydrogenation catalysis of cyclohexene and benzene,
Fischer—Tropsch reaction, and dehydration catalysis are also given in these reviews
[47, 66]. The synthesis of metal nanoparticles from bulk metals, metal salts, metal
complexes and metal carbonyls in ILs was reviewed in [30, 67, 68]. The synthesis of
M-NPs in ILs can be carried out by chemical or electroreduction, thermolysis and
photochemical methods including decomposition by microwave or sono-/ultrasound
irradiation. Gas-phase syntheses can use sputtering, plasma/glow-discharge elec-
trolysis and physical vapor deposition or electron beam and vy-irradiation. The in situ
deposition of the M-NPs on supports, such as graphene-type materials was also
addressed as was the use of M-NP/IL dispersions or on supports as catalysts for C—C
coupling or hydrogenation catalysis [30, 67, 68]. The minireview “ionic liquids for
the convenient synthesis of functional nanoparticles and other inorganic nanostruc-
tures” focusses on ionic liquids in the synthesis of crystalline nanoparticles at
ambient temperatures and self-assembled, highly organized hybrid nanostructures
[69].

The scope of this review here is the stabilization of metal nanoparticles in ionic
liquids and the elucidation of the different factors which play a role in the
stabilization and control the metal nanoparticle formation.

Briefly, metal nanoparticles of Rh, Pd, Pt, Ir, Fe, Ru, Co, Au, Ag, Cu and Ni were
obtained from RhCl5-3H,0, PdCl,, Pt,(dba); (dba = dibenzylidene acetone),
[Ir(COD)Cl],, Fe,(CO)g, Ru(COD)(COT), Co,(CO)g, KAuCly, AgBF,, Cu(NOs3),
and Ni(COD),. Metal nanoparticles have been synthesized mostly in the ionic
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liquids [C4CiIm][PF¢], [C4CiIm][BF,], [C4C{Im][CF3SOs], [C;oC;Im][NTf;],
[C4C{Im][NTHf,] by hydrogenation, chemical reduction and thermal decomposition.
Sizes of M-NPs in ILs were found from 2.3 nm (Rh) [70], 4.2 & 0.8 nm (Pd) [71],
2.8-3.3 nm (Pt) [116], 2-3 nm (Ir) [76], 5.2 nm (Fe) [72], 2.6 & 0.4 nm (Ru) [73],
14 nm (Co) [164], 2.6-200 nm (Au) [74], 3-5 nm (Ag) [75], 3.5-9.5 nm (Cu) [76]
and 5.1-5.9 nm for Ni [137]. Imidazolium ILs feature prominently in the formation
and stabilization of M-NPs [77]. Imidazolium ILs are air, water and electrochem-
ically stable with a wide liquidus range.

1-Alkyl-3-alkyl’-imidazolium ILs simultaneously act as reaction media, hydro-
gen sources, catalysts, templating agents and stabilizers for the synthesis of metal
nanoparticles. It should be clear, however, that there are ILs which (i) have a strong
influence on particle formation, (ii) which are good nucleation aids, but poor
stabilizers, (iii) which are good nucleation aids and good stabilizers, and (iv) are
none of this [78].

Examples of recent M-NP syntheses are given in Table 1. The examples show
that metal nanoparticle synthesis occurs often by reduction of metal salts with added
reducing agents such as H, or NaBH,. Alternatively, the IL imidazolium cation with
its protic C2-H or salt anions such as acetate, acetylacetonate, 1-(dimethy-
lamino)propan-2-olate (" OCH(Me)CH,NMe,) or amidinate (MeC(NiPr)z_ ) act as
internal or intramolecular reductants. The entries in Table 1 also show that
microwave induced heating features prominently because of the very high
absorption efficiency of ILs for microwave energy.

4 Stabilization of Metal Nanoparticles

Generally, the stabilization of M-NPs occurs through (I) electrostatic or (II) steric
stabilization or (III) a combination of both electrostatic and steric stabilization [91].
The effect of stabilizing agents for nanoparticles is to build up a repulsive force
between the particles [92], or at least to decrease any attractive van der Waals
forces. Stabilizing agents surround NPs to prevent the agglomeration. The
mechanism of stabilization has first been described in the Derjaguin—Landau—
Verwey—Overbeek theory [93, 94].

4.1 Derjaguin-Landau-Verwey-Overbeek theory (DLVO theory)—
Electrostatic Stabilization and Van Der Waals Interactions

The classic and most commonly used theory of a “mechanism of stabilization” was
put forward by Derjaguin and Landau in 1940 as a quantitative theory [95] and later
by Verwey and Overbeek in 1948 [96]. Both descriptions referred to colloidal
materials. This basic theory combines repulsive Coulomb and attractive van der
Waals (vdW) forces through the sum of an effective electrostatic term and a van der
Waals term for the stabilization of these materials. Van der Waals forces originate
from correlations between electron motions leading to non-spherical electron
distributions in two adjacent particles or molecules. VAW forces are short-range,
unidirectional and relatively weak compared to other intermolecular interactions.
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Table 1 Recent mono and bimetallic NP synthesis in imidazolium ILs

Tonic liquid Precursor Conditions, NP with References
reducing agent particle
diameter
Monometallic
M-NPs
[C4CiIm][PFs]  RhCl5-3H,0 H, Rh [79]
3.5 nm
[C4CiIm][BF;]  CoCl,-6H,O NaBH, Co [80]
Ultrasound 30 £ 5 nm
Cu[OCH(Me)CH,NMe,], Microwave heating, Cu [81]
intramolecular red. or 334+ 09m
Cu(OAc),-H,O 1L Cu,O
nanocubes
43 4+ 15 nm
Cu(I)-amidinate Microwave heating, Cu [82]
Zn(I)-amidinate intramolecular red. or 11 + 6 nm
[Cu{MeC(N'Pr),}]» 1L Zn
[Zn{MeC(NiPr),}] 34+ 1nm
Ir4(CO);» Microwave heating, Ir [83]
1.0 £ 04 m
electron beam 2.7 £ 0.7 nm
[C4CiIm][NTE,] (NH4)sMo50,4-4H,0O NaBH, Mo [84]
10-50 nm
Bimetallic
M-NPs
[C4CiIm][BE;]  Fe,(CO)o Thermal decomposition FeRu [85]
Ru3(CO);» 1.65 + 0.3 nm
Cu(I)-amidinate Microwave heating, B-CuZn [82]
Zn(I)-amidinate intramolecular red. or 51 + 29 nm
[Cu{MeC(N'Pr),}]» 1L v-CusZn
[Zn{MeC(NiPr), }] 48 £ 12 nm
Ni(COD), H, NiGa [86]
Ga(CsMes) 14 £ 5 nm
Triple-decker Microwave heating, RuSn [87]
ruthenocene, intramolecular red. or 43 4+ 1.5 nm
Anionic ruthenocene IL
[C4C{Im][NTf,] Co(acac); Thermal decomposition, CoPt-nanorods [88]
Pt(acac), intramolecular red. or 8 nm
IL
[Ru(COD)(COT)] H, RuCu [89]
[CuMes] 1.9-2.8 nm
[C4CIm][PFs] HAuCly NaHB, PdAu [90]
K,PdCly H, 5.3 £ 3.0 nm
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Electrostatic and van der Waals interactions are present in nearly all colloidal and
nanoparticular systems [97]. DLVO theory assumes flat surfaces of the particles and
a homogeneous charge density, even upon approach of the particles. The
concentration of the counter-ions, which cause the electric potential, is taken as
constant. DLVO theory treats anions as ideal point charges. The influence of the
solvent is considered only through its dielectric constant. DLVO theory is
fundamental for colloids and predicts very well the stability of lyophobic colloids
[98].

Ionic components as in surfactants or ionic liquids will generate an ionic double
or Debye layer around the NPs (Fig. 3) resulting in electrostatic repulsion between
equally surrounded NPs which will prevent the aggregation of the NPs in the
dispersion. The effectiveness of such an electrostatic stabilization depends on
parameters like pH, temperature, and concentration [92, 99]. Electrostatic repulsion
is an important contribution for the stabilization of NPs using ionic compounds. The
outer part of the ionic double layer may be formed by the bulky and less surface-
coordinating alkyl ammonium, sulfonium, phosphonium, and imidazolium moieties
which then add a steric stabilization (see below) [8].

For metal nanoparticles the anion of an original metal salt precursor has to be
taken into account as electrostatic stabilizer. Small halide anions come closest to the
“DLVO-type” point charge electrostatic stabilizers. DLVO theory predicts that the
anion charges should be the primary source of stabilization for the unsaturated,
electrophilic and possibly positively charged metal nanoparticles [100, 101]. The
metal nanoparticles and their anion layer on the surface form then an overall
negatively charged particle and are subject to Coulomb repulsion within the DLVO
theory [47].

The stability of a colloid increases with the thickness of the Debye layer, which is
the sum of the layers of counter-ions surrounding the particle. A thicker Debye layer
stabilizes the particles by increasing the distance between them and reducing their
van der Waals attraction. Also, the stability of colloids increases with the dielectric
constant of the medium [102].

Limits of the DLVO theory are that it can only be applied to dilute systems
(<5 x 1072 mol/L) and cannot be applied to multiply charged ions or to sterically
stabilized systems [103]. DLVO theory needs to be extended for effects such as
hydrogen bonding, the hydrophobicity and steric interactions.

4.2 Steric Stabilization

Another important contribution in preventing aggregation of metal NPs is steric
stabilization. Coordinating capping ligands like thiols, carboxylates, alcohols, long-
alkyl-chain surfactants or polymers/oligomers act more or less through this type of
stabilization [8].

When two nanoparticles enclosed by polymers or surrounded by long alkyl
chains of ligands adsorbed on their surface approach each other, the polymer or
alkyl chain layers will be compressed which results in a strong repulsion which is
termed steric stabilization [104]. Steric repulsion derives from combination of
entropic and osmotic contributions. The entropic part stems from a volume
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restriction effect that decreases the number of possible configurations in the
compressed region. The osmotic effect is due to an increase in concentration of the
adsorbed polymers or ligand in the region between the two nanoparticles surfaces as
they approach closer. Steric interactions in colloidal dispersions in molecular
solvents have been extensively studied [104—108].

4.3 Combination of Both Electrostatic and Steric Stabilization

Compounds which stabilize both through electrostatic and steric effects are, for
example, surfactants with long alkyl chains, such as cetyltrimethylammonium
bromide (CTAB) or its gemini derivatives (cf. Fig. 2) [38—42], polymers containing
ionic charges such as carboxyl-terminated poly(ethylene glycol) [93] or ionic
liquids (see below). From theoretical and experimental studies, it became evident
that the effectiveness of electrostatic stabilization increases with increasing particle
size, whereas the effectiveness of steric stabilization increases with decreasing
particle size [109]. The combination of electrostatic and steric stabilization is also
referred to as electrosteric stabilization.

5 Stabilization of Metal Nanoparticles in Ionic Liquids
5.1 Electrostatic and Steric = Electrosteric Stabilization

ILs offer an interesting potential for stabilizing materials in the synthetic process.
Their low interface energy is favorable for stabilizing small particles. ILs consist of
cations and anions, which can act as electrostatic stabilizing agents. The IL ions or
ion clusters are attracted to the nanoparticle surface by electrostatic forces [110].
The nature of the immediate ion layer around metal nanoparticles in ILs is still a
matter of debate. DLVO theory predicts that the anion charges should be the
primary source of stabilization for the unsaturated, electrophilic and probably
positively charged metal nanoparticles [100, 101]. The metal nanoparticles and their
anion layer on the surface would then form an overall negatively charged particle
and are subject to Coulomb repulsion within the DLVO theory [47]. On the other
hand, there are statements that the ionic liquid cations are attracted to the surface of
a negatively charged nanoparticle to form a positive ion layer, and then counter-
anions form a second layer on the nanoparticle surface by electrostatic attraction
[111-113].

Palladium nanoparticles, which were grown onto multiwalled carbon nanotubes
modified with imidazolium groups were claimed to be stabilized by the electrostatic
interaction occurring between the imidazolium cations and the nanoparticle surface
due to a coordination involving the imidazolium cation [114]. Upon exchange of the
imidazolium counter-anion from Br~ and [SbF¢]™ to [NTf;]” no change in the
material structure was noticed, i.e. no separation of the nanoparticles from the
multiwalled carbon nanotubes [114]. Also, results from an X-ray photoelectron
spectroscopy (XPS) investigation of functionalized imidazolium ILs with gold or
platinum nanoparticles were seen to support this cationic coordination mode. Three
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Fig. 4 Schematic proposed (N@N/
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possible interactions, involving either the functional group and/or the imidazolium
ring were proposed (Fig. 4) [115].

On the other hand, an XPS and an extended X-ray fine structure spectroscopy
study (EXAFS) of iridium or platinum nanoparticles in the imidazolium ILs
[C4CiIm][BF,], [C4C;Im][PF¢] and [C4CIm][OTf] showed interactions of the ionic
liquid with the metal surface and the formation of an ionic liquid protective layer
surrounding the metal particles [116, 117]. With small-angle X-ray scattering
(SAXS) a variation in the protective layer length, from 2.8 to 4 nm, was evidenced
depending on the type of anion. Moreover, the XPS analyses proved that the
interaction between the metal surface and the IL occurs through F~, when the anion
is [BF4]™ of [PF¢]  or through O with the triflate, [CF;SO3]™ anion [116, 117].
Consequently, one would assume that the ionic multilayer is composed of anions
located immediately adjacent to the nanoparticle surface (Fig. 5) [166].

Density functional theory (DFT) binding energy (BE) calculations in a gas phase
model favor interactions of Au,, clusters (n = 1, 2, 3, 6, 19, 20) between IL anions,
such as [BF,4] ™, instead of imidazolium cations. This suggests an Au---F interaction
and anionic Au,, stabilization in fluorous IL-anions [119]. Free imidazole bases (e.g.
1-methylimidazole) show similar binding energies. The Cl™ anions have the highest
binding energy and can therefore be expected to bind to the NP if present in the
solution. At the same time no significant binding of the [C4C;Im]" or [HC,Im]"
imidazolium cations was found. These findings support the model of preferred
interaction between anions and Au-NPs, but also confirm the importance to consider
a possible presence of CI™ anions in the ionic liquid solution [74, 119].

The DFT study used the binding energy (BE) of different IL-ions, free bases and
the ClI™ anion to gold clusters of various sizes as a relative measure for the
interaction strength. The BE is defined as the difference of the relaxed energies of
the gas phase anions and the Au, clusters to the energy of their adduct (Eq. 1)
[74, 119].

BE = E(substrate, i.e., anion, free base or cation) + E(M,with M = Au, Pd)
— E(substrate adduct to M,,).

(1)

Figure 6 shows the Au,—IL anion binding configurations and the variation of the
BE with cluster size n. Figure 7 illustrates other substrate—Au,, binding configu-
rations and the variation of the BE with cluster size n for [BF,]™ in comparison with
other common substrate ligands. The BE of [C,C;Im]" is very weak and not
included here [74, 119]. The BE of [C4C;Im]" is only 0.35 eV towards Aug or
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Fig. 5 Schematic depiction of proposed interactions between immediate IL anions, shown here for
[BF,]™ anions and the metal nanoparticle surface with the IL-cations forming the second shell of the ionic
double layer around a metal nanoparticle [118]

0.43 eV towards Au;9 while the BE of [BF,]™ towards Aug and Au;g is 1.08 and
1.2 eV, respectively (1 eV = 23.06 kcal/mol). The BE comparison with chloride,
citrate, PH3 and H,O illustrates the critical influence of the ionic charge and electron
delocalization from the ligand to Au, (Fig. 7). The softer the anion or ligand, that is,
the more charge transfer or electron delocalization (according to Pearson’s hard-soft
concept and the nephelauxetic series) [120] to Au, is possible, the better the
stabilizing effect. H,O as a hard and neutral ligand offers the least stabilization,
hence, reduction of gold salts by SnCl, in water led immediately to the red purple
solution (known as the Purple of Cassius). Remarkably, the relatively soft chloride
anion shows the largest BE in agreement with the strong covalent binding of
chloride ions to the Au(111) surface found in recent DFT simulations [121].
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Fig. 6 Relaxed conoﬁgurations of Aug bound to a ClI™, b [OTf] ", ¢ [BF4]” and d [PFs]. The bond
lengths are given in A. e Binding energy. All the anions show a similar behavior in their BE: The BE to a
single gold atom n = 1 is quite low and more than doubles for Au, (n = 2), therefrom is stays rather
invariant with increasing the cluster size to n = 20, i.e., the BE is already saturated for Au,. The chloride
anion shows the largest BE of all anions and can be expected to bind to the clusters if it is present in the
dispersion. Reprinted with permission from the author of Ref. [119]. Copyright Wiley—VCH 2009

A later combined DFT/vibrational spectroscopy approach found that palladium
nanoparticles interact more strongly with the [BF,]™ anions than with the 1,3-
dimethylimidazolium ([C,C;Im]") and I-ethyl-3-methylimidazolium ([C,C Im]H)
cations of the considered ILs. This suggested an important role of the anions in Pd-
NP formation and stabilization in ILs. At the same time, the binding between
isolated Pd atoms and the C atoms of the 1,3-dimethylimidazolium cation is
stronger than Pd—[BF,]™ binding [122].

A similar DFT binding energy (BE) calculation with the 1-(2’-hydroxylethyl)-3-
methylimidazolium cation [HOC,C;Im]" and a Pds cluster pointed to the
interaction of Pds lying above the plane of the imidazolium ring and being in
short contacts with C4 and C5 atoms of the imidazolium moiety and the oxygen
atom of the hydroxyl group [123]. Yet, even with the added interaction of the
functional hydroxyl group the binding energy is ca. 11 kcal/mol smaller than the BE
of [BF,]  anion to the Pds cluster, suggesting a less important role of the cations
with respect to stabilization of Pd-NPs relative to the role of the anions. This is in
agreement with the above BE results, obtained earlier, for the Au,, clusters [119].
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Fig. 7 a Binding energies (BE) and Au-atom addition energies depending on the cluster size. b—
f Relaxed configurations of Aug bound to b CI™, ¢ citrate™ (C¢H,0O; ), d PH;3, e BF,~ and (f) H,O.
g Relaxed configuration of Au;. The bond lengths are in A [74]. Reproduced from Ref. [74] with
permission, copyright 2010 The Royal Society of Chemistry

The order of the calculated BEs was obtained for interaction energies between a Pds
cluster and the anions was [CF;CO,]” (~47 kcal/mol) > [BF,]™
(~41 kcal/mol) > [OTf]™ (~34 kcal/mol) > [PFg]™ (~31 kcal/mol) =~ [NTf,]"
(~31 kcal/mol) [124].

For further examples of cation and anion effects on the formation of metal
nanoparticles in ILs, see also the separate section on “cation and anion effects”
below.

The IL-cations with alkyl chains can further contribute to the steric stabilization
of nanoparticles. If the ionic liquid cation contains a long alkyl side chain, e.g., from
imidazolium- or pyrazolium-based cations, the cations on or near the nanoparticle
surface can provide steric forces by stretching out their bulky side-chains, thus
hindering the nanoparticles from approaching each other (cf. Figure 5) [125]. ILs
can also be designed with functional coordinating groups primarily in the alkyl
chains of the cations, which thereby act as coordinating capping ligands (see Sect. 6
with Fig. 12 below) [126].

As noted above for stabilizing ionic components the cations and anions of ionic
liquids, possibly as charged ion clusters, will surround the nanoparticle surface to
build an electric double-layer, thus providing an electrostatic force to keep the
nanoparticles apart from each other [65]. The role of electrostatics in stabilizing the
nanoparticles in ionic liquids has been well recognized [115, 127-133].

The interaction energies of ILs with different cations and anions to Ru-NPs were
compared by titration calorimetry and by molecular simulation. Structural
information from the molecular simulation suggests that the charged parts of both
the IL cation and the anion are in contact with the surface of the nanoparticle, with
only small charge separation at the interface. The results of this study suggest an IL-
dependent balance between electrostatic, van der Waals, and H-bond forces for the
stabilization of metal nanoparticles [128].
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For nanoparticles in ionic liquids, steric stabilization can emerge from bulky
groups in the IL cation (or anion) and/or from the addition of macromolecules, both
of which hinder nanoparticles from contacting each other and from aggregation
[125]. When only small amounts of polymer are added to the nanoparticle-ionic
liquid dispersion, the nanoparticle surfaces are partially covered by polymers and
polymer coils extend from one particle surface to another particle. Thereby, the
polymers chains can function as bridges between nanoparticles. As an excess of
polymer is added, the polymers can fully cover the nanoparticle surface to form an
adsorbed polymer layer [134]. Then steric repulsion and stabilization arises from the
adsorbed polymer layers of neighboring nanoparticles as noted above. Block
copolymers have been utilized to stabilize nanoparticle dispersion [105]. PEO—
PPO-PEO block copolymer Pluronic P123 (EO,,PO-;0EQO,y) formed a lamellar
lyotropic liquid crystal structure in pyrrolidinium nitrate ([Pyrr][NO3]) ionic liquid
at the 58—-82 wt% polymer concentration range. Gold nanoparticles were prepared
by reducing HAuCly in this lyotropic liquid crystal [135].

Various and also yet unknown factors influence the stability of nanoparticles in
ionic liquids and lead to nanoparticle size [136—139] and/or morphology [140-145]
changes during synthesis. Smaller diameter and narrower distributions of synthe-
sized nickel metal and zinc oxide nanoparticles were prepared in ionic liquids with
longer side chains [137, 141]. Larger size or varied morphologies of synthesized
nanoparticles can be caused by conglomeration of unstable primary nanoparticles,
which may result from smaller ionic liquid anions exhibiting stronger cation—anion
Coulomb attraction [145], or less coordinating anions of ionic liquids [116, 144] or
higher temperature decreasing the viscosity of the ionic liquid and increasing the
diffusive velocities of the nanoparticles [146, 147]. An improved understanding of
the stability of nanoparticle dispersions in ionic liquids is still needed to assist
efforts directed toward the synthesis of nanoparticles with controlled size and
morphology in ionic liquids [125].

5.2 Hydrogen Bonding Interactions

Imidazolium cations through their imidazolium-C-H groups can form hydrogen
bonds to the fluorine or oxygen atoms of the IL anions [148—150] that induce
structural directionality (IL effect). This is different from tetraalkylammonium ILs
that, by contrast, display charge-ordered structures. The ILs act as stabilizing media,
but importantly also display self-organization on the nanomolecular scale. The
imidazolium ILs form extended hydrogen-bond networks at the liquid state and
therefore are by definition ‘‘supramolecular’” fluids. This structural organization of
ILs can be used as ‘‘entropic drivers’” (the so-called ‘‘IL effect’’) for the
spontaneous, well-defined and extended ordering of nanoscale structures. The
properties of especially the imidazolium-based ILs are based on their formation of
aggregates rather than on their isolated cations and anions [151, 152]. The structures
of 1,3-dialkylimidazolium salts form 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 [152].
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Thus, hydrogen bond interactions are present in imidazolium-based ionic liquid
nanoparticle dispersions in addition to electrostatic, van der Waals and steric
interactions [153, 154]. Metal nanoparticles can possess hydroxido and/or oxido
ligands on their surface, which can also hydrogen bond with ionic liquids [155].
Such metal-surface bound oxygen species can be derived from crystal water of the
metal salt precursor (cf. Table 1), from difficult to remove residual water in the IL
or from gaseous dioxygen (as impurity even when working under inert gas). The IL-
cation—anion hydrogen bond and NP-IL hydrogen bond compete with each other
and contribute to nanoparticle stabilization in ionic liquids, as shown in Fig. 8
[156, 157].

The interaction energies of ILs with an additional alkyl group in the C-2 position
of the imidazolium cation ([C4C,C,Im][NTf,] with 1-butyl-2,3-dimethylimida-
zolium) and a N-butyl-N-methylpyrrolidinium cation ([C4C,Pyrr][NTf,]) to Ru-NPs
were compared to other [C,C,Im]*-ILs by titration calorimetry and by molecular
simulation. Ionic liquids with cations which are less likely to form hydrogen bonds
such as [C4C,C;Im]" or [C4C,Pyrr]" also interact less favorably with Ru-NPs
[113].

Qualitative direct comparison (for the same IL-anion) of an IL with the
[C4C Im]"-cation which has hydrogen-bonding possibility and a cation with no
significant H-bond formation reveals the former to be better stabilizers for Au- or
Cu-NPs whereas in the latter ILs fast particle growth and agglomeration was
observed [156]. The stable time of the colloidal dispersion in [C4C{Im][N(CN),]
and trihexyltetradecylphosphonium dicyanamide [Pgge14][N(CN),] was 3 days
versus 1 day. In [C4CIm][BF,4] or [C4CIm][NTf,] Au-NPs were stable for 1 week
while in N-butyl-N-methyl-pyrrolidinium, [C4C,Pyr][NTf,] or in N-butyl-pyri-
dinium[C4Py][NTf,] fast precipitation occurred due to fast particle growth and
agglomeration [156].
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Fig. 8 Hydrogen bonds formed between the surface hydroxyl-groups of metal nanoparticles and ions of
ionic liquids and between cations and anions of ionic liquids
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5.3 Influence of Polar and Non-Polar Domains in ILs

The segregation of hydrophilic or hydrophobic regions, polar and non-polar
domains in imidazolium-based ILs is an important physicochemical property which
effects their solvation and interaction with dissolved species (Fig. 9) [158-160].
Expectedly polar substrates, like metal salts are preferentially dissolved in polar
domains and non-polar compounds like organometallic precursors in non-polar IL
regions [159, 161]. Consequently, 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 as the polarity and the volume of these IL nanoregions may modulate
this. The nanoparticle growth process is probably controlled by the local
concentration of the precursor and possibly limited to the size and shape of the
IL polar or non-polar domains (Fig. 9) [65].

5.4 Cation and Anion Effects

Nanoparticle preparation in ILs is often accompanied by heating to over 100 °C or
even 200 °C. Changing the anions or the cations can have a strong influence on the
thermal behavior, density, viscosity (see below), or conductivity [160]. For
example, the simple sum of the cationic and anionic self-diffusion coefficients
(Dcation + Danion) for selected room temperature ILs follows the (anion) order
[C4C11m] [Nsz] > [C4C11m] [CF3C02] > [C4C11m] [OTf] > [C4C11m] [BF4] > [C4_
CiIm][(F5C5S0,),N] > [C4C;Im][PF¢] at 30 °C. This order of the diffusion
coefficients is as expected the reverse of the order of the viscosity (see below).
The degree of ionic association can be estimated from the ratio of the molar
conductivity obtained from the impedance measurement (A;jn,) and the molar
conductivity calculated from the ionic diffusivity (Anxvr). For the anions at the
given [C4C;Im]* cation the degree of association increases according to
[PF¢]™ < [BF4]™ < [(F5C,S0,),N]™ < [NTf;] < [OTf]” < [CF3CO,]". In the
order from [PFg]™ to [NTf,]” -electronegative fluorine atom and -electron-
withdrawing perfluorosulfonyl groups contribute to the distribution of the anionic

(b)

Fig. 9 Simulation study of two imidazolium-based hexafluorophosphate ILs (each box contains 700
ions) showing polar (red) and non-polar (green) domains for a 1-ethyl-3-methylimidazolium, [C,C,Im]*
and b 1-methyl-3-n-octylimidazolium [CgC,Im]". Reprinted with permission from Ref. [162]. Copyright
2006 American Chemical Society
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charge. Also, the surface coverage of the anion backbone by fluorine atoms may be
a significant factor for only weak interactions with the [C4C;Im]™ cation. Whereas,
the relatively higher anionic charge localization in [OTf]™ (=[CF5;SO3]  and
[CF5CO,]") leads to their stronger interaction with the [C4C,Im]™ cation [160]. The
interaction energies of ILs with [C4C,Im]" and the anions [NTf,]~ or [PFs]~ were
compared by titration calorimetry and by molecular simulation to Ru-NPs. No
significant differentiating effect of the two anions was observed. Structural
information from the molecular simulation suggests that the charged parts of both
the IL cation and the anion are in contact with the surface of the nanoparticle, with
only small charge separation at the interface [128]. The relative order of anion
stabilities for ILs with the [C;C,Im]" cation was observed as [NTf,]” > [-
PF¢] ™ > [BF4] > CI [163].

The size of M-NPs was found to increase with the molecular volume of the anion
of the IL. Metal nanoparticles synthesized in [C,C,Im]™" ILs increased in size with
the size of the IL-anion from small [BF,]™ over [OTf]  to the large [NTf;] " anion
[20, 164, 165]. The IL-anion molecular volume was taken as the size of the IL-
anion. The effect was shown for Rh- [164], Ag- [20] and W-NPs [165]. Figure 10
depicts the correlation between the nanoparticle size of W- and Rh-NPs and the
molecular volume of the anion.

The influence of the anion to metal nanoparticles was also observed by several
other research groups [116, 167-170]. 1-n-Butyl-methyl-imidazolium salts
[C4CiIm]" with weakly coordinating perfluorinated counter anions ([BF,]”,
[PF¢]™ or [NTf,] ) were qualitatively found to be better stabilizers compared to
ILs with anions of higher coordination strength (dicyanamide, [N(CN),] ™). In the
former ILs Au- or Cu-NPs were stable colloidal dispersions, that is, without
precipitation or aggregation for 1 week to several weeks. In [C4C;Im][N(CN),] Au-
NPs were stable for only 3 days due to fast particle growth and agglomeration [156].

The IL-anion had an effect on the dissolution and reaction rate when fabricating
copper nanoparticles from Cu flakes (of 1-5 pm) in ILs [171]. When [C4C,.
Im][BF,], [C4CIm][PF¢] and [C,C,Im][BF,] were used, it took a relatively long

224
40 20 i
354 18
E 304 E 5 TiN
5 254 g 14
g °
& 204 E 12
h-} o
& 15 e 101
2 _ £ g4
10 TfO @ o Tio™
57;:;/ A—M
g- T T T T T T 1 2
; . 1 il A .21 .24 27 T " T T T ¥ i T
006 009 012 015 018 02 0.2 02 0.08 012 016 020 0.24

2 3
IL-anion volume (nm™) i GRiBrvsiGmE (nm3)

Fig. 10 Correlation between nanoparticle size of W- and Rh-NPs from TEM measurements and the IL
anion molecular volume with standard deviation (1) as error bars [164, 165]. Left part is reproduced
from Ref. [165] with permission, copyright 2008 The Royal Society of Chemistry; right part is adapted
from Ref. [164] with permission, copyright 2009 Elsevier B.V.
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time, of 24 h to obtain the copper nanoparticles while in [C4C;Im][NO;]
dissociation of Cu flakes to Cu nanoparticles took place in about 5 min. It was
suggested that the favorable interaction between free nitrate anion of [C4C,.
Im][NOs] and the Cu metal surface caused the flakes to dissociate in the ionic
liquid, forming as much smaller nanoparticles than in the other ILs. From TEM the
average diameter of the obtained Cu-NPs in [C4C;Im][NO3] was 10 nm [171] while
the size range in [C4C{Im][BF4] was 50-100 nm [172] or 20-200 nm [124] and in
[C4CIm][PF¢] and [C,C;Im][BF,4] it was 80-100 nm [172]. Overall, these results
suggested that the pristine micro-sized copper flakes were already clusters of
primary nanoparticles, which were dis-agglomerated to nanoparticles by introduc-
tion in ILs to a different extent.

Decomposition of PA(OAc), in a series of hydroxyl-functionalized ionic liquids
(ILs) with the 1-(2’-hydroxylethyl)-3-methylimidazolium cation [HOC,C;Im]* and
the anions [BF,] ", [PF¢] -, [OTf]™ [CF;CO,] ™ ([ATf] ) or [NTf,]" gave Pd-NPs
with slightly different medium diameters from 2.3 £ 0.4 nm in [HOC,C,Im][AT(]
or 2.4 £+ 0.5 nm in [HOC,C{Im][OTf] to 4.0 & 0.6 nm in [HOC,CIm][BF,] [124].
Noteworthy from comparison with the non-functionalized IL, [C4C;Im][NTf,]
(medium diameter 6.2 + 1.1 nm) significantly smaller nanoparticles were obtained.
More importantly, the ease of formation of the Pd-NPs in the [HOC,C,Im] " -based
ILs followed the order [NTf,] ", [PFs]™ > [BE4]™ > [OTf]” > [ATf]™ based on the
residual unreacted amount of Pd(OAc), in the dispersion. This order does not relate
to the stability towards aggregation. For this, it could only be noted that in
[HOC,CIm][PF¢] a series of larger Pd-NPs over 8 nm (compared to the average
3.1 £ 0.7 nm) were also present and the Pd-NPs were least stable in this [PF¢] ™ IL.
From the ratio of metallic Pd to PdO observed in the XPS the relative resistance of
the Pd-NPs towards oxidation may be determined. The ability of the [HOC,C,Im] -
ILs to prevent the Pd NPs from undergoing oxidation follows the trend [NTf,]™ > [-
PFq]™ > [ATE]™ > [OTf]” > [BF4] . For example, only 12.6% of PdO was present
in the NPs isolated with the [NTf,] -anion whereas nearly half the Pd amount was
oxidized to PdO in the case of the [BF4] -anion. Studies for [PFs]™ and [NTf,;]™
showed that these are the least nucleophilic anions [173] and also the most
hydrophobic ones in the series while [BF;]” is the least hydrophobic/most
hydrophilic one of the anions used in this comparison. Therefore, the oxidation-
protecting effect may be accounted for by the fact that water and oxygen are
repelled most by the [PFg]™ and [NTf,]  anions [124].

Strong anion effects were seen on gold nanoparticle formation in ionic liquids of
[C,C,Im]™ with ethyl sulfate ([EtSO4]7), [OTf]” and methanesulfonate ([CHj;.
SO3]7) anions [78]. Face-centered cubic gold nanoparticles were grown by
reduction of HAuCl,-3H,O with glycerol at temperatures between 120 and 180 °C.
The [CH3SO3] " anion yielded nanoparticles with diameters between 5 and 7 nm,
which increasingly aggregate at higher reaction temperatures but the primary
particle size is not affected. Thus, the [CH3SO3] ™ anion or more accurate the anion-
cation ([C,C;Im]™) combination under the given reaction conditions is able to
efficiently trap very small gold nanoparticles. High temperatures like 180 °C do not
lead to a further growth of the particles, but rather to a controlled aggregation. From
[OTf]™ also small 5-7 nm particles formed, but only at low temperatures whereas
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above ca. 160 °C, large, ill-defined and aggregated particles were obtained.
Apparently the [OTf]™ anion is only partially able to stabilize small gold particles
and above a certain reaction temperature the stabilization exerted by the IL is
broken and led to larger aggregates. With the [EtSO4] ™ anion polydisperse samples
formed at all temperatures except 160 °C. In the temperature window around
160 °C individual, controlled ca. 15-20 nm particles were grown from [C,C,.
Im][EtSO,4] [78].

It is evident from many reports on cation and anion effects of ILs that the
interaction between an IL and a (growing) nanocrystal is far from understood but
that a detailed understanding of the IL—nanoparticle interaction, of the thermody-
namics and kinetics, and of the initial nucleation process would be needed for a
more rational design of nanomaterials in ILs [78].

5.5 Alkyl Chain Effects

The interaction energies of ILs with different alkyl chain lengths ([C,C;Im][NTf,]
(n=2, 4, 6, 8 10)), an additional alkyl group in the C-2 position of the
imidazolium cation ([C4C,C,Im][NTf,] with 1-butyl-2,3-dimethylimidazolium) and
a N-butyl-N-methylpyrrolidinium cation ([C4CPyrro][NTf;]) to Ru-NPs were
compared by titration calorimetry and by molecular simulation. The interaction
energy of [C,C{Im][NTf,] (n =6, 8, 10) with Ru-NPs is larger than that of
[C4C{Im][NTHf,] indicating that longer alkyl side chains enhance the interactions
with Ru-NPs. Here [C,C,Im][NTf,] also has stronger interactions with the
nanoparticles, but this deviation was explained by the cation not having a
significant nonpolar moiety. Structural information from the molecular simulation
suggests that the alkyl chains tend to point away from the surface but are still within
interaction range [128].

Trends for the influence of the alkyl chain length were invoked by many other
research groups [174—177] such that the alkyl chain length has an influence of the
particle size of M-NPs [21, 174]. In the well-designed series of mono- and di-
cationic imidazolium ILs with different alkyl chain length and [NTf,]” as anion
(Fig. 11) Ni-NPs were synthesized by spontaneous decomposition of [bis(1,5-
cyclooctadiene)nickel(0)], Ni(COD),. Well dispersed Ni-NPs with a small mean
size and narrow size distribution could be obtained. The Ni-NP size increased with
increasing chain lengths from 2.4 4+ 0.8 nm in [C;,C,Im][NTf;] over 2.9 £+ 0.4 nm
in  [CgCiIm][NTf;], 4.0 £05nm in [C,C,Im][NTf,] about equal to
44 £+ 0.7 nm in [C12C1C121m][NTf2], 54 £ 1.6 nmin [Clzlm—u—C6—ImC12][Nsz],
(200 nanoparticle were measured in the first four cases, 50 NPs in the last case).
When an ethereal oxygen donor atom was introduced in the functional IL [C;,Im-p-
C,0C,-ImC,][NTf,] the particle size decreased to 3.4 £ 0.2 nm (based on 200
NPs). In addition, formation of regularly interspaced NP arrays was also observed in
such long chain ILs [174].

For Au-NPs in imidazolium-based ILs the particles diameter increases from 0.75
to 3.5 nm diameter for [C,C,Im]*, [C4C;Im]" and [C4C,Im]™ cations and [BF,]~
as counter ion [178, 179]. Further, decomposition of Ni(COD), in [C,C;Im][NTf,]
ILs gave Ni-NPs with an average diameter from 2.4 to 5.4 nm [174] or 4.9 to
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Fig. 11 Series of ionic liquid cations with increasing chain length and [NTf,]™ as the common anion
used in the comparative synthesis of Ni-NPs from Ni(COD), to elucidate the chain-length effect on the
metal nanoparticle size [174]

5.9 nm [180] with conflicting trends such that the particle diameter increased or
decreased with the cation size.

When interpreting such trends with seemingly small differences in nanoparticle
size, the standard deviation o of the size distribution must be considered, however.
The, at first sight, slightly larger nanoparticle size may still well be within 1 or
certainly within 3c of the average diameter of another size.

In another study, nickel nanoparticles were obtained by decomposition of
Ni(COD),, again with different nanoparticle diameter, depending on the chain
length of the imidazolium cation with [NTf,]” as anion. The results were
59 £+ 1.4 nm for [C4CyIm]", 5.6 &+ 1.3 nm for [CsC;Im]", 4.9 4+ 0.9 nm for
[C;oCiIm]™, 5.1 £ 0.9 nm for [C;,C,Im]* and 5.5 £ 1.1 nm for [C;¢CIm]™.
While it may appear that an increase of the alkyl chain (from n-butyl to n-
hexadecyl) induces the formation of nanoparticles with a smaller diameter and size-
distribution, all distributions are strongly overlapped within their 1o regions
already. The differences in diameter and size distribution are relatively small and
could be a TEM artefact (sample preparation and/or particle counting, for instance)
as the authors admit themselves [180].

Table 2 illustrates that a change in imidazolium cation or rather in 1-n-alkyl
chain length does not give a clear trend in the size of the Ni-NPs synthesized by
nickel(II)-bis(amidinate) or Ni(COD), precursor decomposition through microwave
assisted heating. The size distributions overlap considerably already within the 1c
standard deviation. Only in the case of the Ni(COD), precursor there is an indication
of Ni-NP size increase from n-butyl over n-octyl to n-dodecyl which is reverse from
the aforementioned trend [181].

In terms of stabilization, short alkyl-chain-methyl-imidazolium salts [C4C,Im]™"
with weakly coordinating perfluorinated counter anions ([BF4] ", [PFg] ™ or [NTf;] ")
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Table 2 Ni-NP diameter and

. a be
distribution from different II\IIj—precursor ’ TEM @ (1) [nm]
precursors and in different ILs

[Ni(AMD),]

[C4CiIm][BF,] 5(£2)

[C12CMIm][BF,] 7 (£2)

[C4CIm][PFq] 7 (£4)

? 1.0 wt. % Ni-NP/IL [C5C1Im][PFe] 7D

dispersions obtained by [C12C1Im][PF¢] 9 (£3)

microwave-assisted heating with [C4C,Im][NTf,] 10 (£2)

iOO W 1.“01“ 19 n?ln E,lt 220 °C [C4C,Im][NTH,] 10 (£3)
The size distribution was [C1,C,Im][NTH£] 10 (&4)

calculated from a manual )

diameter determination over a Ni(COD),

minimum of 50 isolated [C4C{Im][PFg] 8 (£3)

particles . [CsC,Im][PFq] 10 (£2)
Average diameter and [Clzcllm] [PF6] 15 (iz)

standard deviation

were qualitatively found to be better stabilizers compared to ILs with cations
bearing long alkyl chains (trihexyltetradecylphosphonium [Pggei4]™, 1-octyl-3-
methylimidazolium [CgC;Im]") and anions of higher coordination strength
(dicyanamide, [N(CN),]7) (see above). In [C4C;Im]" with [BF,]”, [PFs]l™ or
[NTf,]” anions Au- or Cu-NPs were stable colloidal dispersions, that is, without
precipitation or aggregation for 1 week to several weeks. In [C4C;Im][N(CN),] Au-
NPs were stable for 3 days. In comparison in [CgCIm][PFg¢] or in [Pggg14][N(CN),]
fast precipitation or stability for only 1 day, respectively, was observed due to fast
particle growth and agglomeration [156].

5.6 Viscosity

Viscosity of the reaction medium can be expected to have a crucial influence on the
growth and agglomeration of nanoparticles. Unfortunately, differences in viscosity
cannot be treated separately from concomitant changes in alkyl chain length or
anion. Thus, viscosity dependence for nanoparticle size and size distribution appears
to be seldom addressed [64].

For example, for [C4,C;Im]"-ILs the viscosity at 30 °C follows the anion order
[PF¢]™ > [(F5C,SO,),N]™ > [BFE4]™ > [OTf] > [CF;CO,]™ > [NTf;]", which is
as expected opposite to the order of the diffusion coefficients (see above).

For the [C,C,Im][BF4] (n =2, 4, 6) [182], [C,C{Im][PFg] (n = 4-9) and
[C,CiIm][NTf,] (n = 2-10) series the viscosity increases with increasing the
number n of carbon atoms in the linear alkyl chain in the imidazolium cation.
However, the trends are quite different. An almost linear dependence of the
viscosity as a function of the alkyl chain length group is observed for the [NTf,]™
ILs while the dependence for the [PFq]™ ILs is more like an exponential increase
with a local maximum at n = 7. Also, the [C,C,Im][PF¢] ionic liquids are much
more viscous than their [NTf,]™ analogs [183].
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6 Influence of Functional ILs to Metal Nanoparticles

Functionalized imidazolium ILs can be used to modify the surface of metal NPs
[184, 185], in particular to provide stable dispersion of NPs in water [113, 186],
which is important to many applications [187]. Thiol- [184, 188, 189], ether- [113],
carboxylic acid- [115], amino- [190] and hydroxyl-functionalized imidazolium ILs
are available (Fig. 12), for example, to prepare aqueous dispersions of noble metal
NPs.

From comparison of the decomposition of Pd(OAc), in a series of hydroxyl-
functionalized ionic liquids (ILs) with the 1-(2'-hydroxylethyl)-3-methylimida-
zolium cation [HOC,C,Im or HOEMIm]™" and the anions [BF,4] ", [PFs] ", [OTf] ",
[CF3CO,] or [NTf;] " and the non-functionalized IL, [C4C,Im][NTf,] it appeared
that the hydroxyl group accelerated the formation of the NPs, and also helped to
protect the NPs from oxidation once formed. Significantly smaller Pd-NPs were
obtained in the [HOEMIm or HOC,C,Im]"-ILs with average diameters from
2.3 & 0.4 nm in the [CF3CO,] " salt to 4.0 £ 0.6 nm in the [BF,]™ analog while in
non-functionalized [C4C,Im][NTf;] the average diameter was 6.2 & 1.1 nm [124].

An X-ray photoelectron spectroscopic study of purified aminoethyl-methylim-
idazolium bromide, [H,NC,C;Im or AEMIm]Br-stabilized Au-NPs suggested that
both the imidazolium ring and the functional amino group were involved in the
interaction with the NP surface (cf. Figure 4) [115]. A shift in binding energies in
the peaks of the carbon and nitrogen atoms in the imidazolium ring and amino N
atom and a change in the width of the N1 s peak were observed. The XPS results
were interpreted as either an electrostatic interaction between the imidazolium
cation and the negatively charged metal surface, an interaction between the amino
group and surface metal atom or the simultaneous coordination of the imidazolium
cation and the functional group with the metal NPs. The electrostatic imidazolium-
metal interaction would change the positive charge density of the imidazole ring.
Amino group coordination to the metal NPs surface would induce a shift in N atom
binding energies in the peak of the amino group and a change in the width of the
N1 s peak [115].

Comparison between the closely related di-cationic ILs [Ci,Im-p-Cg-ImC][-
NTf,], and [CioIm-p-C,0C,-ImC,][NTH,] (cf. Figure 11) revealed a significant
decrease in Ni-NP size (obtained from spontaneous decomposition of Ni(COD),)
from 5.4 + 1.6 nm to 3.4 £+ 0.2 nm when an ethereal oxygen donor atom was
introduced. This indicates a better templating and stabilization effect due to
coordination of the negatively polarized O-atom on the metal surface [174].

The synthesis of Co-NPs and Mn-NPs by microwave-heating induced decom-
position of the metal carbonyls Co,(CO)g and Mn,(CO),,, respectively, yields
smaller and better separated particles in the functionalized IL 1-(3-carboxyethyl)-3-
methyl-imidazolium tetrafluoroborate [CEMIm or HO,CC,CIm][BF,] (1.6 + 0.3
and 4.3 £ 1.0 nm, respectively) than in the non-functionalized IL [C4C;Im][BF,].
The particles are stable in the absence of capping ligands (surfactants) for more than
6 months although some variation in particle size could be observed by TEM
(Fig. 13) [191].
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Fig. 12 Examples of functionalized imidazolium ILs. Graphical collection reprinted with permission
from the author of Ref. [30]. Copyright Wiley-VCH 2013

@ Springer



Top Curr Chem (Z) (2017)375:65 Page 25 of 32 65

A special type of functionalized ILs are gemini imidazolium amphiphiles (cf.
Figure 12) [192]. Gemini-type ILs based on imidazolium salts are investigated as
simultaneous nanoparticle stabilizers, surfactants and transfer agents into organic
media. Au-NPs with imidazolium ligands of the gemini-ILs 1-2Br to 4-2Br (cf.
Figure 12) that are stable in dispersion and where the IL plays a triple role: phase
transfer of the gold precursor salt H[AuCl,] from an aqueous phase to toluene
during the synthesis, stabilization of the gold colloid, and binding agent for an
ibuprofenate guest. The bis-imidazolium IL ions around the gold nanoparticles do
not exchange with thiolate ligands. When both species are present the gold surface
prefers the IL cation and anion to thioether ligands. The long alkyl chains in 3-2Br
(cf. Figure 12) could incorporate ibuprofenate, a model for carboxylate-containing
anionic drugs, and release it at a slower rate [192].

7 N-Heterocyclic Carbene Formation During Metal Nanoparticle
Synthesis in Imidazolium ILs

During the last 20 years N-heterocyclic carbenes (NHCs) established themselves as
a leading class of ligands in molecular organometallic chemistry [193]. NHCs are
neutral electron-rich c-donor ligands, which often form very strong metal ligand o-
bonds. These properties would also be very attractive for the stabilization and
reactivity modulation of metal NPs [194—197]. NHCs have been proven to bind
efficiently to the surfaces of Ru- [198-201], Ag- [202], Au- [202-205], Pd-
[205, 206] and Pt-NPs [207]. Furthermore, there is evidence that NHCs could be
intermediate species, by in situ deprotonation of the imidazolium cation at the acidic
C2-H position when NPs are formed and stabilized in imidazolium-based ionic
liquids for Au-NPs [208], Pd-NPs [208, 209], Rh-NPs [210], Ir-NPs [210, 211] and
Ni-NPs [212].

NHC-stabilization of Au- and Pd-NPs was promoted by deprotonation of the
bis(N,N’-n-hexyl)imidazolium cation [C¢C¢Im]* prior to reduction. This was
achieved by treating the imidazolium salt [C4Celm]™ ,[MCl,]"~ with sodium

(a) (b)
Fig. 13 TEM-images of Co-NPs in [CEMIm or HO,CC,C{Im][BF,] (cf. Figure 12) a 6 weeks after

synthesis; b 6 months after synthesis; ¢ Co-NPs from Co,(CO)g in [BMIm][BF,]. Reprinted with
permission. Copyright the Royal Society of Chemistry, 2011 [191]
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hydride in 1: 1 dichloromethane—toluene, before adding sodium borohydride to
reduce the tetrachloridoaurate(Ill) (n = 1) and dibromidodichloridopalladate(II)
(n = 2) metal precursor. The '"H NMR spectrum of the Au-NPs revealed the
disappearance of the acidic imidazolium C2 proton resonance, while broadening
and splitting was observed for the other peaks, which is typical of NP-coordinated
ligands. '>°C NMR also failed to locate a peak for C2, which is probably due to
anisotropy resulting from the NHC to Au-NP surface coordination. Conversely, the
C2 'H peak was observed for the Pd-NPs produced without prior imidazolium
deprotonation. TEM analysis gave slightly larger sizes of 2.7 £ 0.9 nm for the
NHC-capped Pd-NPs than for the imidazolium halide surfactant stabilized Pd-NPs
with 1.8 £ 0.4 nm [208].

The Pd-NHC complex (C4C;Im-NHC)Pd(PPh3;)X (X = Br, CI) formed from
[Pd(Ar)Br(PPhs),] and [PdCI,(PPhs),] in [C4C{Im][BF4] when aqueous Na,CO;
was added for imidazolium deprotonation [209].

NHC complexes of rhodium and iridium were obtained in neat [C,C;Im][NTf,]
from metal complexes with basic anionic ligands, [M(COD)(PPh;)X], X = OEt,
MeCO,, which reacted with the imidazolium cation under deprotonation giving the
M-NHC moiety and the free protonated base HOEt, MeCO,H [210].

The synthesis of Ir nanoparticles by reduction of [(COD)Ir(CH;CN),]BF, with
H, or D, in the presence of Proton Sponge (PS™) in acetone with set but variable
amounts of [C4C,Im][NTf,] gave evidence for the formation of at least transiently
surface-ligand-coordinated NHCs. When using D, deuterium incorporation was
apparent from “H NMR spectroscopy at the imidazolium C2-H, C4-H, C5-H, and
butyl —(CH,CH,)C8-H(CHj5) positions of the [C4C,Im]* cation. Conversely, 'H
NMR spectra showed a decreased intensity of the 2-, 4-, 5-, and 8-H hydrogens in
the [C4CIm]™ cation. Without the presence of Ir-NPs no D incorporation into the
imidazolium cation occured. A sequence of N-heterocyclic carbene formation by
oxidative addition of the imidazolium cation, followed by H/D scrambling atop the
nanoparticle surface, then reductive elimination of a imidazolium-C-D bond is
suggested [211].

During the auto-decomposition of Ni(COD), in imidazolium ILs the formation of
bis(imidazolylidene)nickel complexes [(NHC),NiH]|" was detected by mass
spectrometry [212].

8 Conclusion

In the last years many different M-NPs (monometallic and bimetallic) in ILs were
obtained. Especially ILs with imidazolium cations feature prominently in the
formation and stabilization of M-NPs. Such imidazolium ILs simultaneously act as
reaction media, hydrogen sources, catalysts, templating agents and stabilizers for
the synthesis of metal nanoparticles.

Various and also yet unknown factors influence the stability of nanoparticles in
ionic liquids and lead to nanoparticle size and/or morphology changes during
synthesis. An improved understanding of the stability of nanoparticle dispersions in
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ionic liquids is still needed to assist efforts directed toward the synthesis of
nanoparticles with controlled size and morphology in ionic liquids.

An influence of the anion to metal nanoparticles was also observed by several
other research groups. Qualitatively, the size of M-NPs was found to increase with
the molecular volume of the anion of the IL. Also, an influence of the imidazolium
alkyl-chain length on the particle size of M-NPs is often invoked, yet the unclear
direction. It is both found that the NP size increased with increasing chain lengths
whereas in other studies an increase of the alkyl chain gave nanoparticles with a
smaller diameter and size-distribution.

It is evident from many reports on cation and anion effects of ILs that the
interaction between an IL and a (growing) nanocrystal is far from understood but
that a detailed understanding of the IL—nanoparticle interaction would be needed for
a more rational design of nanomaterials in ILs.

Furthermore, thiol-, ether-, carboxylic acid-, amino- and hydroxyl-functionalized
ILs can be used to coordinate to the surface of metal NPs akin to the action of
coordinating capping ligands. Also, for imidazolium-based ionic liquids there is
evidence that N-heterocyclic carbenes, NHCs could be formed by in situ
deprotonation of the imidazolium cation at the acidic C2-H position, at least as
intermediate species, during the nanoparticle seeding and growth process.
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Motivation

2. Motivation

Die vorliegende Arbeit setzt sich SchwerpunktmaBig mit der Synthese von mono — und
intermetallischen Nanopartikeln in ionischen FlUssigkeiten auseinander. Des Weiteren wird in
dieser Arbeit naher auf die Stabilisierung von Nanopartikeln und insbesondere auf die
Wechselwirkungen zwischen Nanopartikeln und ILs eingegangen (Abschnitt 1.1).

Zur Synthese von monometallischen Nanopartikeln sind bereits in der Diplomarbeit
Ni Nanopartikel aus bis{N,N-Diisopropylacetamidinat}nickel(ll)  ([Ni{MeC(N/Pr),},]) in
verschiedenen ILs synthetisiert worden [3] und der Zusammenhang zwischen der Variation
der Kationen, Anionen sowie der Alkylkettenlange und der Morphologie der Nanopartikel
untersucht worden. Die Forschung an diesen Ni Nanopartikeln sollte in der Promotion
fortgeflihrt werden. Daflr sollte in der vorliegenden Arbeit untersucht werden, inwieweit die
Wahl des Ni Precursors ([Ni{MeC(NiPr),},] oder [Ni(COD),]) Einfluss auf die GroBe der
Nanopartikel nimmt und wie sich die PartikelgréBen der Ni-NPs aus den unterschiedlichen
Precursoren in der gleichen IL unterscheiden. Ebenfalls untersucht werden sollten die
magnetischen Eigenschaften sehr kleiner < 5 nm groBBer Ni-NPs und gréBerer, > 10 nm
groBer Ni-NPs (Abschnitt 3.1).

Die Synthesen intermetallischer Nanopartikel sollten aus den Single-Source
Vorlauferverbindungen eines neutralen Triple-Decker Ruthenocens und eines anionischen
Ruthenocens, beide mit einem Stannolliganden, geschehen und dabei untersucht werden,
inwieweit sich durch die mikrowellengestitzte Synthese bimetallische Ru/Sn-NPs in der IL
[BMIm][BF,] darstellen lassen (Abschnitt 3.2). Beide Precursoren wurden im Rahmen einer
Kooperation mit der Saitama Universitdt in Japan, von Herrn Prof. Dr. Masaichi Saito
erhalten. Des Weiteren sollten diese Ru/Sn-NPs auf eine mdgliche katalytische Anwendung,
vor allem in Bezug auf Semihydrierung, hin untersucht werden (Abschnitt 4.2.2). Durch die
Kooperation mit Herrn Prof. Dr. Saito war es ferner mdéglich, von ihm einen (cod)Rh-Stannol-
RuCp* heterotrimetallischen Triple-Decker Komplex zu erhalten, aus dem sowohl durch
mikrowellengestitzte Zersetzung des Precursors als auch durch Hydrierung bei milden
Bedingungen Ru/Rh/Sn-NPs synthetisiert werden sollten (Abschnitt 4.3).

35



Kumulativer Teil

3. Kumulativer Teil

Die Abschnitte 3.1 und 3.2 beinhalten die Ergebnisse der Dissertation, die in Form von
Veréffentlichungen bei internationalen Journalen publiziert wurden und kumulativ dargestellt
werden. Jede Ver6ffentlichung steht mit eigenem Quellenverzeichnis fir sich. Ein kurzer
Uberblick tber die Verdffentlichung und der Anteil des Autors an der Arbeit zu dieser
Publikation sind dem jeweiligen Kapitel vorangestellt.
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3.1 Soft, Wet-Chemical Synthesis of Metastable Superparamagnetic
Hexagonal Close-Packed Nickel Nanoparticles in Different
lonic Liquids

Susann Wegner, Christina Rutz, Kai Schuitte, Juri Barthel, Alexey Bushmelev, Annette
Schmidt, Katharina Dilchert, Roland A. Fischer, Christoph Janiak

Chem. Eur. J. 2017, 23, 6330-6340.

DOI: 10.1002/chem.201605251, Quelle [2]

Die mikrowelleninduzierte Zersetzung von bis{N,N-Diisopropylacetamidinat}nickel(ll)
([Ni{MeC(N/Pr).}2]) oder bis(1,5-Cyclooctadien)nickel(0) ([Ni(COD),]) in Imidazolium-,
Pyridinium- oder Thiophenium-basierten ionischen Flissigkeiten (ILs) mit verschiedenen
Anionen (Tetrafluoroborat, [BF,]", Hexafluorophosphat,, [PFs]” und Bis(trifluromethylsulfonyl)-
imid, [NTf,]") liefert kleine, einheitliche Nickel-Nanopartikel (Ni NPs), welche fur mehr als acht
Wochen in Abwesenheit von Capping Liganden (Tensiden) stabil sind. Die milde,
nasschemische Synthese liefert die metastabile Ni-hexagonale dicht gepackte Phase (hcp)
und nicht die stabile flachenzentrierte kubische Phase (fcc). Die GrdBe der Nickel
Nanopartikelsteigt mit dem molekularen Volumen der Anionen von ca. 5 nm fir [BF4]™ bis
10 nm fir [NTf]" (mit 1-Alkyl-3-methyl-imidazolium-Kationen). N-Butyl-pyrdinium, [BPy]",
Kation-ILs liefern reproduzierbar sehr kleine Ni Nanopartikel mit einem mittleren
Durchmesser von 2 (1) nm. Die Ni NPs wurden mittels hochauflésender Transmissions-
Elektronen-Mikroskopie (HR-TEM) und Réntgenpulverdiffraktometrie. Eine
Roéntgenphotoelektronenspekiroskopie  (XPS) Analyse zeigt eine Erhéhung der
Bindungsenergie (EB) der Elektronen aus dem Ni 2p;,-Orbital der sehr kleinen kleinen 2
(x1) nm groBen Ni Nanopartikel um ca. 0,3 eV bis EB = 853,2 eV im Vergleich zu Bulk NiO,
was auf die kleine Cluster GréBe zurlickzufihren ist. Die Nickel Nanopartikel zeigen von
150 K bis Raumtemperatur superparamagnetisches Verhalten. Die Sattigungs-
magnetisierung einer Ni (2+1 nm) Probe aus [BPy][NTf,] ergibt 2,08 A m? kg™ und einer Ni
(10+4 nm) Probe aus [LMIm][NTf,) 0,99 A m? kg" ([LMIm] = 1-Lauryl-3-methylimidazolium).
Die Ni NPs waren aktive Katalysatoren fir die 1-Hexen- oder Benzolhydrierung in IL-
Dispersionen. Uber 90% Umsatz wurden fiir 1-Hexen unter 5 bar H, in 1 h bei 100 °C und
einer Umsatzhaufigkeit (TOF) bis zu 1330 mMOliexan(Moly)'h™ erreicht und fiir Benzol in 60 h
bei 100 °C eine TOF bis zu 23 MOlgyciohexan(MOlni) 'h™.
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Anteil an der Veroffentlichung:

- Die Synthese des Precursors [Ni{MeC(N/Pr),},], die mikrowelleninduzierte Zersetzung
desselben zu Ni Nanopartikeln sowie die Synthesen der ILs erfolgten bereits im
Rahmen der Diplomarbeit [3]. Ebenso wurde der Zusammenhang zwischen Anionen-
bzw. KationengréBe und der Alkylkettenlange in Bezug auf die GréBe der Nickel
Nanopartikel in der Diplomarbeit vorgestellt. Die Hydrierungen von 1-Hexen und
Benzol sind ebenfalls bereits in der Diplomarbeit durchgefiihrt worden.

- Schreiben der Publikation und Konzipierung sowie die dazu erforderliche
Literaturrecherche. Bearbeitung des Manuskripts und Durchfihrung weiterer
erforderlicher Synthesearbeiten und Auswertung dieser nach Revision.

- TEM- und PXRD-Aufnahmen sowie Auswertungen zu den Ni NPs aus
[Ni{MeC(N/Pr),},].

- Die Unterstitzung bei den HR-TEM-Aufnahmen sowie Berechnungen der
Gitterparameter erfolgte tUber Herrn Dr. Juri Barthel.

- Die Synthese des Precursors [Ni(COD),] sowie die Zersetzung zu Ni NPs daraus und
die Ergebnisse zu diesem Precursor und den daraus entstandenen Ni NPs sind von
Herrn Dr. Kai Schiitte beigetragen worden.

- Ein Teil des Precursors [Ni(COD),] wurde im Rahmen des DFG
Forschungsschwerpunktprogramms SPP 1708 von Frau Katharina Dilchert und Herrn
Prof. Dr. Roland A. Fischer zur Verfligung gestellt.

- Die Charakterisierung der ILs Uber lonenchromatographie und die Bestimmung des
Wassergehaltes der ILs mittels Karl-Fischer-Titration wurden von Frau Dr. Christina
Rutz durchgefihrt.

- Die magnetischen Messungen und Auswertungen dazu wurden von Herrn Dr. Alexey
Bushmelev und Frau Prof. Dr. Annette Schmidt durchgefihrt.

- Die Korrekturen des Manuskripts erfolgten Uber Herrn Prof. Dr. Christoph Janiak,
ebenso erfolgte die Koordination zwischen den Co-Autoren Uber ihn.
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Soft, Wet-Chemical Synthesis of Metastable Superparamagnetic
Hexagonal Close-Packed Nickel Nanoparticles in Different lonic

Liquids

Susann Wegner,® Christina Rutz,® Kai Schiitte,” Juri Barthel,”™ Alexey Bushmelev,
Annette Schmidt, Katharina Dilchert, Roland A. Fischer,’ and Christoph Janiak*®

Dedicated to Professor Walter Frank on the occasion of his 60th birthday

(Abstract: The microwave-induced decomposition of
bis{N,N'-diisopropylacetamidinate}nickel(ll)  [Ni{MeC(NiPr),},]
or bis(1,5-cyclooctadiene)nickel(0) [Ni(COD),] in imidazolium-,
pyridinium-, or thiophenium-based ionic liquids (ILs) with
different anions (tetrafluoroborate, [BF,]”, hexafluorophos-
phate, [PFs]~, and bis(trifluoromethylsulfonyl)imide, [NTf,]")
yields small, uniform nickel nanoparticles (Ni NPs), which are
stable in the absence of capping ligands (surfactants) for
more than eight weeks. The soft, wet-chemical synthesis
yields the metastable Ni hexagonal close-packed (hcp) and
not the stable Ni face-centered cubic (fcc) phase. The size of
the nickel nanoparticles increases with the molecular
volume of the used anions from about 5 nm for [BF,]” to
~10nm for [NTf,]” (with 1-alkyl-3-methyl-imidazolium cat-
ions). The n-butyl-pyridinium, [BPy] ™, cation ILs reproducibly
yield very small nickel nanoparticles of 2(4+1) nm average di-
ameter. The Ni NPs were characterized by high-resolution

transmission electron microscopy (HR-TEM) and powder X-
ray diffraction. An X-ray photoelectron spectroscopic (XPS)
analysis shows an increase of the binding energy (E;) of the
electron from the Ni2p,,, orbital of the very small 2(+1) nm
diameter Ni particles by about 0.3 eV to E;=853.2 eV com-
pared with bulk Ni°, which is traced to the small cluster size.
The Ni nanoparticles show superparamagnetic behavior
from 150 K up to room temperature. The saturation magnet-
ization of a Ni (2+1nm) sample from [BPy][NTf,] is
2.08 Am*kg™" and of a Ni (104 nm) sample from [LMIm]
[NTF,] it is 099 Am’kg™', ([LMIm]= 1-lauryl-3-methyl-
imidazolium). The Ni NPs were active catalysts in IL disper-
sions for 1-hexene or benzene hydrogenation. Over 90%
conversion was reached under 5 bar H, in 1 h at 100°C for
1-hexene and a turnover frequency (TOF) up to
1330 MOlyeane (Moly) 'h™" or in 60 h at 100°C for benzene
hydrogenation and TOF =23 mol,qohexane (MOly) ~"h 7"

/

Introduction

Nickel nanoparticles are widely used as catalysts, for example,
in reductive hydrogenation!” or Suzuki coupling reactions.”?
Also, applications as sensor electrodes™ or anode materials in
fuel cells™ or as a graphene-nickel nanoparticle hybrids for the
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enrichment of proteins and peptides have been reported.

Functionalized nickel nanoparticles show a cytotoxic effect
against leukemia cancer cells.”

Soft, wet-chemical synthesis in organic solvents from metal-
organic complexes is an important route to nanometals and
allows the preparation of metals and alloys in the nanometer
scale regime.®" Metal amidinates (Scheme 1) have been in-
vestigated and widely used as precursors for metal nanoparti-
cles™" and thin metal films in low-pressure chemical vapor
deposition (CVD) or atomic layer deposition (ALD).!"* '

Zero-valent organometallic compounds such as [Ru(COD)(-
COT)] and [Ni(COD),] (COD=1,5-cyclooctadiene, COT=1,3,5-
cyclooctatriene) are already employed as metal nanoparticles
precursors in imidazolium-based ionic liquids (ILs)."®* Hydro-
gen has been used to hydrogenate the ligands COD and COT
to cyclooctane, which was subsequently lost from the Ru’ or
Ni® metal atom and removed under reduced pressure from the
reaction mixture.

For nickel nanoparticle synthesis, we selected and compared
different ionic liquids as reaction media for the following rea-
sons. In recent years ionic liquids have been developed as an
alternative to traditional solvents.”""?? They appear particularly

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthesis of nickel nanoparticles, Ni NPs, from nickel amidinate
[Ni{MeC(NiPr),},]1, in short [Ni(AMD),], or [Ni(COD),] by microwave-assisted
thermal decomposition in ILs.

suited for the preparation of metal nanoparticles (M NPs).[=->

The ionothermal synthesis in ionic liquids appears highly
promising, because of IL properties such as negligible vapor
pressure, high thermal stability, high ionic conductivity,
a broad liquid-state temperature range, and the ability to dis-
solve a variety of materials.”>? |onic liquids, especially with
imidazolium cations (Scheme 2), are reported for the prepara-

N B4~ N -
NTf, _— NTf,~

R = butyl, octyl, lauryl (C1,Hys) R = butyl, lauryl

1-n-alkyl-3-methyl-imidazolium-
based ILs
[BMIm]*, [OMIm]*, [LMIm]*

+
CS% PFg™ BF,~ = tetrafluoroborate

PFe~ = hexafluorophosphate
NTf,™ = bis(trifluoromethylsulfonyl)imide

1-n-alkyl-pyridinium-
based ILs
[BPYI", [LPyI*

1-n-octyl-tetrahydro-
thiophenium-based ILs
[OTh]*

Scheme 2. lonic liquids used here for nickel nanoparticle synthesis and stabi-
lization (lauryl =dodecyl).

tion and stabilization of metal nanoparticles,”® which were

prepared from metal salts with®*3*” or without reducing H,
gas,'*3® from organometallic -complexes,®2***%% and from
metal carbonyls™"**¥ through thermal or photochemical™”
decomposition or electroreduction/electrodeposition.”>* The
electrostatic and steric properties of ionic liquids allow for the
stabilization of M NPs without the need of additional stabiliz-
ers, surfactants, or capping ligands.1>-26:37-4¢1

Herein, we compare nickel(ll) amidinate [Ni{MeC(NiPr),},], in
short [Ni(AMD),], and [Ni(COD),] (Scheme 1) as precursors in
different ionic liquids to yield nickel nanoparticles as stable col-
loids. The different ILs contained the cations 1-n-butyl-, 1-n-
octyl-, and 1-n-lauryl-3-methyl-imidazolium, 1-n-butyl- and 1-n-
lauryl-pyridinium, and 1-n-octyl-tetrahydrothiophenium in
combination with tetrafluoroborate [BF,]~, hexafluorophos-
phate [PFs]~, and bis(trifluoromethylsulfonyl)imide [NTf,]~

Chem. Eur. J. 2017, 23, 6330 - 6340 www.chemeurj.org
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anions (Scheme 2). No additional capping agents were used
during particle synthesis.

Results and Discussion
Ni NPs in imidazolium-based ILs

Bis{N,N'-diisopropylacetamidinate}nickel(ll), [Ni(AMD),] or
bis(1,5-cyclooctadiene)nickel(0), [Ni(COD),] were dissolved or
suspended under a nitrogen atmosphere in dried and deoxy-
genated ionic liquid. Complete decomposition by microwave
(MW) heating of both precursors in IL was achieved after only
10 min when using a low power of 100 W to give an approxi-
mate temperature of 220°C in the reaction mixture
(Scheme 1).

Comparative NMR analyses of selected neat ILs before and
after 10 min microwave heating to approximately 220°C indi-
cated no IL decomposition (see Figures S5.1-55.9 in the Sup-
porting Information). Black Ni NP/IL dispersions were reprodu-
cibly obtained by repeated decompositions of [Ni(AMD),] or
[Ni(COD),]. 'HNMR analysis after the decomposition of the
nickel amidinate in [BMIm][NTf,] shows signals in addition to
the IL (Figure S1.1b in the Supporting Information), which we
assign to the formation of 1-butyl-3-methylimidazoliumylidene
from 2-H deprotonation of the 1-butyl-3-methylimidazolium
cation by amidinate to give N,N'-diisopropylacetamidine ac-
cording to Equation (S1) in the Supporting Information. GC/MS
analysis of a hexane extract of the IL dispersion after decom-
position gave as the only non-IL peak m/z=97, which is as-
signed to [MeC(NiPr),—HiPr] ™.

For [Ni(COD),], there were only very minor signals in the
NMR analyses after decomposition (Figure S1.2 in the Support-
ing Information). More clear was the observation of 1,5-COD
and 1,3-COD at m/z=108 by GC/MS in a hexane extract of the
IL dispersion after decomposition, together with cyclooctene
at m/z 110. The differentiation of 1,5-COD and 1,3-COD was
achieved by their difference in GC retention times upon com-
parison with genuine COD samples. The formation of 1,5- and
1,3-COD was already reported by Prechtl et al. from the spon-
taneous decomposition of [Ni(COD),] in [EMIm] and [BMIm]
[Nsz].[47]

Analyses of the Ni NP/IL dispersions by high-resolution trans-
mission electron microscopy (HR-TEM; Figure 1, Figure 2,
Figure 3, and Figures S2 and S3 in the Supporting Information)
indicate the formation of Ni nanoparticles with typical diame-
ters between 5 and 10 nm for imidazolium ILs with [BF,]™,
[PFs]~, and [NTf,]” anions (Table 1). Because of their superpara-
magnetic behavior, the samples show agglomerated, but still
isolated particles. In direct comparison, both precursors yield
Ni NPs of very similar size. In the imidazolium ILs, the at first
sight slightly larger nanoparticle size from [Ni(COD),] than
from [Ni(AMD),] is still well within the experimental error (see
also Figure 6). Thus, the nature of the Ni precursor does not
affect the nanoparticle size.

Work by others has shown that decomposition of [Ni(COD),]
in T1-alkyl-3-methyl-imidazolium ILs with different alkyl chain
lengths and the bis(trifluoromethylsulfonyl)imide anion gave

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. TEM images of 1.0 wt% Ni NP/IL dispersions from [Ni(AMD),] for
[BMIm]* cations with: a) [BF,], b) [PFs], and c) [NTf,]” anions. For images
of Ni NP/IL dispersions from [Ni(COD),], see Figures S3.1-53.7 in the Sup-
porting Information.

Figure 2. TEM images of Ni NP/IL dispersions from [Ni(AMD),] in [OMIm]
[PF4l. For images of Ni NP/IL dispersions from [Ni(COD),], see Figure S3.8 in
the Supporting Information.

Ni NPs with an average diameter of 2.4-54 nm“’ or 4.9-
5.9 nm.""®

Prechtl etal. observed spontaneous decomposition of
[Ni(COD),] in the ILs [EMIm]INTf,] and [BMIM][NTf,] with the
formation of 1,5- and 1,3-COD. It was concluded that decom-
position of [Ni(COD),] in imidazolium ILs with short alkyl chains
involved attack on the acidic C2—H and formation of the re-
spective N-heterocyclic carbene (NHC) on the Ni NP surface

Chem. Eur. J. 2017, 23, 6330 - 6340 www.chemeurj.org
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Figure 3. TEM images of 1.0 wt% Ni NP/IL dispersions from [Ni(AMD),] for
[LMIm] " cations with: a) [BF,]~, b) [PF¢]~, and ¢) [NTf,]~ anions. For images
of Ni NP/IL dispersions from [Ni(COD),], see Figure S3.11 in the Supporting
Information. d) TEM images of 1.0 wt% Ni NP/IL dispersions from [Ni(AMD),]
(left) and [Ni(COD),] (right) with addition of 5.0 wt% KF to [BMIm][NTf,].

was proposed.”” Such surface-coordinated NHC formation was
also reported for Ir° NPs formed from [(1,5-COD)Ir(CH,CN),]BF,
under H, in the presence of a proton sponge (PS) in acetone
in the IL [BMIM]INTF,].5

A combined TEM and energy dispersive X-ray spectroscopic
analysis (EDX, Figure 4) shows only the expected nickel emis-
sion lines. The peaks in the powder X-ray diffractogram (PXRD,
Figure 5) are positively matched to metastable hexagonal
close-packed (hcp) nickel metal with space group P6;/mmc.
The stable bulk nickel metal phase is face-centered cubic (fcc)
or body-centered cubic (bcc).**"*? Also, Ni NPs (2 nm diame-
ter) stabilized with ethylene glycol® and Ni NPs (10-36 nm di-
ameter) stabilized with the cationic surfactants cetyltrimethy-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Ni NP crystal phase, diameter, and distribution from different

precursors and in different ILs.”!

Ni precursor,® IL Phase!™ TEM @ (o) Image

[nm][c]

Imidazolium cations

A, [BMIm][BF,] Ni 5(4=2, Figure 1Ta

B, [BMIm][BF,] Ni 5(+£2) Figure S3.1

A, [BMIm][PF¢] Ni 7(+4) Figure 1b,
S2.1

B, [BMIm][PF] n.d. 8(+3) Figure S3.4

A, [BMIM][NTf,] Ni 10(£2) Figure 1¢,
S2.3

B, [BMIm][NTTf,] Ni 11(x2) Figure S3.6

A, [OMIm][PF4] NI (NiF,) 9 7(£1) Figure 2, S2.7

B, [OMIm][PF] n.d. 10(+2) Figure 53.8

A, [OMImM][NTF,] Ni 10(+3) Figure S2.11

A, [LMImI[BF,] NI (NiO)Y 7(£2) Figure 3a,
S2.14

A, [LMIm][PF] NI (NiF,)¥  9(+£3) Figure 3b,
S2.18

B, [LMIm][PF,] Ni 15(+2 Figure S3.11

A, [LMIM][NTf,] Ni 10(+=4) Figure 3¢,
S2.21

Pyridinium cations

A, [BPy][PF4] Ni® 2(£1) Figure 7,
S2.25

A, [BPy][NTf,] Nite! 2(£1) Figure 7

B, [BPyYIINTf,] Nit® 2(41) Figure S3.12

A, [LPyI[PF,] Ni (Nio,™ 3(£1) Figure S2.27

NiF,)

Tetrahydrothiophenium

cation

A, [OTh][PF4] n.d. 9(£1) Figure S2.31

[a] A=[Ni(AMD),]; B=[Ni(COD),]. 1.0 wt% Ni NP/IL dispersions obtained

by MW irradiation with 100 W for 10 min at 220°C. [b] From PXRD unless

noted otherwise (see d) based on positive matching to the Crystallogra-

phy Open Database, COD;"®' Ni stands for Ni with hcp packing; Ni(hcp)

reference COD 9008509; NiO reference COD 1010095; NiF, reference COD

9007538; n.d.=not determined. [c] Average diameter (@) and standard

deviation (o). Histograms are included in Figures S2 and S3 in the Sup-

porting Information. See experimental section for TEM measurement con-

ditions. [d] Supported by SAED measurement of selected nanocrystals.

[e] Because of the small size of the Ni NPs, no PXRD could be obtained

and phase analysis is based on HR-TEM.

lammonium bromide (CTAB)/TC,,AB had the fcc structure.¥
Nickel nanoparticles with an hcp phase® were obtained with
62(+9) nm diameter stabilized by trioctylphosphine oxide
(TOPO) from the decomposition of nickel acetate®™ or stabi-
lized with citrate from a sol-gel method.”” Ni NPs with the hcp
structure and a diameter between 13 and 25 nm are also
formed in polyethylene glycol, oleic acid, and oleyl amine.*®
There are also other possibilities to obtain nickel compounds
in an hcp phase.P?061

Concerning the oxidation of nickel, we note that traces of
oxygen in the EDX spectrum (signal at 0.52 eV) are ubiquitous
and always present, also on noble metal samples and pure
carbon grids (from surface oxidation). For Ni NPs in ILs with
[BF,]~ or [PF]™ anions, small amounts of NiO and NiF, are ob-
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Figure 4. Example EDX spectrum of 1.0 wt% Ni NPs in [BMIm][BF,] from
[Ni(AMD),]. See Figure S2.4 in the Supporting Information for the EDX spec-
trum in [BMIm][NTf,].
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Figure 5. Example PXRD of 1.0 wt% Ni NPs in [BMIm][BF,] from [Ni(AMD),];
Ni(hcp) reference peaks in red (COD 9008509) and possible Ni fcc reference
peaks in blue (COD 9009862). See Figures in the Supporting Information for
additional PXRD patterns. Small shifts in PXRD patterns are not uncommon
for nanoparticles. A number of effects can be considered for such shifts in-
cluding range of stoichiometric composition, partly inhomogeneous element
distribution, defects such as stacking and twin faults, and nanosized crystal-
line domains being much smaller than the bulk reference material causing
lattice contraction or expansion and strain.®*%¥

tained in three cases (see Table 1) as identified by phase analy-
sis in the powder X-ray and electron diffractograms (Figur-
es S2.9, S2.16, and S2.29 in the Supporting Information). It is
known in the literature that [BF,]™ or [PF¢]™ anions in ILs hydro-
lyze or decompose to fluoride, F~, which then leads to the for-
mation of metal fluoride, here NiF,.*? Alternatively, reactive
metal nanoparticles may also abstract fluoride from [BF,]” or
[PF¢]™ anions.

It is evident from Table 1 that variation of the IL cation and
anion influences the particle size and crystal phase.**® The
average diameter of the Ni NPs from both precursors increases
slightly with the IL anion volume® in the series [BMImI[BF,],
[BMIm][PF¢], and [BMIm][NTf,] (Figure 6). It might be assumed
that fluoride ions formed from [BF,]” and [PF¢]~ could have
been responsible for preventing the NP growth. To check or
disprove this assumption, we added 5 wt% KF as a fluoride
source (soluble in IL) to the Ni precursor/[BMIm][NTf,] disper-
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Figure 6. Correlation between Ni NP size and the molecular volume of the IL
anion®® for [BMIm] " cations from [Ni(AMD),] (black) and [Ni(COD),] (red
line). Errors bars indicate the standard deviation (Table 1).

sion before starting the MW heating. TEM analysis (Figure 3d)
of the obtained Ni NPs in the presence of KF showed Ni NPs
from [Ni(AMD),] with average diameters of 10+2nm, and
from [Ni(COD),] with average diameters of 11 4+2 nm. This size
and size dispersion is identical to the Ni NPs formed from
[Ni(AMD),] (10+2 nm) and [Ni(COD),] (11+2nm) in [BMIm]
[NTf,] without the addition of KF (Table 1). Thus, it can be as-
sumed that the formation of F~ from [BF,]” and [PF¢]~ does
not prevent the NP growth. A change in imidazolium cation or
rather in 1-n-alkyl chain length does not give a similar trend.
Only in the case of the [PFs]™ anion and [Ni(COD),] as precursor
there is a steady increase from 1-butyl over 1-octyl to 1-lauryl.

The influence of the IL cation/anion size on nanoparticle di-
ameters has already been reported for silver,”” cobalt,”*” rhodi-
um,? and tungsten,"’ where the NP diameter increased with
the IL anion volume (for [BF,]~, [PF]~, triflate, and [NTf,]”) with
[BMIm] ", [methyl-trioctyl-ammonium]*, and [1-butyl-3-methyl-
pyrrolidinium]* as cations. Also, ruthenium nanoparticles from
[Ru(COD)(COMI/H, in various T-alkyl-3-methyl-imidazolium
ionic liquids showed a relationship between the Ru NP diame-
ter and the size of the IL non-polar domains."” 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, such that more structured ionic liquids, lead to
smaller metal particle sizes."® The dependence of nanoparticle
size in imidazolium-based ILs was also investigated for Au
NPs'®®% where the particles vary from 0.75 to 3.5 nm in diame-
ter for 1-ethyl-3-methyl-imidazolium, 1-butyl-3-methyl-imidazo-
lium, and 1-methyl-3-octyl-imidazolium cations and [BF,]” as
the counter ion.®® Further, decomposition of [Ni(COD),] in 1-
alkyl-3-methyl-imidazolium [NTf,]~ ILs with different 1-alkyl
chain lengths gave Ni NPs with an average diameter from 2.4
to 5.4 nm™ or 4.9 to 5.9 nm"® such that the particle diameter
increased with the cation size. A correlation between the size
of palladium nanoparticles and different organic solvents was
reported as well.””
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Ni NPs in pyridinium-based ILs

Ni NPs from the decomposition of [Ni(AMD),] and [Ni(COD),] in
pyridinium-based ILs had an average diameter of 2-3(£ 1) nm,
which rendered them significantly smaller than the Ni NPs syn-
thesized in imidazolium-based ILs (compare Figure7 and
Figure 1). It can be assumed that the pyridinium cation leads
to high structuring through m-m self-organizing interactions,”"
as well as by m—anion interactions, which are very stable.” Ap-
parently, these self-organizing interactions are retained to
some extent even at 220°C as we should have otherwise ob-
tained larger nanoparticles as for the imidazolium ILs.

The crystal structure of these small Ni NPs had to be eluci-
dated by HR-TEM as no PXRD could be obtained. The distances
between the Ni atom columns in the high-resolution TEM
image of Figure 7c correspond to those of the Ni(hcp) struc-
ture (COD 9008509).

Figure 7. TEM images of 1.0 wt% Ni NP/IL dispersion from [Ni(AMD),] for
[BPy] " cations with: a) [PF¢]~, and b,c) [NTf,]~ anions, where the HR-TEM
image in (c) shows a well-oriented Ni(hcp) particle. For a further HR-TEM
image of a single Ni NP from [BPy][NTf,], see Figure S3.12 in the Supporting
Information.
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Ni NPs in thiophenium IL

Ni NPs obtained from [Ni(AMD),] in the IL 1-octyl-thiophenium
hexafluorophosphate have an average particle diameter of 9(+
1) nm, which is in the range of imidazolium-based ILs. Howev-
er, the particles are strongly agglomerated (Figure 8). Still, the
crystallinity based on the diffraction pattern of the interference
levels can be seen from the HR-TEM images. An additional
PXRD, which would show the crystallinity of the particles,
could not be obtained even after long measurement time pos-
sibly because of the amorphous particles.

Figure 8. HR-TEM of 1.0 wt% Ni NPs in IL from [Ni(AMD),] in [OTh][PF].

X-ray photoelectron spectroscopy (XPS) study of Ni NPs in
[BPy][NTf,]

To determine the oxidation state of the nickel nanoparticle
sample Ni/[BPy][NTf,], an X-ray photoelectron spectroscopic
(XPS) analysis was carried out. In a number of measurements,
the binding energy of the electron from the Ni2p;, orbital of
the 2(+1) nm diameter Ni particles was shifted by about
0.3 eV to the higher binding energy of E;=853.2 eV compared
with bulk Ni° (Figure 9). This is not typical for Ni NPs or any
other nickel compounds. An instrumental error could be ex-
cluded by direct calibration with an ultrapure nickel standard
(99.99% Ni foil, polished and cleaned by sputtering) with refer-
ence to argon Ar2ps, (Ar gas was used for sputtering, added
in traces as an internal standard and could be found physisor-
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Figure 9. Shift (AEp) of the Ni2p,,, binding energy in small Ni particles from
[BPY][NTf,] in the X-ray photoelectron spectrum.
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bed on the probe surface). We could also exclude an influence
from chemi- or physisorbed species as this shift in binding
energy was not seen for larger Ni(hcp) nanoparticles from the
same or related ILs.

In the literature, this shift in binding energy of the photo-
electrons to higher values is described for very small clus-
ters.”>”¥ For very small silicon clusters (Si, to Si,,,) Gantefor
etal. could show a cluster-size dependent shift in binding
energy of the photoelectron from the outer layers.”>’¥ It could
also be shown that the electronic structure of a free cluster
varies with every atom and that also the position of an atom
in the cluster has an influence on the binding energy shift of
the corresponding photoelectron spectrum.

Magnetic properties of Ni(hcp) NPs

Magnetic measurements of two isolated nickel nanoparticle
samples from [BPy][NTf,] and from [LMIm][NTf,] were carried
out to examine their magnetic properties.”” The Ni NPs were
isolated in powder form from the IL dispersion by precipitation
with acetonitrile, centrifugation, washing with acetonitrile, and
drying under vacuum.

Both samples show slightly hysteretic curves at room tem-
perature. On the timescale of the experiment (approximately
1 h), no oxidation is observed (the saturation magnetization is
unchanged for positive and negative branches, see Figure 10).
The characteristic values calculated on the base of the magnet-
ization curves are shown in Table 2. The saturation magnetiza-
tion M, of a Ni (2+1nm) sample from [BPy][NTf,] is
2.08 Am*kg™', and of a Ni (104 nm) sample from [LMIm]
[NTf,] it is 0.99 Am?kg™". These values are comparable with the
values for hcp Ni found in the literature, which vary from
0.82 Am?kg ™" for ~60 nm nanoparticles”® to 7.4 Am?kg~' for
micrometer-sized clusters.”” Remanence magnetization (M,/M,)
and coercivity (H.) values were calculated as an average be-
tween the positive and the negative values. Both samples
show a narrow hysteresis (H. < 15 kAm~") with a moderate rela-
tive remanence M,/M;~0.1. This value is thus clearly below the
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Figure 10. Magnetization curves of an isolated Ni (241 nm) sample from

[BPY]INTf,] (red line) and an isolated Ni (10 +4 nm) sample from [LMIm]
[NTf,] (black line) at room temperature.
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Table 2. Data obtained from the magnetization curves at room temperature.
Sample 2 [10° m*kg ™ 2L 10°/M, [mA™"] M [Am?kg ] M/M HY [Am™]
Ni (241 nm) from [BPy][NTf,]" 0.23 0.1 2.08 0.14 11500
Ni (10+4 nm) from [LMIm][NTf,]" 0.08 0.08 0.99 0.09 8400
[a] yini=initial susceptibility. [b] M,=saturation magnetization. [c] M,/M;=remanence magnetization. [d] H.=coercivity. [e] Sample amount 0.97 mg.
[f] Sample amount 0.4 mg.

expected relative remanence for an ensemble of magnetically
blocked Stoner-Wohlfarth-like particles (M,/M,)s,=0.5, but
clearly deviating from pure superparamagnetic behavior ((M,/
M), =0). For purely non-interacting Ni nanoparticles of the
present size regime, a superparamagnetic behavior would be
expected above the blocking temperature.”® However, in tem-
perature-dependent measurements in the temperature range
between 150 and 300 K, performed on samples synthesized
under the same conditions, no indication for a magnetic transi-
tion in the temperature range is identified. The blocking tem-
perature is thus expected to be below 150 K. Based on these
observations,® the slight hysteresis is ascribed to a significant
contribution of particle interaction to the quasi-static magnetic
behavior, caused by the strong magnetic moment inherent to
single-domain nickel nanostructures.

Catalytic hydrogenation of alkenes with Ni nanoparticles

The hydrogenation of a C=C double bond to a C—C single
bond is an important reaction in industrial and synthetic or-
ganic chemistry.

Freshly synthesized Ni/IL nanoparticle dispersions (1.0 wt%
in metal) were tested for the hydrogenation of 1-hexene and
benzene in a Buchi high-pressure, stainless-steel autoclave
within IL phase under organic-solvent-free conditions. In a typi-
cal catalytic procedure, the high-pressure autoclave was
charged with the Ni/IL colloid dispersion (0.1 g) and the sub-
strate (2.0 g). The reaction mixture was heated to 100°C. After
reaching the reaction temperature, the autoclave was pressur-
ized with 5 bar of H,. After a selected time, the reaction was
stopped, cooled down, and a 0.5 g sample was analyzed for its
content by GC and NMR.

Expectedly, the Ni/IL dispersion proved to be an active cata-
lyst for hydrogenation reactions.*” The catalytic activity did
not significantly depend on the nanoparticle size. At first sight,
the activity of smaller Ni nanoparticles (Ni/[BPy][NTf,], 2+1)
was very similar (insignificantly higher) to the larger Ni nano-
particles (Ni/[BMIM][NTf,], 11(42)).

The activity as a turnover frequency (TOF) for metal nano-
particle catalysts is often calculated on the number of moles of
the metal used. Clearly, only the surface atoms of the metal
nanoparticle can be catalytically active. Thus, an activity that is
based only the surface atoms can be one order of magnitude
larger than the TOF referenced to the total amount of metal.
Further, as only a fraction of the surface atoms will be catalyti-
cally active, such as corners, edges, or defect sites, even the
TOF based on surface atoms will still underestimate of the true
activity of the active sites.”®

Chem. Eur. J. 2017, 23, 6330 - 6340 www.chemeurj.org

6336

From TEM, we obtained an average Ni NP diameter of 2 nm
for Ni/[BPYIINTf,] (from both [Ni(AMD),] and [Ni(COD),]) and
11 nm for Ni/[BMIm][NTf,] (from [Ni(COD),]). From these aver-
age diameters D the total number of metal atoms (N;) in the
nanocrystal can be calculated according to Equations (1), (2),
and (3):7&8Y

NV

D
A, 2

4
Ny = and V = 2 ( )? (1)
with N,=Avogadro’s number (6.022x 102 mol™'), o=metal
density, A, =relative atom mass [gmol~'].7¥

Ny = 47[(%)3 /3V, (2)

with b=1.105 for close-packed (cp), face-centered cubic, or
hexagonal-cp (fcc or hcp) crystallographic structures, V,=
volume of a single metal atom according to V,=(4/3)xr’, r=
atomic (metal) radius. The constant b accounts for the free
space between the atom spheres in the metal packing.

D

NT = (%)3

3)
With the values for nickel (0=8.90 gcm™3, A,=58.69 gmol~',
b=1.105 for Ni with hcp packing, V,=0.00810 nm?, r=
0.1246 nm), Equations (1), (2), and (3) give N;=383 atoms for
Ni NPs of 2 nm mean diameter and N;=63745, rounded to
64000, for the 11 nm Ni NPs.

Under assumption that Ni clusters have a icosahedral shell
structure,® it is possible to calculate the number of surface
atoms (Ns) from the number of shells m, which can be derived
from the total number of atoms (N;).®*

The total average atom number N; of 383 is between the
total atom number of N,,=309 for an icosahedron with m=5
shells and N,,=561 for an icosahedron with m=6 shells (N,,=
(1/3)2m—1)(5m*~5m+3).®¥ The number of surface atoms for
a five-shell icosahedron is Ns=162 and for a six-shell icosahe-
dron Ng=252 (Ns=10m?-20m+12).% In our rough approxi-
mation, we take here Ns=200 for the number of surface
atoms for N;=383. This gives a fraction of exposed or surface
atoms Ng/N;~200/383 =0.52 or 52% on average.

The total average atom number N; of 64000 is between the
total atom number of N,,=62062 for an icosahedron with m=
27 shells and N,,=69354 for an icosahedron with m=28
shells. The number of surface atoms for a 27-shell icosahedron
is Ng=6762 and for a 28-shell icosahedron N¢=7292. In our
approximation, we take here Ny=6900 for the number of sur-
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face atoms for N;=64000. This gives a fraction of exposed or
surface atoms Ns/N;~6900/64000~0.11 or 11% on average.

Thus, when the number or rather fraction of surface atoms
is taken into account, the activity (TOF) of the larger 11 nm
particles from [BMIm][NTf,] is about four times higher than the
activity of the smaller 2 nm Ni particles from [BPy][NTf,]. This
finding is similar to results by Campbell et al. for Ru NPs with
different nanoparticle sizes in [BMIm][NTf,] in the catalytic hy-
drogenation of 1,3-cyclohexadiene and cyclohexene.®”

After catalysis, the Ni nanoparticles had increased in size to
2146 nm but were still separate nanoparticles (Figure 11). EDX
showed nickel and a low content of oxygen.

CKa1l

0.8 4

4 6 8 10
(b) Energy [keV}

Figure 11. a) TEM, and b) EDX (averaged over 10 particles) of Ni/[BMIm]
[NTf,] dispersion after catalytic hydrogenation of 1-hexene at 100°C and
60 min.

Conclusions

We describe here a simple, reproducible, and broadly applica-
ble microwave-induced decomposition of nickel amidinate,
[Ni(AMD),], or [Ni(COD),] for the synthesis of small and uniform
Ni NPs in different ionic liquids. The results nicely show the ad-
vantages of metal-organic precursor concepts together with
non-conventional ionic liquid solvents and microwave-assisted
pyrolysis® for a controlled synthesis of rather small metal
nanoparticles without additional surfactants and reducing
agents (e.g., hydrogen) for soft, wet-chemical nanoparticle for-
mation.

The Ni NPs are mostly formed in the rarely occurring meta-
stable hexagonal close-packed (hcp) structure. Magnetic meas-
urements of two Ni nanoparticle samples showed very similar
magnetic properties.
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The obtained Ni nanoparticles were active in [BMIm][NTf,] or
[BPy][NTf,] IL dispersions for catalytic alkene or benzene hydro-
genation with over 90% conversion.

Experimental Section

All synthesis experiments were carried out with Schlenk techniques
under nitrogen or argon as the nickel amidinate is hygroscopic
and air sensitive. The solvents (acetone, acetonitrile, n-hexane, tolu-
ene, tetrahydrofuran) were dried by using a MBraun solvent purifi-
cation system. 1,3-Diisopropylcarbodiimide (>99%), nickel(ll) chlo-
ride (>99%), methyllithium, 1-chlorobutane (>99%), 1-chlorooc-
tane (>99%), 1-iodolaurate (>99%), 1-methylimidazole (>99%),
pyridine (>99%), and tetrahydrothiophene (>98%) were obtained
from Sigma-Aldrich and used without further purification.

Synthesis of precursors and ILs

[Ni{MeC(NiPr),},] (INi(AMD),]) was synthesized by deprotonation
and methylation of 1,3-diisopropylcarbodiimide with methyllithi-
um. The resulting lithium amidinates were then reacted with nick-
el(ll) chloride according to literature procedures.®”

Ni(COD), was synthesized by suspending bis-(acetylacetonato)nick-
el in THF and adding 1,5-cyclooctadiene and diisobutylaluminium-
hydride (DIBAL-H) according to literature procedures .

The ionic liquids were synthesized by reacting 1-methylimidazole,
tetrahydrothiophene, or pyridine with 1-halo-alkanes to yield first
the alkylated iminum halide salts, which were further reacted with
HBF,, NH,PF,, or LiNTF, to give the respective ionic liquid. The ILs
were dried under high vacuum (107 mbar) at 80°C for several
days. Quantitative anion exchange and, thus, IL anion purity was
assessed to be mostly near or over 99% from analysis by ion chro-
matography (Dionex ICS-1100, with lonPac® AS22, 4x250 mm
column);, for example, [BMImI[BF,] 99.05%, [BMIm][PF,] 98.87 %,
[BMIM][NTf,] 99.29%, [OMIm][PF¢] 99.10%, [OMIm][NTf,] 99.21 %,
[BPyI[PF4] 99.28 %, [BPYIINTf,] 99.75%, [LPy][PF] 98.85%.

The water content was measured by coulometric Karl Fischer titra-
tion (ECH/Analytik Jena AQUA 40.00): [BMIm][BF,] <10 ppm,
[BMIm][PF;] <30 ppm, [BMIm][NTf,] <300 ppm, [OMIm][PF¢]
<10 ppm, [OMIm][NTf,] <10 ppm, [BPyl[PF;] <300 ppm, [BPy]
[NTf,] <300 ppm, [LPy][PF] <20 ppm.

NMR analyses of selected ILs before (and after) 10 min MW heating
at a power of 100 W to an approximate temperature of 220°C (see
Figures 5.1-5.9 in the Supporting Information; for the NMR assign-
ment see ref. [89]):

[BMIM][NTF,]: 'H NMR (300.13 MHz, CD,CN): 6 =8.39 (s, 1H), 7.37 (s,
1H), 7.34 (s, 1H), 4.21 (t, *J=7.3 Hz, 2H), 3.81 (s, 3H), 1.80 (quintet,
*J=7.5, 2H), 1.32 (sextet, /=736, 2H), 0.94 ppm (t, *J=7.4Hz,
3H); "CNMR (75 MHz, CD,CN): 6=13.6, 19.9, 32.5, 36.8, 50.3,
123.2, 124.6, 136.8 ppm.

[OMImMIINTf,]: '"H NMR (300.13 MHz, CD,CN): 6=8.38 (s, 1H), 7.36
(d, >J=3.6Hz, 1H), 732 (d, >J=3.6Hz, 1H), 4.10 (t, *J=7.10 Hz,
3H), 3.81 (s, 3H) 1.81 (m, 2H), 1.30 (m, 10H), 0.89 ppm (t, *J=
6.45 Hz, 3H); *CNMR (75 MHz, CD;CN): 6 =14.3, 23.3, 26.6, 29.7,
32.4,36.8, 123.2, 124.6, 136.7, 120.9 ppm (q, 'J=318 Hz, CFS).
[LMImI[PF¢]: "H NMR (300.13 MHz, CD,CN): =8.36 (s, TH), 7.35 (d,
3J=3.4Hz, TH), 7.32 (d, >)=3.4Hz, 1H), 409 (t, *J=7.1 Hz, 2H),
3.80 (s, 3H), 1.80 (m, 2H), 1.27 (m, 18H), 0.86 ppm (t, >)=7.4 Hz,
3H); ®CNMR (75 MHz, CD,CN): 6=13.1, 22.1, 25.3, 2838, 29.0,
31.31,49.2, 121.94, 123.3, 135.7 ppm.
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Metal nanoparticle (M NP) synthesis

In a typical reaction, the nickel amidinate powders (58 mg,
0.17 mmol, [Ni{MeC(NiPr),},]) or Ni(COD), (49 mg, 0.83 mmol) were
dissolved or suspended (/12 h) under a nitrogen atmosphere at
room temperature in dried and deoxygenated ionic liquid (1.0 g)
to give a 1.0 wt% total metal/IL dispersion. For the decomposition,
the mixture was placed in a microwave (CEM, Discover) under an
inert nitrogen atmosphere and the conversion was finished within
10 min at a microwave power of 50 W and a temperature reading
of 220°C. Each decomposition reaction was carried out at least
twice.

Characterization

Thermogravimetric analysis (TGA) was carried out with a Netzsch
TG 209 F3 Tarsus, equipped with Al crucible and using a heating
rate of 5 Kmin~" under inert atmosphere (N,).

XPS (ESCA) measurements were performed with a Fisons/VG Scien-
tific ESCALAB 200X xp-spectrometer, operating at room tempera-
ture, a pressure of 1.0x 108 bar, and a sample angle of 30°. Photo-
electron spectra were recorded by using polychromatic Aly, excita-
tion (14 kV, 20 mA) and an emission angle of 0°. Calibration of the
XPS was carried out by recording spectra, using Aly, X-rays, from
clean samples of copper, silver, and gold, at 20 eV and 10 eV pass
energies and comparison with reference values.

PXRD data were measured at ambient temperature with a Bruker
D2 Phaser using a flat, low-background sample holder with
a dome for exclusion of air and moisture and Cuy, radiation (1=
1.54182 A, 35kV). Samples had been precipitated with acetone
from the NP/IL dispersion and washed with acetonitrile. PXRDs
were measured for 2-12 h.

GC/MS data were recorded with a Thermo Finnigan Trace DSQ;
ionization method: El, 70 eV, 200°C.

NMR spectra were recorded with a Bruker Avance DRX 200 ('H,
300.13 MHz) and Avance DRX 500 ("*C, 125.57 MHZ) at 298 K in
C¢Ds, CD5CN, or CDCl; and the chemical shifts are referenced to
the residual proton solvent peaks against TMS.

Transmission electron microscopy (TEM) micrographs were taken
at room temperature with a Tecnai FEI G20 TEM operating at an ac-
celerating voltage of 200 kV. Samples were deposited on 200 pm
carbon-coated gold grids. The size distribution was calculated from
a manual diameter determination over a minimum of 50 isolated
particles.

TEM with energy-dispersive X-ray spectrometry (TEM-EDX) was re-
corded with a FEI Tecnai f20, 136 kV, exposure time for individual
EDX spectra, 3 min. EDX analysis always shows traces of oxygen.
Preparation on the grids was done in a glovebox. However, there
is an unavoidable 30 s air contact upon placing the grid in the
TEM chamber before evacuation. A low intensity oxygen signal at
0.52 eV is ubiquitous and always present also on noble metal sam-
ples and pure carbon grids (from surface oxidation).

Powder TED measurements: Selected-area electron diffraction
(SAED) patterns and high-resolution TEM images were recorded
with an FEI Titan 80-300 TEM,”” operated at 300 kV accelerating
voltage. The area selection was achieved with a round aperture
placed in the first intermediate image plane with a corresponding
diameter of 0.64 um in the object plane. For each acquisition,
a sample region with a significant amount of material was placed
inside the aperture. The objected was illuminated with wide-
spread parallel beam obtaining focused diffraction patterns. The
diffraction images were calibrated with Debye-Scherrer patterns
recorded from a gold reference sample (S106, Plano GmbH, Wet-
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zlar, Germany). Several diffraction patterns were recorded for each
of the investigated Ni samples and were averaged after compen-
sating for unavoidable small diffraction shifts occurring between
successive acquisitions. To compare the recorded diffraction signal
to reference structure data, the signals from the Debye-Scherrer
pattern were accumulated along the azimuthal direction.

The five samples investigated by SAED were found to contain
Ni(hcp), NiO, and NiF, species in different amounts (cf. Figur-
es $2.10, S2.17, S2.20, S2.24, and S2.30 in the Supporting Informa-
tion). According to the calibration with the gold sample, the mea-
sured Ni(hcp) lattice constant is decreased by approximately 1%
compared with the bulk material,”"’ whereas the lattice constants
of NiO and NiF, are increased by about 2-3% when compared
with the respective bulk parameters.”>%*

The magnetization curves were monitored at room temperature
with an ADE Magnetics Vibrating Sample Magnetometer EV7 up to
a maximum field strength of 1600 kAm'. A typical experiment
consisted of a virgin curve, followed by a full hysteresis loop. The
Ni NPs were isolated in powder form from the 1.0 wt% IL disper-
sion by precipitation with 2 mL acetonitrile, centrifugation, wash-
ing twice with 2 mL acetonitrile each with intermittent centrifuga-
tion, and finally drying under vacuum. The isolated Ni (2+1 nm)
sample from [BPy][NTf,] was measured in a sealed Teflon vessel,
placed on a glass sample holder between two poles of an electro-
magnet, and vibrated at a frequency of 75Hz. The isolated Ni
(10+4 nm) sample from [LMIm][NTf,] was measured under similar
conditions in a sealed Teflon vessel in a nitrogen flow. The raw
data was corrected by subtraction of the signal of the paramagnet-
ic material. The saturation magnetization (M,), magnetic moment
(m), remanence magnetization (M,), coercive field (H), and initial
susceptibility (x;,) were calculated. The remanence magnetization
(M,) and coercive field (H,) were calculated as an average between
the positive and the negative values.

Temperature-dependent magnetization (M) measurements were
performed in the temperature range from 150 K to 300 K at a con-
stant field strength of 800 kAm™'. The lower temperature value
was limited by the liquid nitrogen cooling setup. A typical zero-
field cooled (ZFC) measurement consisted of cooling the sample to
a minimum temperature in zero field, followed by applying the
magnetic field, and slow heating at a rate of 1 Kmin™". In a field-
cooled (FC) measurement, the magnetic field was applied during
slow cooling of the sample (1 Kmin~"). Samples were measured in
the same vessels as for the room temperature measurements.

Catalysis

A Blchi stainless-steel autoclave with a glass inlet was charged
with freshly synthesized Ni/IL dispersion (0.1 g, 1.0 wt% in total
metal, 17 pmol Ni). Degassed, dry substrate (2 g) was added. For
benzene, the Ni/substrate ratio was 1:1505 and for 1-hexene the
Ni/substrate ratio was 1:1400. The reaction mixture was heated to
60-100°C (see Table 3). After reaching the reaction temperature,
the autoclave was pressurized with H, to 5 bar (Biichi pressflow
gas controller, bpc), which was kept constant by the Buichi bpc.
After the chosen time (1-60 h), the reaction was stopped, cooled
down and a 0.5 g sample was analyzed for its content by GC/MS
and NMR analysis. Conversion and selectivity were determined by
using a Shimadzu GC2014 for Ni/IL samples from [Ni(COD),]
[column Ultra2, crosslinked 5% PhMe silicone, 25 mx0.2 mmx
11 um] or a PerkinElmer headspace GC 8500 [column HS-6B, FID
detector]. '"H NMR spectra were recorded by dissolving 0.1 mL of
the sample in 0.65 mL deuterated chloroform.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



s

\®xChemPubSoc
* Europe

CHEMISTRY

A European Journal

Full Paper

Table 3. Catalytic data for the hydrogenation of 1-hexene or benzene to hexane or cyclohexane, respectively, with Ni/IL dispersions.”

Ni precursor® Catalyst (av. particle size [nm)) Substrate t [h] T[°C Conv. [%) TOF™ TOF, face™
B Ni/[BMIm][NTf,] (11) benzene 2 100 15 113 1027
B Ni/[BMIm][NTf,] (11) benzene 10 100 31 47 427
B Ni/[BMIm][NTf,] (11) benzene 60 100 91 23 209
B Ni/[BMIm][NTf,] (11) 1-hexene 1 100 93 1302 11836
B Ni/[BMIm][NTf,] (11) 1-hexene 1 60 89 1246 11327
- blank, [BMIm][NTf,] 1-hexene 2 100 1.5 10
- blank, [BMIm][NTf,] benzene 10 100 0.5 1

blank, [BPy][NTf,] benzene 10 100 0 -
- blank, [BPy][NTf,] 1-hexene 2 100 1 2
A Ni/[BPy][NTf,] (2) benzene 2 100 18 136 262
B Ni/[BPY][NTf,] (2) benzene 10 100 34 51 98
A Ni/[BPy][NTf,] (2) 1-hexene 1 100 95 1330 2560
A Ni/[BPy][NTf,] (2) 1-hexene 1 60 20 1260 2420

[a] A=[Ni(AMD),]; B=[Ni(COD),]. In a typical catalytic test reaction, Ni/IL dispersion (0.1 g, 1.0 wt% =0.001 g in total metal, 17 umol Ni) and degassed dry
substrate (2.0 g, benzene: 25.6 mmol, 1-hexene: 23.8 mmol) were stirred under 5bar H, at 60-100°C for 1-60 h. [b] TOF =[mol, g (moly) "h™'].
[c] TOFgustace = [MOloauct (MOl) ™" h™"1/(Ng/Ny) with the fraction of surface atoms Ng/Ny=0.11 for Ni/[BMIm][NTF,] and 0.52 for Ni/[BPy][NTf,] (see estimation in
text).
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Thermal stability of nickel amidinate [Ni{MeC(NiPr)z}z]
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Fig. S1 Thermogravimetric analysis (TGA) of Ni amidinate [Ni{MeC(NiPr)z}z] between 25-350
°C, heating rate 5 K/min under N, atmosphere.
The observed step after 32 min suggesting decomposition at about 180 °C and a residual mass of

about 27% is in full agreement with a literature report on the TG behavior of [Ni{MeC(NiPr)z}z].1

1 B. S. Lim, A. Rahtu, J.-S. Park, R. G. Gordon, Inorg. Chem. 2003, 42, 7951-7958.



NMR study of decomposition of [Ni{MeC(NiPr)z}z] and [Ni(COD),] in [BMIm][NTTf;]

1
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Fig. S1.1a 'H-NMR analysis (CD3;CN, 300.13 MHz, 298 K) of [Nl{MeC(N Pr),},] solution.
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1/[BMIm][NTf;]

0 85 80
Fig. S1.1b "H-NMR analysis (CD3;CN, 300.13 MHz, 298 K) of [ N1{MeC(N Pr),}2)/1
after 10 min MW heating at a power of 100 W to an approximate temperature of 220 °C in the IL

For comparison the spectrum of the IL after microwave treatment is given below in Fig. S1.1c
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Fig. S1.1c "H-NMR analysis (CD3;CN, 300.13 MHz, 298 K) of [BMIm][NTf] after 10 min MW
heating at a power of 100 W to an approximate temperature of 220 °C.
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Fig. S1.2a "H-NMR analysis (CD3;CN, 300.13 MHz, 298 K) of bis(1,5-cyclooctadiene)nickel(0)
[Ni(COD),]/[BMIm][NTf,] after 10 min MW heating at a power of 100 W to an approximate

temperature of 220 °C in the IL. Diethyl ether is a residue from the synthesis of [Ni(COD),].
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Fig. S1.2b "H-NMR analysis (CD3;CN, 300.13 MHz, 298 K) of bis(1,5-cyclooctadiene)nickel(0)
[Ni(COD),] solution.

NMR analysis of decomposition of [Ni{MeC(NiPr)z}z] in [BMIm][NTf;]:

(see. Figs. S1.1a-c)

The small additional signals in Fig. S1.1b at

S (ppm) = ~0.8 (just to the right of the IL-triplet at 0.9), ~1.7(just to the right of the IL-quintet at
1.8), 3.68 (s), 3.92 (t) or 4.02 (t), 6.90 (s), 7.01 (s) are assigned to the formation of 1-methyl-3-
butylimidazoliumylidene by deprotonation of the 2-H proton from the 1-methyl-3-butylimidazolium
cation and concomitant protonation of the amidinate to (N,N'-diisopropylacetamidine according to

eq. (S1).

Rr B Me
— MW heating —
N N \/\// \ 5 ~220°C )\ \/\// \
Me— NI D—Me + NN ——— NZ N + NN~ (s1
vy T " <
Pr ipr H
[Ni{MeC(N'Pr),},] 1-methyl-3-butyl- N,N'-bis(1-methylethyl)ethanimidamide  1-methyl-3-butyl-
= [Ni(AMD),] imidazolium cation N,N'-diisopropylacetamidine imidazoliumylidene

In the literature” the '"H NMR of 1-methyl-3-butylimidazoliumylidene is given as

"H-NMR (C¢Ds, 300 MHz): 8 = 0.72 ppm (¢, 3H, -CH3), 1.14ppm (sx, 2H, CH,-CH3) ,

1.58 ppm (g, 2H, N-CH2-CH,), 3.44 ppm (s, 3H, N-CHs;), 3.82 ppm (t, 2H, N-CH,), 6.64 ppm
(pd, 2 H, NCHCHN) (pd = pseudo-doublet).

2 see ESI of T. Linder, J. Sundermeyer, Chem. Commun. 2009, 2914-2916
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(The signal for CH,-CH; — which is at 1.14 or at 1.36 ppm in the literature NMRs — apparently overlaps in
Fig. S1.1b with the quintet at 1.3 ppm).

Concomitantly the NMR signals in Fig. S1.1b at

S (ppm) = 1.04 (d, 6H, -CH(CH3)»), 2.49 (s, 3H, N,C-CH3) and 3.42 (m, 1H, -CH(CH3),)
are assigned to the protonated amidinate, N,N'-bis(1-methylethyl)ethanimidamide (N,N'-
diisopropylacetamidine) in agreement with an NMR spectral prediction, shown below:*

3 see Supp. Info. of M. L. Cole, M. R. Gyton, J. B. Harper, Aust. J. Chem. 2011, 64, 1133-1140.
4 Predicted NMR data calculated using Advanced Chemistry Development, Inc. (ACD/Labs) Software V11.01 (©
1994-2016 ACD/Labs)
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It is also known that metal amidinate compounds can also decompose by -hydrogen elimination
according to eq. (S2),” although the resulting acetimidamide is apparently not stable since the
compound is unknown in the Scifinder data bank.

CH3
\/
CH3
H3C CHs
HC{ % ——>»  [NiHp] + 2 H%N :< S2
3 " \ [NiH,] (82)
H;C CHj3
(E)-N'-isopropyl-N-(propan-2-ylidene)acetimidamide
HsC” H “CH,

Further, metal amidinate decomposition is said to proceed by destruction of the amldlnate itself.
Mass spectrometry detected the fragment "Pr-N=C (m/z = 69) from [Cu{MeC(N'Pr),}],.
Aluminum amidinates (Al{ MeC(NiPr); }3], AI{EtC(NiPr), }3] Al{MeC(NlPr)z}(Et)z]) were also
found to produce N,N'-diisopropylcarbodiimide, 'Pr,CH-N=C=N-CH'Pr, on heating.’

NMR analysis of decomposition of [Ni(COD),]/[BMIm][NTf;]:
(see Fig. S1.2a and b)

The NMR spectrum of the dispersion (taken up in CD3;CN) of [Ni(COD),]/[BMIm][NTTf;] after 10
min MW heating at a power of 100 W to an approximate temperature of 220 °C shows essentially
only signals of the IL, some diethyl ether (brought in with [Ni(COD),]).

Small signals of [Ni(COD),] can still be seen at 2.33 ppm and 5.55 ppm (cf. to the [Ni(COD);]
spectrum in Fig. S1.2b.

57Z.Li, S. T. Barry, R. G. Gordon, Inorg. Chem. 2005, 44, 1728-1735. S. T. Barry, Coord. Chem. Rev. 2013, 257,
3192-3201.

6 J. P. Coyle, W. H. Monillas, G. P. A. Yap, S. T. Barry, Inorg. Chem. 2008, 47, 683-689.

7 A. L. Brazeau, G. A. DiLabio, K. A. Kreisel, W. H. Monillas, G. P. A. Yap, S. T. Barry, Dalton Trans. 2007, 3297—
3304.



There are two very small peaks at 2.5 and 5.5 ppm in Fig. S1.2 which we assign to 1,5-COD in line

with a literature spectrum:
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Ni-NPs from Ni amidinate [Ni{MeC(NiPr)z}z] as precursor

Ni-NPs from [Ni{MeC(NiPr)z}z] in [BMIm][PF]
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Fig. S2.2 Histogram from 63 Ni-NPs from [Ni{MeC(NiPr)z}z] in [BMIm][PFs].



Ni-NPs from [Ni{MeC(NiPr)z}z] in [BMIm][NTf;]
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Fig. S2.3 TEM of Ni-NPs in [BMIm][NTI;] Fig. S2.4 EDX spectrum of 1.0 wt% Ni-NPs
(1 wt.%) from [Ni{MeC(N'Pr),},] in [BMIm][NTf,] from [Ni{MeC(N'Pr),},].
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Fig. S2.5 Histogram from 50 Ni-NPs from Fig. S2.6 PXRD of Ni/[BMIm][NTf,]
[Ni{MeC(N'Pr),}»] in [BMIm][NT;]. (Ni-hcp reference peaks in red, COD 94715)

before catalysis.



Ni-NPs from [Ni{MeC(NiPr)z}z] in [OMIm][PFs]
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Fig. S2.7 TEM of Ni-NPs in [OMIm][PFs] Fig. S2.8 Histogram from 80 Ni-NPs from
(1 wt.%) from [Ni{MeC(N'Pr),},]. [Ni{MeC(N'Pr),},] in [OMIm][PF].
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Fig. S2.9 PXRD of Ni/[OMIm][PF]
(Ni-hcp reference peaks in red, COD 94715)
(NiO reference peaks in blue, COD 1010095).
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Fig. S2.10 Selected-area powder transmission electron diffraction (TED) showing a Debye-Scherrer

pattern of Ni (hcp) and NiF; crystals (left) and azimuthal average of the Debye-Scherrer pattern in

comparison to the reflexions of Ni (hcp) and NiF,.
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Ni-NPs from [Ni{MeC(NiPr)z}z] in [OMIm][NTTf;]

Fig. S2.11 TEM of Ni-NPs in [OMIm][NT£] (1 wt.

S5nm.
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Fig. S2.12 Histogram from 85 Ni-NPs Fig. S2.13 PXRD of Ni/[OMIm][NTTf;]
from [Ni{MeC(N'Pr),}»] in [OMIm][NTf;]. (Ni-hcp reference peaks in red, COD 9008509).
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Ni-NPs from [Ni{MeC(NiPr)z}z] in [LMIm][BF4]
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Fig. S2.15 Histogram of 60 particles
of Ni/[LMIm][BF4] (1 wt.%).

Fig. S2.14 TEM of Ni-NPs in [LMIm][BE4] (1 wt.%) from [Ni{MeC(N'Pr),},].
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Fig. S2.16 PXRD of Ni/[LMIm][BF,]

(Ni-hcp reference peaks in red, COD 9013007),
(NiO reference peaks in blue, COD 1010095),
(NiF; reference peaks in green, COD 9007538).

13



TED Ni LMBF,4 Avg

250] — TED

—— Ni(hep)

111

intensity [a.u.]

3 4 5 6 7 8 9 10
reciprocal distance [1/nm]

Fig. 2.17 Selected-area powder TED showing a Debye-Scherrer pattern of Ni (hcp) and NiO

crystals (left) and azimuthal average of the pattern in comparison to the reflexions of Ni (hcp) and

NiO (right).
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Ni-NPs from [Ni{MeC(N'Pr),},] in [LMIm][PFq]

Fig.
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Fig. S2.19 Histogram of 53 particles of Ni/[LMIm][PF¢] (1 wt.%).
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Fig. S2.20 Selected-area powder transmission electron diffraction showing a Debye-Scherrer

pattern of Ni (hcp) and NiF,; crystals (left) and azimuthal average of the SAED in comparison to the

reflexions of Ni (hcp) and NiF,; (right).
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Ni-NPs from [Ni{MeC(NiPr)z}z] in [LMIm][NTf;]

50 0n
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Fig. $2.21 TEM of Ni-NPs in [LMIm][NTf,] (1 wt.%) from [Ni{MeC(N'Pr),},].
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Fig. S2.22 Histogram of 67 particles
of Ni/[LMIm][NTf;] (1 wt.%).
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Fig. S2.23 PXRD of Ni/[LMIm][NTf,] (1 wt.%)

(Ni-hcp reference peaks in red, COD 9008509)
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Fig. S2.24 Selected-area powder transmission electron diffraction showing a Debye-Scherrer

pattern of Ni (hcp) crystals (left) and azimuthal average of the SAED pattern in comparison to the
reflexions of Ni (hcp) (right).
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Ni-NPs from [Ni{MeC(NiPr)z}z] in [BuPy][PF]

Fig. $2.25 TEM of Ni-NPs in [BuPy][PFq] (I wt.%) from [Ni{MeC(N'Pr),},].
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Fig. S2.26 Histogram of 87 Ni-NPs from [Ni{MeC(NiPr)z}z] in [BuPy][PFs].
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Ni-NPs from [Ni{MeC(NiPr)z}z] in [LPy][PF¢]

Fig. $2.27 TEM of Ni-NPs in [LPy][PFs] (1 wt.%) from [Ni{MeC(N'Pr),},].
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Fig. S2.28 Histogram of 70 Ni-NPs from Fig. S2.29 PXRD of 1.0 wt% Ni/[LPy][PFs].
[Ni{MeC(N'Pr),},] in [LPy][PFg]. (Ni-hcp, reference peaks in red, COD 9008509),

(NiO reference peaks in black, COD 1010095),
(NiF; reference peaks in green, COD 9007538)
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Fig. S2.30 Selected-area powder transmission electron diffraction showing a Debye-Scherrer

pattern of NiO crystals (left) and azimuthal average of the SAED pattern in comparison to the
reflexions of NiO (right).
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Ni-NPs from [Ni{MeC(NiPr)z}z] in [OTh][PF¢]

Fig. S2.31 of Ni-NPs in [OTh][PFe] (1 wt.%) from [Ni{MeC(N'Pr),},].
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Fig. S2.32 Histogram of 50 Ni-NPs from [Ni{MeC(NiPr)z}z] in [OTh][PFs].
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Ni-NPs from [Ni(COD),] as precursor

Ni-NPs from [Ni(COD);] in [BMIm][BF4]
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Fig. S3.1 TEM of Ni/[BMIm][BF,]. Fig. S3.2 EDX of Ni-NPs from [Ni(COD);] in
(1 wt.%) [BMIm][BF4].
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Fig. S3.3 PXRD of 1.0 wt% Ni/[BMIm][BF,]. (Ni-
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Fig. S3.4 TEM of Ni/[BMIm][PFq]
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Fig. S3.5 EDX of Ni-NPs from [Ni(COD),] in
[BMIm][PF].
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Ni-NPs from [Ni(COD),] in [BMIm][NTTf;]
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Fig. S3.6 TEM of Ni/[BMIm][NTf;] Fig. S3.7 EDX of Ni-NPs from [Ni(COD);] in
(1 wt.%). [BMIm][NTf;].
Ni-NPs from [Ni(COD),] in [OMIm][PF¢]
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Fig. S3.8 TEM of Ni/[OMIm][PF¢] Fig. S3.9 EDX of Ni-NPs from [Ni(COD);] in
(1 wt.%). [OMIm][PFg].
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Figure S3.10 PXRD of 1.0 wt% Ni-NPs in [OMIm][PFg]. (Ni-hcp reference peaks in red, COD

9013007).
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Ni-NPs from [Ni(COD);] in [LMIm][PF]

Fig. $3.11 TEM of Ni/[LMIm][PFs] (1 wt.%).
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Ni-NPs from [Ni(COD),] in [BuPy][NTf;]

[11] -
-
[120] *

Fig. S3.12 (Left) HR-TEM image of Ni/[BuPy][NTf,] with 1.0 wt% Ni-NPs in IL from Ni(COD),
showing several attached nanoparticles with lattice fringes. (Top right) Diffractogram of the well
oriented particle from the left image showing Bragg reflexions of the [211] orientation of Ni (hcp).
(Bottom right) Structure model of Ni (hcp) (COD 9008509) projected along [211] with the unit cell

axes and the angle y = 120° indicated.
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Fig. S4.2 Size of Ni nanoparticles from
Ni(COD); in different imidazolium based ILs
depending on the anion size [BF4], [PF¢],
[NTS,] .

Table S1 Phase and average diameter of Ni-NPs from [Ni{MeC(NiPr)z}z] (1 wt.%) in different ILs

IL phase of Ni-NPs @ — Ni-NPs [nm] @ — Ni-NPs [nm
from PXRD from HR-TEM from PXRD*

[LMIm][BF4] Ni, hep, NiO T+2 30

[LMIm][NTf,] Ni, hep 10+4 14

[OMIm][NTf,] Ni, hep 10+£3 -—-

[LPy][PFs] NiO 341 28

* PXRD, from Scherrer equation (Scherrer factor = 1)
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NMR analysis of selected ILs before and after microwave heating:

H,Oin

CD,;HCN CD;HCN

o T I
10 05 0

T T T T
4.0 35 3.0

?
1817 ?
201{

089 ¢

T
7.0 6.5 6.0 55 5.0 45
f1 (ppm)

8.5 8.0 7.5
Fig. $5.1 "H-NMR analysis (CD3;CN, 300.13 MHz, 298 K) of [BMIm][NTf,] before 10 min MW

heating at a power of 100 W to an approximate temperature of 220 °C.

H,Oin
CD,HCN
CD,;HCN
ﬂ M L JL_J M S
M T T o T T
75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 o
f1 (ppm)

) 85 80 .
Fig. S5.2 "H-NMR analysis (CD3;CN, 300.13 MHz, 298 K) of [BMIm][NTf] after 10 min MW

heating at a power of 100 W to an approximate temperature of 220 °C.
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Fig. S5.3 BC-NMR analysis (CD3;CN, 75 MHz, 298 K) of [BMIm][NTf5] after 10 min MW heating

at a power of 100 W to an approximate temperature of 220 °C.
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Fig. S5.4 "H-NMR analysis (CD3;CN, 300.13 MHz, 298 K) of [OMIm][NTf;] before 10 min MW

heating at a power of 100 W to an approximate temperature of 220 °C. The acetone signal is due to

residual cleaning solvent from incomplete drying of the NMR tubes.
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Fig. S5.5 'H-NMR analysis (CD3;CN, 300.13 MHz, 298 K) of [OMIm][NTf;] after 10 min MW
heating at a power of 100 W to an approximate temperature of 220 °C. The acetone signal is due to
residual cleaning solvent from incomplete drying of the NMR tubes.
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Fig. $5.6 "C-NMR analysis (CD;CN, 75 MHz, 298 K) of [OMIm][NTf,] after 10 min MW heating
at a power of 100 W to an approx. temperature of 220 °C. The acetone signal is due to residual
cleaning solvent from incomplete drying of the NMR tubes. Dichloromethane is a residue from
extraction of the aqueous phase after anion exchange to recover most of the IL from this aqueous
phase.

21 Dichlormethane

s o
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Fig. S5.7 "H-NMR analysis (CD3;CN, 300.13 MHz, 298 K) of [LMIm][PF¢] before 10 min MW

heating at a power of 100 W to an approximate temperature of 220 °C. The acetone signal is due to

residual cleaning solvent from incomplete drying of the NMR tubes. 1-Methylimidazole is residual
starting material.
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Fig. S5.8 "H-NMR analysis (CD3;CN, 300.13 MHz, 298 K) of [LMIm][PF¢] after 10 min MW

heating at a power of 100 W to an approximate temperature of 220 °C. The acetone signal is due to

residual cleaning solvent from incomplete drying of the NMR tubes.
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Fig. S5.9 BC-NMR analysis (CD3;CN, 75 MHz, 298 K) of [LMIm][PF¢] after 10 min MW heating
at a power of 100 W to an approximate temperature of 220 °C.
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Kumulativer Teil

3.2 Soft wet-chemical synthesis of Ru-Sn nanoparticles from single-

source ruthenocene-stannole precursors in an ionic liquid

Susann Wegner, Masaichi Saito, Juri Barthel, Christoph Janiak
J. Organomet. Chem. 2016, 821, 192-196
DOI: 10.1016/j.jorganchem.2016.05.010, Quelle [4]

Die mikrowelleninduzierte Zersetzung der Single-Source Vorlauferverbindungen eines
neutralen Triple-Decker Ruthenocens (1) und eines anionischen Ruthenocens (2), beide
einen Stannolliganden enthaltend in der ionischen Flussigkeit 1-Butyl-3-Methylimidazolium-
tetraflouroborat ([BMIm][BF,]), ergibt bimetallische Ruthenium-Zinn Nanopartikel. Partikel der
ungefahren Zusammensetzung Ru,Sn (aus 1) und RuzSn; (aus 2) wurden in dieser milden,
nasschemischen Synthese erhalten. Transmissionselektronenmikroskopie (TEM) zeigte die
Bildung 2 — 6 nm groBer Partikel von Ru,Sn mit einer mittleren Elementarzusammensetzung,
bestimmt mittels energiedispersiver Rontgenspekiroskopie (EDX). Kristalline RusSn;
Nanopartikel zusammen mit a-Sn Nanopartikeln mit einer GréBe von 10 — 50 nm (aus TEM)
wurden mittels Réntgenpulverdiffraktogramm und der Elementzusammensetzung aus EDX

als RusSn; und a-Sn-Phase aufgeklart.

Anteil an der Veroffentlichung:

- Synthese der bimetallischen Nanopartikel in der IL [BMIm][BF,] und vollstandige
Charakterisierung dieser tber PXRD, TEM, SAED und EDX.

- Konzipierung und Schreiben des Manuskripts sowie die Bearbeitung des Manuskripts
nach Revision

- Die Precursoren wurden von Herrn Prof. Dr. Masaichi Saito synthetisiert,
charakterisiert und bereitgestellt.

- Unterstutzung bei TEM- und SAED-Aufnahmen erfolgte Gber Herrn Dr. Juri Barthel.

- Die Korrekturen des Manuskripts wurden von Herrn Prof. Dr. Christoph Janiak
vorgenommen, ebenso erfolgte auch die Koordination zwischen den Co-Autoren tber
ihn.
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Microwave-induced decomposition of the single-source precursors of a neutral triple-decker ruth-
enocene (1) and an anionic ruthenocene (2) both bearing a stannole ligand in the ionic liquid 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIm][BF4]) gives bimetallic ruthenium-tin nanoparticles. Par-
ticles of approximate composition Ru,Sn (from 1) and RusSn; (from 2) were obtained in this soft, wet-
chemical synthesis. Transmission electron microscopy (TEM) showed the formation of 2—6 nm particles
of Ru,Sn with its average elemental composition determined from energy dispersive X-ray spectroscopy
(EDX). Crystalline RusSny nanoparticles together with «-Sn nanoparticles of 10—50 nm (from TEM) were

elucidated by positive matching of the powder-X-ray diffractogram to the RusSn; and o-Sn phase and the

Keywords:

Nanoparticles
Ruthenium-tin alloy

Soft wet-chemical synthesis
Ionic liquid

Single-source precursor

element composition from EDX.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Intermetallic Ru/Sn alloys are used as bimetallic catalysts, e.g.,
for the selective hydrogenation of levulinic acid to y-valerolactone
[1,2], lactic acid to 1,2-propanediol [3], or methyl oleate to oleyl
alcohol [4]. Such Ru/Sn alloys are, so far synthesized in a dual-
source approach by combining the metal chlorides RuCls, SnCly,
SnCl, or the nitrates Ru(NO)(NOs3)3, Ru(NOs3); and Sn(OAc), fol-
lowed by hydrogen reduction at elevated temperatures up to 723 K
[1,3,4].

Particularly bimetallic nanoalloys are interesting for use in
colloidal and heterogeneous catalysis [5—7]. Bottom-up synthesis
of nanoalloys by soft, wet-chemical methods [8,9] in organic sol-
vents from organometallic complexes is a mild and controlled ac-
cess to metals and alloys in the nanometer scale regime [10—12].
Polynuclear ruthenium carbonyl-triphenylstannane cluster com-
plexes can be converted to heterometallic nanoparticles which are

* Corresponding author.
E-mail addresses: masaichi@chem.saitama-u.acjp (M. Saito), Ju.Barthel@fz-
juelich.de (J. Barthel), janiak@uni-duesseldorf.de (C. Janiak).

http://dx.doi.org/10.1016/j.jorganchem.2016.05.010
0022-328X/© 2016 Elsevier B.V. All rights reserved.

active nanoscale catalysts for the hydrogenation of unsaturated
organic molecules, such as 1,5,9-cyclododecatriene. The mixing of
tin with platinum-group metal catalysts can reduce the amount of
precious metal and at the same time give substantial improvements
in product selectivities without major losses in activity [10].

lIonic liquids (ILs) have become alternatives to traditional
aqueous or organic solvents [11,12] for the preparation of materials
through ionothermal synthesis [13—15]. ILs are now established for
the inherent stabilization of metal nanoparticles [16] which were
prepared from metal salts [ 177—20] organometallic metal complexes
[21,22] and metal carbonyls [23]. Microwave irradiation (MWI)
induces thermal decomposition of organometallic compounds in
ILs as a fast and energy-saving access to metal nanoparticles. ILs
have a high absorption efficiency for microwaves because of their
ionic character, high polarity, and high dielectric constant [24]
Different to conductive heating, microwave radiation directly
heats the reaction mixture and not primarily the vessel. It is the ILs
in the reaction mixture, which absorbs the microwave energy. This
leads to localized superheating, very fast and efficient heating rates.
Temperatures of 200 °C and above are reached within seconds
[25—28]. Metal particles formed by thermal decomposition of
molecular precursors can also absorb the MW radiation which
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leads to effective growth and annealing.

Here we communicate the use of the single-source triple-decker
ruthenocene (1) and the anionic ruthenocene (2) both bearing a
stannole ligand [29] as metal-organic precursors for the synthesis
of bimetallic ruthenium-tin nanoparticles in the ionic liquid 1-
butyl-3-methylimidazolium  tetrafluoroborate  ([BMIm][BF4])
(Scheme 1).

2. Experimental part
2.1. Materials and methods

All experimental manipulations were performed under an inert
nitrogen or argon atmosphere by using standard Schlenk line and
glove-box techniques. The Ru-Sn precursors were synthesized as
described in Ref. [29].

The ionic liquid [BMIm][BF4] was synthesized by treating 1-
methylimidazole with 1-chlorobutane to yield first [BMIm][CI]
which was further reacted with HBF4 to give [BMIm][BF4]. The IL
was dried under high vacuum (10~7 mbar) at 80 °C for several days.
Quantitative anion exchange and, thus, IL purity of >99% was
assessed by ion chromatography (Dionex ICS-1100, with IonPac®
AS14, 4 x 250 mm column). Water content was measured by
coulometric Karl Fischer titration (ECH/Analytik Jena AQUA 40.00)
to below 10 ppm.

Powder X-ray diffractograms (PXRD) were measured on a
Bruker D2 Phaser using a flat, low background sample holder and
Cu-Ko, radiation (A = 1.54182 E, 35 kV). Samples had been precip-
itated with acetonitrile from the NP/IL dispersion and washed with
acetonitrile. All samples were prepared for the measurement under
inert atmosphere on the sample holder, which was closed in the
glovebox.

Transmission electron microscopy (TEM) micrographs were
taken on a FEI Tecnai G20 operating at an accelerating voltage of
200 kV. Samples were prepared using 200 pm carbon-coated gold
grids. The size distribution was determined from a minimum of 60
nanoparticles. Energy dispersive X-ray (EDX) spectra were obtained
on a FEI Tecnai f20, at 136 kV; the exposure time for individual EDX
spectra was 3 min.

‘BuMe,Si.,, RY .Ph
c

AN

SNy Ph Sn Ph
M63Si R':LI tBl.l'\/lezsi
[Li(THF)J*
1 or 2
\/\/NQQD/N\ BFy microwave irradiation (M)
50 W, 15 min
1-n-butyl-3-methyl-imidazolium (to 220 °C)

tetrafluoroborate
[BMIm][BF 4]

Ru,Sn-NPs Ru3Sn;-NPs
from 1 from 2

Scheme 1. Microwave-assisted thermal decomposition of single-source ruthenocene-
stannole precursors 1 and 2 to bimetallic Ru/Sn-NPs in the IL [BMIm][BF,].

2.2. Synthesis

Each precursor was dissolved/suspended (24 h) under argon
atmosphere in the glovebox at room temperature in dried [BMIm]
[BF4] to yield a 0.3 and 0.2 wt% in total metal (Ru + Sn) NP
dispersion for 1 and 2, respectively.

A portion of 1.8 mg (0.0018 mmol) of precursor 1 was combined
with 0.15 mL (0.18 g) of [BMIm][BF4].

A portion of 5.76 mg (0.0052 mmol) of precursor 2 was added to
0.47 mL (0.57 g) of [BMIm][BFy4].

Each mixture was placed in a microwave (CEM, Discover) under
an inert nitrogen atmosphere and the precursors were thermally
decomposed by microwave irradiation for 15 min at a power of
50 W reaching a temperature reading of 220 °C (see Scheme 1).

3. Results and discussion

From the amounts of precursors (1.8 or 5.76 mg) available only
a fraction (33% for 1 and 20% for 2) corresponds to the Ru + Sn
metal content and, hence, only a small mass amount (maximal 0.6
or 115 mg, respectively) was formed as metal nanoparticles.
Consequently, the analyses, which could be performed with such a
small amount, were limited. In this respect, the communication is
only a ‘proof-of-principle’ that the ruthenocene-stannole com-
pounds 1 and 2 are suitable precursors to defined bimetallic Ru/
Sn-NPs.

The TEM images (Fig. 1a,b) of the nanoparticles from precursor
1 show particles with a diameter from 2 to 6 nm (@ 4.3 + 1.5 nm)
(see histogram in Fig. 1c). Close-up views during TEM measure-
ments showed interference patterns (lattice planes) in the nano-
particles, which is an indication to crystallinity and is also
supported by the reflections in the selected area electron diffrac-
tion (SAED) image (Fig. 1d). The energy-dispersive X-ray (EDX)
spectrum (Fig. 1e) yielded a molar atom ratio of Ru and Sn as 64%:
36% which matches the composition Ru,Sn. This is the ratio which
was provided by the precursor. The EDX analysis was integrated
over a larger sample region. Further studies could check for vari-
ations of the individual nanoparticle composition. The EDX spec-
trum also included a signal of silicon (Si) which was present in the
precursor.

The TEM images (Fig. 2a-c) of the nanoparticles from precursor
2 displayed facetted particles with a broader diameter distribution
from 10 to 50 nm (@ 29 + 12 nm) (see histogram in Fig. 2d). The
high-resolution TEM micrographs in Fig. 2b and c display lattice
planes giving evidence of crystallinity, which is also supported by
the reflections in the SAED pattern of Fig. 2e. The energy-dispersive
X-ray (EDX) spectrum (Fig. 2f) yielded a molar atom ratio of Ru to Sn
as 17%: 83% or ~1:5, notably different from the 1:1 precursor ratio.
Again, the EDX analysis was integrated over a larger sample region.
Further studies could check for variations of the individual nano-
particle composition.

The amount of nanoparticle sample from precursor 2 also
allowed collecting a powder X-ray diffractogram (PXRD). The PXRD
shows reflections which coincide with the reflections of cubic
RusSn; (Fig. 3). The PXRD shows also reflections for «-Sn and
perhaps traces of hexagonal Ru. All prominent signales are matched
by referencing to the RusSn; and ¢-Sn phase with the reference
peaks slightly shifted towards smaller lattice constants. Small shifts
in PXRD patterns are not uncommon for nanoparticles. A number of
effects can be considered for such shifts including range of stoi-
chiometric composition, partly inhomogeneous element distribu-
tion, defects such as stacking and twin faults and nanosized
crystalline domains being much smaller than the bulk reference
material causing lattice contraction or expansion and strain [30,31].
Known Ru-Sn alloys include the phases RuySns, RuSn, and RusSny.
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Fig. 1. Analysis of nanoparticles obtained from precursor 1 in the IL [BMIm][BF4]. (a,b) TEM images; (c) particle diameter histogram based on measuring 130 particles, each bar
covers the range of +0.25 nm around its mid-point; (d) SAED pattern taken from a few particles; (e) EDX spectrum (C and Au signals are due to support film and sample holder,

respectively).
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Fig. 2. Analysis of nanoparticles obtained from precursor 2 in the IL [BMIm][BF;]. (a—c) TEM images; (c) includes a Fourier power spectrum for the red-squared image region
corresponding to RusSny in [210] zone-axis orientation; (d) SAED pattern recorded from a few particles; (e) particle diameter histogram based on measuring 100 particles, each bar

covers the range of +1 nm around its mid-point; (f) EDX spectrum (C and Au signals are due to support film and sample holder material, respectively). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

The latter is found to be the most stable compound in the Ru-Sn
system and to be in equilibrium with Sn [32]. We note that small
nanoparticles will have a considerable amount of the atoms
forming the particles at their surfaces and therefore in large parts

the atom packing will also differ from the bulk description of the
phase.

4. Conclusions

We have described here in a ‘proof-of-principle’ study a simple
way of decomposing organometallic Ru/Sn precursors to obtain Ru/
Sn nanoparticles in a soft, wet-chemical synthesis. The organo-
metallic precursors were dispersed in an ionic liquid and subjected
to microwave induced heating. No extra stabilizers were added. The
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Fig. 3. PXRD of the nanoparticles from precursor 2. RusSn; reference peaks in red
(from crystallographic open database, COD 2200583), o-Sn reference peaks in blue
(COD 9008570), potential hexagonal Ru reference peaks in green (COD 9008513). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

nanophase RusSny, obtained from the RuSn precursor 2 could be
identified by PXRD.
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4.0 Unveroffentlichte Arbeit

4.1 Einleitung
Mono — und bimetallische Nanopartikel und deren Anwendung fiir die Katalyse
Monometallische Nanopartikel

Innerhalb der letzten 10 Jahre hat sich die Forschung sehr stark auf Metall-Nanopartikel (M-
NPs) und deren Anwendung in der Katalyse fokussiert. Vor allem die Kombination von M-
NPs und ILs erdffnet ein weites Feld sowohl flir die homogene als auch flr die heterogene
Katalyse [5]. Edle Ubergangsmetallnanopartikel wie Pt, Pd und Au eignen sich firr selektive
Hydrierungsreaktionen von aromatischen Chlornitroverbindungen [6], C-C-Kreuzkupplungs-
reaktionen [7] und der katalytischen Reduktion von 4-Nitrophenol [8].

Andere Ubergangsmetallnanopartikel wie Fe, Co, Ni, Ru, Rh, Os und Ir sind gute
Katalysatoren fur die Semihydrierung von Alkinen zu Alkenen [9], Fischer-Tropsch
Reaktionen [10], Olefin- [11] und Arenhydrierung [12,13] sowie flr die Hydrierung von
Nitrobenzol [14] und Styrol [15]. Vor allem IL-stabilisierte Ru-NPs finden eine breite
Anwendung fir Hydrierungsreaktionen. Die Olefin- und Arenhydrierung liefert mit diesem
Katalysator sehr gute Ergebnisse [5]. Eine flr die Industrie sehr wichtige Katalysereaktion, ist
die selektive Hydrierung von Benzol zu Cyclohexen [16]. So erhielten Schwab et al. auf Al,O;
getragerte und in Wasser mit wenigen Anteilen IL ([BMIm][OTf], [BMIm][BF,]) synthetisierte
Ru-NPs mit einer GréBe von 1.4 — 4.1 nm und konnten zeigen, dass die Zugabe von kleinen
Anteilen IL zum Reaktionsgemisch einen Einfluss auf die Selektivitdt der Hydrierung hat.
Einen wesentlichen Vorteil bildet die selektive Hydrierung von Benzol zu Cyclohexen
dahingehend, dass die vollstdndige Hydrierung zu Cyclohexan fir die Bildung von

Cyclohexanol und weiter zu e-caprolactam nicht nétig ist [16].

Die Semihydrierung von Benzol zu Cyclohexen mit Ru-NPs in IL ohne Tragermaterial wurde
von Silveira et al. beschrieben [17]. Die kontrollierte Zersetzung von [Ru(cod)(cot)] in
verschiedenen ILs, hier [BMIm][BF,], [BMIm][PFs] und [BMIm][CF3;SO3], lieferte kleine
isolierte Nanopartikel (Abb. 4.1.1) mit einem Nanopartikeldurchmesser von 2.6 £ 0.4 nm.
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Abb. 4.1.1: TEM-Aufnahme der Ru-NPs in der IL [BMIm][PF¢] mit der dazugehdrigen
GroéBenverteilung [17]. Adaptiert mit Erlaubnis von Quelle [17], Copyright 2004 Wiley

Eine Lésung dieser Ru-NPs wurde fir die Hydrierung von Benzol zu Cyclohexene unter
milden Bedingungen (75 °C, 4 atm) eingesetzt und resultierte in Umséatzen bis zu 73%.
Silveira et al. konnte zeigen, dass die hdéchste Cyclohexen-Selektivitat mit Ru-NPs in der IL
[BMIm][PF¢] erreicht wurden, im Vergleich zu den in [BMIm][BF,;] und [BMIm][CF3;SO;3]
synthetisierten Ru-NPs. Des Weiteren wiesen die ungetragerten Ru-NPs eine hdhere
katalytische Aktivitat auf, als die getragerten Ru-NPs.

Hohe Selektivitaten und Umsatze werden ebenfalls bei der Hydrierung von Cyclohexen zu
Cyclohexan mit getragerten Ir-NPs und ungetragerten Ru-NPs erreicht [18,19]. Vollmer et al.
erhielten mittels mikrowellengestitzter Synthese kleine, nicht agglomerierte, kristalline Ru-
NPs in der IL [BMIm][BF,] mit einem Nanopartikeldurchmesser von 1.6 + 0.3 nm (Abb. 4.1.2)
und erreichten mit diesem Katalysator fir die Hydrierung von Cyclohexen zu Cyclohexan
hohe Umsatze bis zu 95% (Abb. 4.1.3).

Abb. 4.1.2: TEM- Aufnahme der Ru- NPs in der IL [BMIm][BF,] mit dazugehdrigem Beugungsbild
(SAED), welches die Kristallinitat der Partikel zeigt [18]. Adaptiert mit Erlaubnis von Quelle
[18], Copyright 2010 Wiley
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Der Katalysator zeigte eine Aktivitat bis zu sieben Runs und die Umséatze wurden mittels H,-

Aufnahmekurven verfolgt.
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Abb. 4.1.3: Hydrierung von Cyclohexen zu Cyclohexan, katalysiert durch Ru-NPs unter milden
Bedingungen (links, bearbeitete Wiederdarstellung nach Lit. [18]). Ho-Aufnahmekurve des
ersten bis siebten Hydrierungszyklus in Abhangigkeit der Zeit (rechts) [18]. Adaptiert mit
Erlaubnis von Quelle [18], Copyright 2010 Wiley.

Marcos-Esteban et al. war es mdglich bei der vollstandigen Hydrierung von Benzol zu
Cyclohexan ebenfalls hohe Umsétze bis zu 91% zu erreichen [19]. Als Katalysator flr diese
Reaktion wurden sehr kleine Ir-NPs mit einem mittleren Partikeldurchmesser von 1.0 + 0.4
nm eingesetzt, welche auf thermisch reduziertem Graphitoxid (TRGO) getragert und mittels
Mikrowellenstrahlung synthetisiert wurden. Als Reaktionsmedium diente hier die IL
[BMIm][BF,]. Die Ir-NPs zeigten eine ahnliche katalytische Aktivitat bis zu 10 Runs fir die
Hydrierung von Benzol zu Cyclohexan unter milden Bedingungen (Abb. 4.1.4) [19].
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Abb. 4.1.4: Hydrierung von Benzol zu Cyclohexan katalysiert durch Ir-NPs@TRGO in der IL
[BMIm][BF,] (links, bearbeitete Wiederdarstellung nach Lit. [19]). H>-Aufnahmekurve des
ersten bis vierten Hydrierungszyklus in Abhangigkeit der Zeit (rechts) [19]. Nachdruck aus
Quelle [19] Copyright 2015 mit Erlaubnis von Elsevier.

Bimetallische Nanopartikel

Bimetallische Nanoverbindungen bilden interessante Katalysatoren im Bereich der
heterogenen Katalyse [20]. Die meisten dieser ,Nanokatalysatoren® beinhalten edle
Ubergangsmetalle, wie Pt, Pd oder Au. So spielen PtRu-NPs als Katalysator eine wichtige
Rolle bei der elektrochemischen Oxidation von Methanol in Brennstoffzellen [20].
Verschiedene PdGa Verbindungen wurden von ArmbrUster et al. fir die Semihydrierung von
Alkinen zu Alkenen beschrieben [21]. Sie fanden heraus, dass intermetallische
Verbindungen, wie Pd;Ga;, PdGa sowie auch Pd.Ga sehr gute Katalysatoren flr die
Semihydrierung von Acetylen zu Ethylen mit hohen Selektivitdten darstellen (Abb. 4.1.5).
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Abb. 4.1.5: Ethylenselektivitat in % in Abhangigkeit zur TOF der Acetylenhydrierung im Vergleich zu
Modellsystemen und technischen Katalysatoren [21]. Adaptiert mit Erlaubnis von Quelle
[21], Copyright 2010 American Chemical Society.

Im Allgemeinen sind Pd Katalysatoren sehr gut flur die Actelyenhydrierung geeignet. Ein
Problem, welches bei dieser Semihydrierung entstehen kann, ist die ,Durchhydrierung® von
Ethylen zu Ethan. Um diesem Problem vorzubeugen ist es méglich, den eingesetzten Pd
Katalysator mit Ag zu unterstitzen, so, wie es in der Arbeit von Zea et al. durchgefihrt und
beschrieben worden ist [22].

Ein weiterer Nachteil, der alle edlen Ubergangsmetallkatalysatoren betrifft, ist, dass diese
sehr teuer sind und es sowohl flr die industrielle als auch wissenschaftliche Forschung von
groBer Bedeutung ist, diese durch kostenglnstigere Metalle zu ersetzen. ArmbrUster et al.
gelang es fir die heterogene Hydrierung eine kostenginstigere Alternative zu den teuren Pd
Katalysatoren zu finden [23]. Sie setzen 20 mg ungetragertes AlizFe, fir katalytische Tests in
Ethylen ein und erhielten mit diesem Katalysator hohe Umsatze und eine hohe
Ethylenselektivitat von 81 — 84% (Abb. 4.1.6). Die Semihydrierung zu Acetylen wurde 20 h
bei einer Temperatur von 200 °C durchgefihrt.

94



Unveroffentlichte Arbeit

100

40 4 Al sFe, _—— —
Pd/Al,O, -——— —
Industrial benchmark --- ——

Conversion, selectivity (%)

Time (h)

Abb. 4.1.6: Umsatz und Selektivitat fir Ethylen mit Al;;Fe,4 als Katalysator im Vergleich zu
getragertem Pd und einem industriellen Katalysator [23]. Adaptiert mit Erlaubnis von
Macmillan Publishers Ltd: Nature Materials [23], Copyright 2012.

Eine andere Mdglichkeit, edle Ubergangsmetalle fir die Anwendung in der Katalyse zu
ersetzen, wurde von Schitte et al. gefunden [24]. Hierbei wurde die Synthese
intermetallischer NiGa Nanomaterialien und deren Anwendung fur die selektive
Semihydrierung von Alkinen zu Alkenen beschrieben. Sowohl fur die Semihydrierung von
1-Octin zu 1-Octen, als auch fur Diphenylacetylen zu Diphenylethylen lieBen sich hohe
Selektivitdten von 94 bzw. 87% erzielen. Fir den Katalysator wurden unterschiedliche
Molverhaltnisse von 1:1 und 3:1 des Dual-Source Precursors [Ni(COD),] und GaCp* gewahlt
und Nanopartikel mit einer mittleren Partikelgré3e von 14 + 5 nm far NiGa-NPs bzw. 17 + 4
nm fir NizGa-NPs erhalten. Der Precursor wurde mittels Mikrowellenstrahlung in der IL
[BMIm][BF,] zersetzt (Abb. 4.1.7 und Abb. 4.1.8).

[BMIm][BF,]
x [N(COD),] + y GaCp* @
MWI, 50 W, 10 min., 220 °C
-COD, -Cp* Ni,Ga,

Abb. 4.1.7: Synthese von NiGa und Ni;Ga Nanopartikeln mittels Mikrowellenstrahlung in der IL
[BMIm][BF,] (bearbeitete Wiederdarstellung nach Lit. [24]).
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Abb. 4.1.8: HAADF-STEM Aufnahmen der NiGa-NPs (links) und Ni3Ga-NPs (rechts) [24]-Published
by the Royal Society of Chemistry.

Sowohl die NiGa-NPs als auch die Ni;Ga-NPs eigneten sich als Katalysatoren fiir die
Semihydrierung von 1-Octin zu 1-Octen bzw. Diphenylacetylen zu Diphenylethylen, welche
nach nachfolgendem Schema durchgefthrt wurde (Abb. 4.1.9).

Ph—=——Ph
/\/\/\\\

o NiGa-NPs H,, 120 °C NiGa-NPs
gzb 1ng hC bzw. 5bar,3h | bzw.
ar Ni;Ga-NPs Ni;Ga-NPs
—vPh
NS /
Ph
+
+
Ph
P N e Ph”

Abb. 4.1.9: Schema der Semihydrierung von 1-Octin zu 1-Octen und Diphenylacetylen zu
Diphenylethylen unter milden Bedingungen (bearbeitete Wiederdarstellung nach Lit. [24]).

Des Weiteren beschrieben Schitte et al. die Darstellung von CuZn Nanopartikeln fir eine
madgliche Anwendung in der industriell wichtigen Methanol Synthese [25].

Methanol ist eines der weltweit wichtigsten Chemikalien und wird Gber die Syntheseroute mit
Syngas, CO, und einem Cu/ZnO/Al,O; Festkdrperkatalysator hergestellt. Schitte et al. war
es moglich, B-CuZn Nanopartikel und y-CuszZn Nanopartikel aus den entsprechenden
Amidinaten {[Me(C(N'Pr),]JCu}, and [Me(C(N'Pr),].Zn herzustellen und in der IL [BMIm][BF,]
zu stabilisieren. Das fur die Synthese eingesetzte Molverhaltnis betrug fir die B-CuZn
Nanopartikel 1:1  und fir die y-CuzZn Nanopartikel 3:1 (Abb. 4.1.10).
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x {[Me(C(NiPr),]Cu}, [BMIm][BF ] %
N .
y [Me(C(NiPr),],Zn  MWI, 50 W, 10 min., 220 °C ~ A-CuZn
bzw.
7-CusZn

Abb. 4.1.10: Synthese von B-CuZn und y-CusZn Nanopartikeln mittels Mikrowellenstrahlung in der IL
[BMIm][BF,4] (bearbeitete Wiederdarstellung nach Lit. [25]).

Die B-CuZn und y-CuzZn Nanopartikel wiesen eine breit verteilte mittlere PartikelgréBe von

14 — 51 nm auf und waren kaum agglomeriert (Abb. 4.1.11).

100 nm

Abb. 4.1.11: HAADF-STEM Aufnahmen der 8-CuZn-NPs (links) und y-CusZn-NPs (rechts) [25]-
Published by the Royal Society of Chemistry.

In den nachfolgenden Studien zur Methanol-Synthese fanden Schitte et al. heraus, dass die
B-CuZn-NPs, stabilisiert in der IL [BMIm][BF,], einen guten Katalysator fir diese Synthese
darstellten (Abb. 4.1.12). Wahrend der Synthese war eine Induktionsphase zwischen der
ersten und zweiten Stunde zu beobachten, die notwendig fir den Start der Reaktion war.
Schitte et al. vermuteten, dass sich wahrend der Induktionszeit Cu und ZnO bildeten und
wiesen dies auch nach der Katalyse nach [25]. Wahrend der Induktionszeit, wo noch kein
Methanol gebildet wurde, bildete sich in der Legierung Cu/ZnO hauptsachlich ZnO. Der
Grund fir die Zn-Oxidation lag, laut Schitte et al. daran, dass sich ein Gleichgewicht
zwischen den fllichtigen Komponenten H,/CO/CO. bildete und das sich dabei bildende H,O
mit den Zn-NPs zu ZnO weiter reagierte. Dieser Zusammenhang ist bereits fur héhere
Temperaturen bekannt [26].
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Anhand des Kurvenverlaufs in Abb. 4.1.12 ist zu erkennen, dass die Induktionsphase bei
niedrigeren Temperaturen von 140 °C langer andauert (ca. 100 min.) als bei hdheren
Temperaturen von 180 °C. Nach ca. 150 °C beobachteten Schitte et al. eine erhdhte
Katalysatoraktivitat, die sich in einem erhéhten Umsatz zeigte. Bei sehr hohen Temperaturen
von 220 °C liegt die hohe Katalysatoraktivitat vermutlich direkt am Anfang vor, sodass bereits
unter 100 min. hohe Umsatze erreicht werden kénnen (Abb. 4.1.12). Schitte et al.
berechneten die Produktivitdt der Methanol-Synthese Uber die Steigung der Kurve bei 220
°C und erhielten eine Produktivitat von 10.7 mol (MeOH) (kg (Cu) h)™.

MeOH [mg-g(IL)~ "]
P
L

v v T ¥ T y T v T v T
0 50 100 150 200 250 300
Time [min]

Abb. 4.1.12: Methanol-Synthese katalysiert durch 8-CuZn-NPs in der IL [BMIm][BF,] [25]-Published
by the Royal Society of Chemistry.
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4.2 Untersuchungen zur Katalyse mit mono — und bimetallischen Nanopartikeln in
lonischen Flussigkeiten und Propylencarbonat

4.2.1 Darstellung von Ru-NPs@TRGO-400 in Propylencarbonat (PC) zur Katalyse von

Lavulinsaure

Die Darstellung von Ru-NPs, getragert auf thermisch reduziertem Graphitoxid (TRGO),
wurde in Anlehnung an von Marcos-Esteban publizierte Reaktionsbedingungen durchgefiihrt
[27]. Hierbei wurden Ru3(CO);, mit TRGO-400 (hierbei gibt die Zahl die
Reduktionstemperatur in °C an) zusammengegeben, 24 h in PC suspendiert und
anschlieBend mittels Mikrowellenstrahlung far 10 min. bei 250 °C und 50 W zu Ru-
NPs@TRGO-400 zersetzt (Schema 4.2.1.1). AnschlieBend wurde das, wéahrend der
Reaktion, entstandene CO-Gas im HV abgezogen und die entstandenen Nanopartikel 6x mit
je 5 mL Reinstwasser gefallt und gewaschen. Nach jedem Waschvorgang wurde die Partikel
abzentrifugiert, bis das Lésemittel vollstandig aus der Suspension entfernt war.

0]

O)J\O
Ruz(CO) TRGO-400 Q“E‘
u + - >
’ ” MWI, 50 W, 10 min., w&

250 °C
-12CO Ru-NPs@TRGO-400

Schema. 4.2.1.1: Synthese von Ru-NPs@TRGO-400 mittels Mikrowellenstrahlung in PC.

Die Charakterisierung der getragerten Ru-NPs erfolgte mittels PXRD und TEM-EDX. Die
GréBe der Partikel sowie der Erfolg der Tragerung auf TRGO-400 wurden mittels TEM-
Aufnahmen Uberpruft.
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Abb. 4.2.1.1: TEM-Aufnahmen der Ru@TRGO-NPs vor Katalyse (aus 0.5 Gew.% Suspension in PC)
Ubersicht (oben links) und Nahaufnahme (oben rechts) sowie zugehérige
GréBenverteilung (unten). Mindestens 50 Partikel ausgezahlt, 5-13 nm (@3 9.0 + 2.7 nm).

Anhand der TEM-Aufnahmen lasst sich erkennen, dass die Tragerung der Ru-NPs auf
TRGO-400 erfolgreich war. Die Ru-NPs liegen in einer breiten GréBenverteilung von 5-13
nm vor mit einer mittleren GréBe von 9.0 £ 2.7 nm und sind als sphéarische, isolierte Partikel
erkennbar. Ebenfalls lasst sich die Schichtstruktur des TRGO-400 erkennen. Die Kristallinitat
der Partikel Iasst sich anhand der Interferenzmuster in den Partikeln, gezeigt durch die TEM-
Nahaufnahme, nachweisen.

Die Kristallinitat der Partikel konnte zudem mittels PXRD nachgewiesen werden (Abb.
4.2.1.2, links). Ein weitere Charakterisierung der Ru@TRGO-400-NPs erfolgte mittels TEM-
EDX (Abb. 4.2.1.2, rechts).
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Abb. 4.2.1.2: PXRD der RU@TRGO-NPs (aus 0.5 Gew.% Suspension in PC) (links, COD-Referenz
Ru: 9008513, Referenz TRGO: Lit. [28]). EDX-Spektrum der RU@TRGO-NPs (aus 0.5
Gew.% Suspension in PC) (rechts, das Kupfer-Signal ist durch das TEM-Grid
begriindet).

Anhand des PXR-Diffraktogramms lassen sich die Signale der Ru-NPs der hexagonalen
Kristallphase zuordnen (rote Referenz). Ebenso treten bei ca. 23 ° 2Theta und 26 ° 2Theta
die typischen Signale fir das TRGO auf (griine Referenz) [28]. Das EDX-Spektrum zeigt,
dass es sich bei der Probe um Ru-NPs handelt. Die zusétzlichen Signale von Kupfer und
Kohlenstoff lassen sich durch das TEM-Grid erklaren, allerdings kénnte die hohe Intensitat
des Kohlenstoffs zuséatzlich ein Indiz auf vorhandenes TRGO-400 sein, welches durch die
TEM-Aufnahmen ebenfalls bestétigt wurde (siehe Abb.4.2.1.1).

Nachdem sowohl die Synthese der Ru-NPs als auch die Tragerung dieser auf TRGO-400
erfolgreich durchgefuhrt wurde, wurden die Nanopartikel als Katalysator zur Hydrierung des
Biostoffes Lavulinsdure zu y-Valerolacton (GVL) eingesetzt. Lavulinsaure kann auf zwei
Synthesewegen hergestellt werden (Abb. 4.2.1.3). Zum einen kann es Uber den Xylose-Weg
aus Biomasse (Hemi-Cellulose, Cellulose und Lignin) hergestellt werden und zum anderen
Uber den Glucose-Weg [29]. Der Vorteil an der Verwertung von Biomasse, wie Cellulose und
Lignin besteht darin, dass es zu verschiedenen Zuckern, wie Xylose und Glucose
umgewandelt und daraus zu verschiedenen Chemikalien weiter verwertet werden kann (Abb.
4.2.1.3). Aus diesen Chemikalien, wie z.B. Lavulinsdure, kénnen fir die Industrie sehr
wichtige Vorlauferverbindungen (y-Valerolacton) fir Treibstoffe hergestellt werden [29].
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Abb. 4.2.1.3: Schema der Verwertung von Biomasse zu Lavulinsaure und y-Valerolacton bis hin zu
Treibstoffen. Adaptiert von [29] mit Erlaubnis von Royal Society of Chemistry.

Fir die Katalyse von Lavulinsdure zu y-Valerolacton wurden die ausgefallten Ru@TRGO-
400-NPs unter Inertbedingungen (Glovebox) in einem Verhaltnis von 1:1081 (genaue
Einwaagen sind dem Experimentalteil, Abschnitt 6, zu entnehmen) mit dem Substrat
Lavulinsaure in ein Glasinlet gefillt und dieses in einen Stahlautoklaven gebracht. Der
Autoklav wurde auf Dichtigkeit geprift und 3x mit H, gespult. Nach Aufheizen des Autoklavs
im Olbad auf 100 °C, wurde das System mit 10 bar H, beschickt und der Katalysefortschritt
mittels Ho-Aufnahmekurve Uber 3 h und fir 5 Zyklen verfolgt (Abb. 4.2.1.4). Schema 4.2.1.2
zeigt eine vereinfachte Darstellung der Katalyse von Lavulinsdure zu y-Valerolacton unter
Einsatz der Ru@TRGO-400-NPs als Katalysator.

o}

Q OH
I ~
\&‘S o 0
=
Ru-NPs@TRGO-400 Hz, 10 bar, 100 °C

Schema 4.2.1.2: Vereinfachte Darstellung der Hydrierung von Lavulinsdure zu y-Valerolacton,
katalysiert durch RuU@TRGO-400-NPs.
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Abb. 4.2.1.4: H,-Aufnahme in Abhangigkeit der Zeit fir 5 Katalysezyklen der Hydrierung von
Lavulinsaure zu y-Valerolacton.

Nach dem ersten Katalysezyklus wurde der Katalysator per Ultrazentrifugation vom Produkt
abgetrennt und 3x mit je 1 mL Methanol fir weitere Katalysezyklen aufgereinigt und
anschlieBend im HV getrocknet. Das Produkt wurde nach jedem Zyklus gesammelt und
mittels Gaschromatographie (GC) auf seine Bestandteile Uberprift. Tabelle 4.2.1.1 zeigt den
jeweiligen Umsatz und die Produktselektivitat der Hydrierung fur 5 Zyklen.

Tab. 4.2.1.1: Umsatze und Selektivitat der Hydrierung von Lavulinsaure zu y-Valerolacton, katalysiert
durch Ru@TRGO-400-NPs.

Zyklus Kat. Edukt Produkt Umsatz Selektivitit TOF™
[%] [%] [h]
1 Ru@TRGO- Léavulinsaure y-Valerolacton 100 100 1156
400
2 Ru@TRGO- Léavulinsaure y-Valerolacton 100 100 1156
400
3 Ru@TRGO- Lavulinsaure y-Valerolacton 100 100 1156
400
4 Ru@TRGO- Lavulinsaure y-Valerolacton 17 89 197
400
a-
Angelicalacton 1 11
5 Ru@TRGO- Lavulinsaure y-Valerolacton 81 82 936
400
a_
Angelicalacton 18 18

B Turn over frequency (TOF) = mol (GVL) x (mol Ru)” x h”'
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Der Vergleich zwischen der H,-Aufnahme (Abb. 4.2.1.4) und den Umsatzraten in Tab.
4.2.1.1 zeigt, dass die katalytische Aktivitat der Ru@TRGO-400-NPs vom ersten bis zum
dritten Zyklus stetig zunimmt und die Reaktion nach ca. 170 min. beendet ist (siehe Plateau,
Abb. 4.2.1.4). Der Grund hierfir besteht in den Oberflachenatomen der Nanopartikel, die
grundlegend an der Katalyse beteiligt sind und einen groBen Einfluss auf die katalytische
Aktivitat haben. So lasst sich hier anhand des Anstieges der H,-Aufnahme vermuten, dass
durch die Aufbereitung des Katalysators von Zyklus zu Zyklus mehr Oberflachenatome
waktiviert” werden und somit héhere Umsétze in klrzerer Zeit erreicht werden (vgl. hierzu
auch Lit. [27] und Abschnitt 3.1), da die Oberflache von evil. noch vorhandenem CO aus der
Ausgangssynthese des Katalysators befreit wird. Ab dem vierten Zyklus sinkt die H.-
Aufnahmekurve und damit auch die katalytische Aktivitat. Dieser Zusammenhang kann
ebenfalls mit der Aufbereitung des Katalysators erklart werden. Durch die Waschprozesse
und eventuelle Edukt- und Produktrickstande kann es zu einer ,Deaktivierung® der
Oberflachenatome kommen, die sich in der stetigen Abnahme der katalytischen Aktivitat
zeigt. Dies wird auch in den geringeren Umsatzraten in Tab. 4.2.1.1 deutlich, wobei die
Selektivitdt immer noch auf Seiten des Hauptproduktes liegt und nur in geringen Anteilen auf
Seiten des Nebenproduktes a-Angelicalacton. Eine Abnahme des Umsatzes ware auch fir
den flnften Zyklus zu erwarten, jedoch steigt der Umsatz dort wieder an, wohingegen die H,-

Aufnahmekurve weiter abnimmt.

Die Bildung des Nebenproduktes a-Angelicalacton ab dem vierten Zyklus kann ebenfalls mit
der Abnahme der katalytischen Aktivitat erklart werden. Ru-NPs sind bekannt dafir, dass sie
als gute Katalysatoren fir Hydrierungsreaktionen fungieren. Nimmt die katalytische Aktivitat
jedoch ab, kann es zur Bildung von Zwischenprodukien kommen und die Reaktion kann
mittels Ru-Katalysator nicht mehr bis zum Endprodukt ,durchhydriert® werden. Schema
4.2.1.3 zeigt die Bildung des gewlnschten Produkies y-Valerolacton Uber zwei mdgliche
Zwischenprodukte.
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Schema 4.2.1.3: Synthese von Lavulinsdure zu y-Valerolacton tber die Zwischenprodukte
4-Hydroxyvaleriansaure oder a-Angelicalacton.

Die Bildung des Zwischenproduktes 4-Hydroxyvaleriansdure konnte mittels GC nicht

nachgewiesen werden.

Eine Charakterisierung der RU@TRGO-NPs Uber TEM-Aufnahmen und GréBenverteilung
erfolgte ebenfalls nach der Katalyse (Abb. 4.2.1.5).
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Abb. 4.2.1.5: TEM-Aufnahmen der RU@TRGO-NPs nach Katalyse (aus 0.5 Gew.% Suspension in
PC) Ubersicht (oben links) und Nahaufnahme (oben rechts) sowie zugehdrige
GroBenverteilung (unten). Mindestens 50 Partikel ausgezahlt, 3-9 nm (@ 6.0 £ 2.2 nm).

Anhand der TEM-Aufnahmen der Ru@TRGO-400-NPs nach der Katalyse (Abb. 4.2.1.5)
lasst sich erkennen, dass diese nun deutlich agglomerierter vorliegen und ein Teil der
Partikel nicht mehr auf dem TRGO-400 getragert ist. AuBBerdem sind nicht mehr alle Partikel
als spharische Partikel zu erkennen sondern liegen zum Teil deformiert vor (siehe TEM-
Nahaufnahme). Eine Aussage Uber die Kristallinitat der Nanopartikel nach der Katalyse kann
nicht getroffen werden, da aufgrund der geringen Partikelmenge kein PXRD nach der
Katalyse aufgenommen werden konnte.

Die Ru@TRGO-400-NPs weisen auch nach der Katalyse eine breite GroBenverteilung auf,
sind jedoch mit einer mittleren GréBe von 6.0 £ 2.2 nm nur um wenige nm kleiner als die
Nanopartikel vor der Katalyse (vgl. Abb. 4.2.1.1).
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4.2.2 Verwendung von Ru,Sn-NPs in der IL [BMIm][BF,] als Katalysator fir die
Semihydrierung von 1-Octin zu 1-Octen

FOr die Semihydrierung des Alkins 1-Octin zum Alken 1-Octen wurden zur besseren
Vergleichbarkeit im Vorfeld katalytische Studien mit reinen Ru-NPs in [BMIm][BF,]
durchgefiihrt und anschlieBend die Semihydrierung mit den Ru,Sn-NPs (Darstellung und
Charakterisierung siehe Abschnitt 3.2) vorgenommen. Da Ru-NPs als gute Katalysatoren
sowohl fir Hydrierungen als auch fir Semihydrierungen bekannt sind, sollte hier Gberpruft
werden, inwieweit eine ,Vergiftung“ durch Sn Einfluss bzgl. der Umsatze und
Alkenselektivitdten hat. Schitte et al. konnten dazu bereits flr die Semihydrierung von 1-
Octin zu 1-Octen mit einem durch Ga ,vergifteten” Ni-Katalysator gute Ergebnisse erzielen
(siehe Abschnitt 4.1).

Zur Vorbereitung der katalytischen Studien wurden ausgehend von Ruz(CO);. in der IL
[BMIm][BF,] durch Zersetzung mittels Mikrowellenstrahlung fir 10 min., bei 250 °C und 50 W
Ru-NPs erhalten, welche fiir die mdgliche Hydrierung von 1-Octin zu n-Octan als Katalysator
eingesetzt wurden (siehe Schema 4.2.2.1).

[BMIMI[BF ]
RUS(CO)12 | @

MWI, 250 °C,

50 W, 10 min.

-12CO Ru-NPs

Schema 4.2.2.1: Synthese von Ru-NPs in [BMIm][BF,] mittels Mikrowellenstrahlung.

FOr die Hydrierung von 1-Octin zu n-Octan wurden die Ru-NPs in der IL unter
Inertbedingungen (Glovebox) in einem Verhaltnis von 1:837 (genaue Einwaagen sind dem
Experimentalteil, Abschnitt 6, zu entnehmen) mit dem Substrat 1-Octin in ein Glasinlet gefullt
und dieses in einen Stahlautoklaven gebracht. Der Autoklav wurde auf Dichtigkeit gepruft
und 3x mit H, gespllt. Fiir den ersten Versuch der Hydrierung wurde der Autoklav im Olbad
auf 100 °C aufgeheizt, anschlieBend mit 5 bar H, beschickt und die Reaktion fir 3 h
gestartet. Nachdem nach 3 h kein H,-Verbrauch zu beobachten war, wurde versucht, die
Reaktionsbedingungen (ber die Temperatur— und Druckeinstellung nach nachfolgendem
Schema 4.2.2.2 zu optimieren.
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Schema 4.2.2.2: Veranderung der Reaktionsbedingungen fir die Hydrierung von 1-Octin zu n-Octan
mit Ru-NPs in [BMIm][BF,].

Die Veranderung von Temperatur, Druck und Verldngerung der Reaktionszeit flhrte zu
keinem Erfolg, sodass der Reaktionsdruck noch einmal auf 20 bar erhéht wurde, wahrend
die Badtemperatur bei 120 °C gehalten und die Reaktionszeit auf 7 h verlangert wurde.
Durch die Druckerhdohung konnte ein H.-Verbrauch wahrend der Reaktion beobachtet
werden und die Katalyse fir 7 h und 3 Zyklen durchgefihrt werden. Abb. 4.2.2.1 zeigt den
Katalysefortschritt Gber die Ho-Aufnahme.
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Abb. 4.2.2.1: H,-Aufnahme in Abhangigkeit der Zeit fir 3 Katalysezyklen der Hydrierung von 1-Octin
zu n-Octan bzw. 1-Octen, katalysiert durch Ru-NPs in [BMIm][BF,].

Nach jedem Katalysezyklus wurde das entstandene Produkt in eine Kuhlfalle im HV bei
40 °C Uberfihrt, so vom Katalysator getrennt und mittels GC vermessen.
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Far die weiteren Katalysezyklen wurde jeweils neues Substrat auf den Katalysator gegeben
und die Hydrierung gestartet. Tab. 4.2.2.1 zeigt den Umsatz sowie die Produktselektivitat fir
die Hydrierung Uber 3 Zyklen.

Tab. 4.2.2.1: Umsatze und Selektivitat der Hydrierung von 1-Octin zu 1-Octen bzw. n-Octan,
katalysiert durch Ru-NPs in [BMIm][BF,].

Zyklus Katalysator Edukt Produkt Produkt Umsatz Alken- TOF™!
[%] Selektivitit  [h™]

1 2 [%]
1 Ru-NPs 1-Octin  1-Octen  n-Octan 36 45 31
2 Ru-NPs 1-Octin  1-Octen  n-Octan 23 57 19
3 Ru-NPs 1-Octin  1-Octen  n-Octan 26 61 25

B Turn over frequency (TOF) = mol (Produkt) x (mol Ru) " x h”

Fur alle drei Zyklen ist bei der H,-Aufnahme bis ca. 60 min. ist eine Induktionszeit zu
beobachten. Danach steigt der Kurvenverlauf in Abh&ngigkeit der Zeit stetig an, bis er bei ca.
460 min. far den ersten Zyklus und bei ca. 390 min. fir die Zyklen 2 und 3 ein Plateau
erreicht und die Reaktion beendet ist. Es lasst sich vermuten, dass der Katalysator innerhalb
der Induktionszeit ,aktiviert“ wird und die Reaktion anschlieBend von Zyklus zu Zyklus in
kirzerer Zeit mit hdherer Aktivitat ablauft. Dabei sind die Umsatzraten vergleichsweise
ahnlich (siehe Tab. 4.2.2.1), allerdings steigen die Alkenselektivitaten von Zyklus zu Zyklus
an. Eine hohe Alkenselektivitat bis zu 99% fir 1-Octen ist ebenfalls von Niu et al. fir die
Semihydrierung von Alkinen zu Alkenen mit Poly(ethylen-glycol) (PEGzgn0)-stabilisierten (Ru-
NPs beobachtet worden [30]. Allerdings wurden dort Umséatze bis zu 100% unter ahnlichen
Reaktionsbedingungen erzielt. Der hier vorliegende deutlich geringere Umsatz kdnnte sich
damit erklaren lassen, dass die Ru-NPs direkt in der IL-Suspension flir die Katalyse
eingesetzt wurden und nicht als vorher gefallte Partikel. Die Stabilisierung von Nanopartikeln
durch ILs erfolgt zwar Uber schwach koordinierende Wechselwirkungen, welche die
Oberflacheneigenschaften der Nanopartikel erhalten sollen im Vergleich zur Stabilisierung
mit klassischen Stabilisatoren (hier auch Vgl. zu Abschnitt 1.1). Dennoch waére eine
Diffusionsbarriere zwischen den Nanopartikeln und dem Substrat durch die IL mdglich,
welche eine vollstéandige Katalyse und das ,Durchhydrieren® zum n-Octan verhindert.

Fir die sich anschlieBende Semihydrierung mit dem durch Sn ,vergifteten® Ru-Katalysator
wurden die Ru,Sn-Nanopartikel in [BMIm][BF,] eingesetzt (vollstdndige Charakterisierung
der Ru,Sn-NPs erfolgte in Abschnitt 3.2).
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Die mittels Mikrowellenstrahlung bei 220 °C und 50 W fir 15 min. synthetisierten
Nanopartikel wurden ebenfalls in der IL-Suspension in einem Verhaltnis von 1:837 (bezogen
auf Ru) mit dem Substrat 1-Octin eingesetzt und die Katalyse nach nachfolgendem Schema
4.2.2.3 durchgefihrt.

Ru,Sn-NPs P a4

/\/\/\ @ 1-Octen
N
_ N 4, 20 bar, *
1-Octin 120°C, 7 h /\/\/\/

n-Octan

Schema 4.2.2.3: Hydrierung von 1-Octin zu 1-Octen bzw. n-Octan mit Ru,Sn-NPs in [BMIm][BF,].

Auch fir diese Hydrierung lasst sich der Katalysefortschritt mittels H,-Aufnahme
nachverfolgen (Abb. 4.2.2.2).
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Abb. 4.2.2.2: H,-Aufnahme in Abhangigkeit der Zeit fir 3 Katalysezyklen der Hydrierung von 1-Octin
zu 1-Octen bzw. n-Octan, katalysiert durch Ru,Sn-NPs in [BMIm][BF,].

Nach Uberfilhren des Produktes in eine Kiihlfalle bei 40 °C im HV, wurde erneut 1-Octin zu
den Ru,Sn-NPs gegeben und weitere Katalysezyklen durchgefiihrt. Die Umséatze und
Alkenselektivitdten der drei Katalysezyklen sind Tab. 4.2.2.2 zu entnehmen.
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Tab. 4.2.2.2: Umsatze und Selektivitat der Hydrierung von 1-Octin zu 1-Octen bzw. n-Octan,
katalysiert durch Ru-NPs in [BMIm][BF,].

Zyklus Katalysator Edukt Produkt Produkt Umsatz Alken- TOF™!
[%] Selektivitat  [h™]

1 2 [%]
1 Ru,Sn -NPs  1-Octin  1-Octen  n-Octan 7 32 3
2 RusSn -NPs  1-Octin  1-Octen  n-Octan 7 32 3
3 RusSn -NPs  1-Octin  1-Octen  n-Octan 7 49 4

B Turn over frequency (TOF) = mol (Produkt) x (mol Ru)" x h”

Werden die H,-Aufnahme und die Umsatze bzw. Alkenselektivitaten miteinander verglichen,
wird deutlich, dass der Fehler bei der sehr geringen H,-Aufnahmemenge sehr hoch sein
muss. Es musste fur den ersten und zweiten Zyklus eine &hnliche H,-Aufnahmemenge
erkennbar sein, da die Alkenselektivitdten gleich hoch sind. AuBerdem dlrfte die
Induktionsphase des zweiten Zyklus mit Gber 200 min. nicht so deutlich von den
Induktionsphasen des ersten und dritten Zyklus abweichen. Der Ho-Verbrauch wahrend der
Hydrierungszyklen kann demnach nicht zum Vergleich herangezogen werden.

Vergleicht man die Umséatze und Alkenselektivitdten zwischen der Ru-NPs katalysierten
Hydrierung (Tab. 4.2.2.1) und der Ru,Sn-NPs katalysierten Hydrierung (Tab. 4.2.2.2), l&sst
sich dort keine genaue Aussage treffen, inwieweit die ,Vergiftung®“ des Katalysators durch Sn
einen Einfluss auf die Umsatze bzw. Alkenselektivitdt der Reaktion hat. Da die
Alkenselektivitdten bei beiden Katalysatoren in einem ahnlichen Bereich liegen, der Umsatz
bei der, durch Ru,Sn katalysierten, Hydrierung allerdings deutlich niedriger ist, besteht die
Annahme, dass dies an der ,Vergiftung“ des Katalysators durch Sn liegt. Allerdings kénnten
die niedrigen Umsatze auch durch die Diffusionsbarriere zwischen den Ru,Sn-NPs und dem
Substrat durch die IL begriindet sein, so wie im Fall der Ru-NPs. Zu erwarten ware flr eine
LVergiftung“ des Systems durch Sn eine deutlich héhere Alkenselektivitat im Vergleich zu
einer Ru-NPs katalysierten Reaktion. Da fiir diese Hydrierungsreaktionen allerdings bei
beiden Katalysatoren das Semihydrierungsprodukt 1-Octen entstanden ist und die
Alkenselektivitaten dhnlich hoch sind, Iasst sich keine Aussage dartiber treffen, inwieweit die
,Vergiftung“ durch Sn Einfluss auf die bevorzugte Bildung des Alkens 1-Octen nimmt.

111




Unveroffentlichte Arbeit

4.3 Darstellung von Ru/Rh/Sn Nanopartikeln aus einem heterotrimetallischen
(cod)Rh-Stannol-RuCp* Triple-Decker Komplex

Der folgende Abschnitt beinhaltet die Ergebnisse der Darstellung von Ru/Rh/Sn
Nanopartikeln aus einem heterotrimetallischen (cod)Rh-Stannol-RuCp* Triple-Decker
Komplex und entstand in Kooperation mit Prof. Dr. Masaichi Saito. Sowohl die hier

vorliegenden Ergebnisse als auch der Triple-Decker Komplex sind unveréffentlicht.
Die Ergebnisse stehen mit eigenem Quellenverzeichnis far sich.
Anteil an den Ergebnissen:

- Synthese und Charakterisierung der Ru/Rh/Sn Nanopartikel.

- Konzipierung und Schreiben der Ergebnisse sowie zugehdrige Literaturrecherche.

- Der heterotrimetallische (cod)Rh-Stannol-RuCp* Triple-Decker Komplex wurde von
Herrn Prof. Dr. Masaichi Saito synthetisiert und zur Verfligung gestellt.

- Die TEM-, STEM- und SAED-Aufnahmen wurden mit der Unterstitzung von Herrn Dr.
Juri Barthel und Herrn Dr. Markus Heidelmann aufgenommen.

- Die Auswertung der STEM- und SAED-Aufnahmen erfolgte zum Teil Uber Herrn Dr.
Juri Barthel.

- Die Korrekturen der Ergebnisse erfolgten Uber Herrn Prof. Dr. Christoph Janiak,
ebenso wie die Koordination zwischen den Co-Autoren.
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Introduction

In recent years, tin and its intermetallic compounds have gained increasing importance for
industry and technology [1]. The application of these compounds is manifold and is reflected
e.g. in the production of bronzes, superconductors and tinplate packaging [1].

Especially intermetallic phases with Ru, Rh with different phase compositions are frequent.
Phases with different proportions of Rh and Sn are possible for the RhSn intermetallic phase
[2]. Thus “Rh3Sn,” can be present in a composition range of 41 wt% Sn/59 wt% Rh (0.376
mol% Sn/ 0.624 mol% Rh) to 44 wt% Sn/56 wt% Rh (0.405 mol% Sn/ 0.594 mol% Rh) [3] or
RhSn in a composition range of 56 wt% Sn/44 wt% Rh (0.524 mol% Sn/ 0.476 mol Rh) to 59
wt% Sn/41 wit% Rh (0.555 mol% Sn/ 0.445 mol% Rh) for Sn [4]. The metal composition
changes with increasing temperature so that intermetallic phases like RhSn (475 °C) [5],
RhSn, (temperatures above 500 °C) [6] and RhSn, (temperatures between 725 and 750 °C)
could be obtained [7].

Intermetallic Ru/Sn alloys are also known and widely used as catalysts [8-11]. For the Ru/Sn
system phases like Ru,Sns [12], RuSn, [12] und RusSn; [13] could be obtained. The phase
RusSn; is found to be the most stable compound in the Ru-Sn system and to be in
equilibrium with Sn [12].

For molecular trimetallic systems organometallic and coordination complexes with P¥/Ir/Sn
[14], RusPtSn [15] and Pt/Ru/Co [16] are known. Trimetallic complexes with Ru/Rh/Sn have
not been reported yet.

Here we describe the use of the single-source triple-decker (cod)Rh-stannole-RuCp* bearing
a stannole ligand as metal-organic precursors for the attempted synthesis of bi- or trimetallic
rhodium-ruthenium-tin  nanoparticles in the ionic liquids 1-butyl-3-methylimidazolium
tetrafluoroborate  ([BMIm][BF,]) or 1-butyl-3-methylimidazolium  bis(trifluoromethane-
sulfonyl)imide ([BMIM][NTf,]) (Scheme 1).
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Scheme 1: Microwave-heating assisted thermal decomposition or hydrogenation-assisted thermal decomposition
of the (cod)Rh-stannole-RuCp* heterotrimetallic triple-decker complex to intended trimetallic Ru/Rh/Sn-NPs in the
ionic liquids [BMIm][BF4] and [BMImM][NTf2].

The precursor was given to us from the research group of Prof. M. Saito (Department of
Chemistry, Graduate School of Science and Engineering, Saitama University, Shimo-okubo,
Sakura-ku, Saitama 338-8570, Japan).

Experimental part
Materials and methods

All experimental manipulations were performed under an inert nitrogen or argon atmosphere
by using standard Schlenk line and glove-box techniques.

The ionic liquid [BMIm][BF,] was synthesized by treating 1-methylimidazole with 1-
chlorobutane to yield first [BMIm][CI] which was further reacted with HBF, to give
[BMIm][BF,] [13]. The IL [BMIm][NTf,] was synthesized by treating 1-methylimidazole with 1-
chlorobutane to vyield first [BMIm][CI] which was further reacted with lithium
bis(trifluoromethansulfonyl)imide (Li(NTf,)) to give [BMIM][NTf,] [17].

Both ILs were dried under high vacuum (10" mbar) at 80°C for several days.

Quantitative anion exchange and, thus, IL anion purity of >99% was assessed by ion
chromatography for [BMIm][BF,] and >98% for [BMIm][NTf,] (Dionex ICS-1100, with lonPac®
AS14, 4 x 250 mm column). Water content was measured by coulometric Karl-Fischer
titration (ECH/Analytik Jena AQUA 40.00) to below 10 ppm for [BMIm][BF,] and below 30
ppm for [BMIm][NTf,].

Transmission electron microscopy (TEM) and scanning transmission electron microscope
(STEM) images were taken on a FEI Tecnai G20 (FZ Juilich) and on a JEOL JEM-2200FS
(ICAN University Duisburg-Essen) operating at an accelerating voltage of 200 kV. Samples
were prepared using 200 mm carbon-coated gold grids. A drop of the nanoparticle
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suspension obtained through microwave heating or hydrogenation-assisted thermal
decomposition was placed on the carbon-coated gold grid. After immobilization, the grid was
washed three times with 2 mL acetonitrile each to remove excess residues of the IL.
Thereafter the grid was dried under vacuum and stored under inert conditions until TEM
measurement. The size distribution was determined from a minimum of 50 nanoparticles.
Energy dispersive X-ray (EDX) spectra were obtained on a FEI Tecnai f20 (FZ Jdlich), at 136
kV; the exposure time for individual EDX spectra was 3 min, respectively 9 min for STEM
measurements and on a SDD X-MaxN 80 with TLE detector (Interdisciplinary Center for
Analytics on the Nanoscale (ICAN, University Duisburg-Essen) with the same parameters.
List of used k-factors:
k (K-lines) k (L-lines)

Ru 5.245 2.597

Rh 5.739 2.573

Sn 10.461 2.653

Nanoparticle Synthesis

The precursor (see Scheme 1) was suspended for 24 h under argon atmosphere (in a glove
box) at room temperature in the ILs [BMIm][BF4] and [BMIm][NTf,]. To obtain a 1 wt% in total
metal dispersion (Ru+Rh+Sn), a portion of 5 mg (0.005 mmol, My = 998.881 g/mol for
C4eHezRhRUSI-SN) was combined with 0.16 g of [BMIm][BF,] or [BMIm][NTf,].

The two mixtures were placed in vials in a microwave (CEM, Discover) and were thermally
decomposed by microwave heating for 15 min at a power of 50 W reaching a temperature of
220 °C.

Two other mixtures of the precursor in [BMIm][BF,] or [BMIm][NTf,] were placed in a glass
autoclave (Buchi miniclave) and the N, atmosphere was replaced by H,. The autoclave was
heated to 120 °C, charged with 5 bar H, and stirred (900 rpm) for 3 hours.

From the amount available for each decomposition experiment of the (cod)Rh-stannole-
RuCp* triple-decker complex precursor (5 mg) only a small metal mass (32 wt% combined
for RuRhSn, 1.76 mg) could be transformed into prospective Ru/Rh/Sn metal nanoparticles.
The possibilities of analysis with such a small amount were limited.



Results and discussion

Analysis of nanoparticles obtained from (cod)Rh-stannole-RuCp* heterotrimetallic triple-
decker precursor in the ILs [BMIm][BF,] and [BMIm][NTf.] through microwave heating (50 W,
15 min, 220 °C) or through hydrogenation-assisted thermal decomposition (5 bar H., 120 °C,
3h)

- TEM images and nanoparticle distribution

The nanoparticle/ionic liquid dispersions were primarily analyzed by TEM methods in view of
the small quantities available. The nanoparticle size and size dispersions were obtained from
TEM images which are given in Fig. 1 together with their histogram size analysis.
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Fig. 1: TEM images of Rh/Ru/Sn-NPs in [BMIm][BF4] ((a) and (b) with histogram (i)) and [BMIm][NTf2] ((c) and (d)
with histogram (j)) synthesized through microwave heating (50 W, 15 min, 220 °C). TEM images of Ru/Rh/Sn-NPs
in [BMIm][BF4] ((e) and (f) with histogram (k)) and [BMIm][NTfz] ((g) and (h) with histogram (l)) synthesized
through hydrogenation-assisted thermal decomposition (5 bar Hz, 120 °C, 3 h). (i)-(I) correspondent histograms of
particle diameter measured on a minimum of 50 particles, each bar covers the range of £ 0.5 nm or 0.25 nm
around its mid-point, respectively. TEM images were recorded on a FEI Tecnai G20 (FZ Jdlich).

The TEM images in Fig. 1a-d show nanoparticles stabilized in [BMIm][BF,4] or [BMIm][NTf;]
and synthesized through microwave heating (50 W, 15 min., 220 °C) with a diameter from 5
to 9 nm (average 7 + 2 nm in [BMIm][BF,]) and from 1.5 to 4 nm (2.8 £ 0.9 nm in
[BMIm][NTf,]) (see also histogram of particle diameter (Fig. 1i and j)). The TEM images in
Fig. 1e-h show nanoparticles synthesized through hydrogenation-assisted thermal
decomposition (5 bar H,, 120 °C, 3 h) with a diameter from 2 to 5 nm (3.5 £ 2 nm in
[BMIm][BF,]) and from 3 to 5.5 nm (4 £ 1 nm in [BMIm][NTf,]) (see also histogram of particle
diameter (Fig. 1k and ).



The nanoparticles, which were synthesized through microwave heating, appear more
agglomerated while nanoparticles synthesized through hydrogenation-assisted thermal
decomposition are better separated and less agglomerated. Nanoparticle size distribution
shows a similar size ratio for both synthetic routes.

- Overview EDX and SAED analysis

The "macroscopic" nanoparticle element composition and phase analysis was based on
energy-dispersive X-ray spectroscopy (EDX) and selected area electron diffraction (SAED) in
combination with the TEM studies.
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Fig. 2: EDX-spectra of nanoparticles in [BMIm][BF4] (a) and [BMIm][NTf2] (b) synthesized through microwave
heating (50 W, 15 min., 220 °C). C and Au signals are due to the sample holder. EDX-spectra were recorded on
the FEI Tecnai G20 (FZ Julich).

The energy-dispersive X-ray spectrum (EDX) of the nanoparticles synthesized in [BMIm][BF ]
(Fig. 2a) shows all three metals in the nanoparticle suspension with a molar atom fraction of
Ru, Rh and Sn as 15%:42%:43%. The EDX analysis is integrated over a large sample region
and also a signal of silicon (Si) was found which is due to the precursor.

In both ILs (see Fig. 2b for [BMIm][NTf,]) the metal ratio found by EDX matches nearly the
average composition of "Rug33RhSn". The 1:1 ratio of Rh and Sn is as given in the precursor.
We note that the phases Rh;Sn, and RhSn are the most stable Rh/Sn phases [34], while the
most stable Ru/Sn phase is RuzSn; [12].

Fig. 3 shows the SAED pattern of the nanoparticles synthesized in [BMIm][BF,] and
[BMIM][NTf;] through hydrogenation-assisted thermal decomposition (5 bar H,, 120 °C, 3h)
together with the calculated diffraction rings of a cubic fcc crystal with lattice constant 4.19(5)
A which coincide with the observed nanoparticle reflections. The SAED patterns of the
synthesized nanoparticles show reflections, which is a clear indication of crystallinity (Fig. 3).
The crystallinity of the nanoparticles is also supported by the TEM close-view image in Fig.
1f, which shows the interference patterns within the particles. Interference patterns are only
weakly recognizable due to the small size of the particles. The reflections in the SAED
coincide with the lattice spacings of a face-centered cubic crystal packing, fcc. There are no
additional diffraction rings, which could include a different phase than the fcc phase.



For the nanoparticles synthesized in [BMIm][NTf,] the diffraction rings are rather broad, due
to the very small size of the crystals (see Fig. 3c). The SAED pattern analysis of the
nanoparticles in [BMIm][BF,] (Fig. 3a) and [BMIm][NTf,] (Fig. 3b,c) do not agree in the
observed d-spacing for known bimetallic RuSn, RhRu or RhSn hcp or bcc phases. (Table
1)of the nanoparticles in [BMIm][BF,].

i
S

Fig. 3: Selected area diffraction pattern (SAED) pattern of the nanoparticles in (a) [BMIm][BF4] and (b,c)
[BMIm][NTf2] synthesized through hydrogenation-assisted thermal decomposition (5 bar Hz, 120 °C, 3 h),
superimposed with calculated diffraction rings of a simulated cubic fcc crystal with 4.19(5) A lattice constant (and
uni-atomic structure factor). SAED patterns of the nanoparticles were recorded on the FEI Tecnai G20 (FZ Julich).

Table 1: Comparison of d-spacing from lattice spacings of synthesized nanoparticles and reference lattice
spacings.

d-spacing d-spacing d-spacing d-spacing d-spacing
measured measured (RusSn; (bcc)) | (RhSn (bece)) [A] (RuRh (hcp))
(particles in (particles in [A] [A]
[BMIm][BF.]) [A] [BMIm][NTf,])
[A]
1.56 1.55 2.20 2.29 2.06
1.34 1.39 2.49 2.09 1.14
0.93 0.84 2.70 1.37 1.35




- Small-range STEM-EDX analysis of the nanoparticles synthesized in [BMIm][BF,] and
[BMIm][NTf,] through hydrogenation-assisted thermal decomposition (5 bar H,, 120 °C, 3 h)

- in [BMIm][BF,]

For analysis of the near-individual nanoparticle composition in [BMIm][BF,] an EDX mapping
over a small nanoparticle area was done (Fig. 4). The nanoparticle composition determined
in this small area indicates mixed-metal nanoparticles. Qualitative analysis of the
comparative L- and K-shells of three different metals (Ru-L, Rh-L, Sn-L and Ru-K, Rh-K and
Sn-K) shows a superposition of three metals within the nanoparticles.

A rather approximate average composition of “Rug 1RhosSng4” (with an error for each element
fraction of about £0.1) is suggested from an area with sufficient particle concentration using
the Cliff-Lorimer method for the respective K-Line intensities [18].

(A)

(B)
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Fig. 4: (A) HAADF-STEM image with area for EDX mapping of Ru/Rh/Sn-NPs in [BMIm][BF4] synthesized
through hydrogenation-assisted thermal decomposition (5 bar Hz, 120 °C, 3 h) with individual nanoparticle
composition analyzed from EDX mapping. (B) EDX element maps of a small sample area containing nano-
particles. (a) HAADF STEM image with white contrast indicates the presence of particles. (b), (c) and (d) are
simultaneously recorded Lq-line maps, while (f), (g) and (h) are Kq-line maps of Ru (red), Rh (blue) and Sn
(green), respectively. (e) Si-Kq map indicating an increasing Si contamination during the scanning acquisition from
top to bottom. The width of the maps is 35 nm. Note that the intensity in the maps is not proportional to the
element fraction. (C) Related EDX spectrum for Kq-line maps of Ru, Rh and Sn. HAADF-STEM images and
related EDX mapping were recorded on the FEI Tecnai G20 (FZ Julich).

- in [BMIm][NTT,]

For analysis of the nanoparticle composition in [BMIm][NTf,] an EDX line scan over one
larger nanoparticle was done (see Fig. 5). The element concentration measured on this
nanoparticle indicates mixed-metal nanoparticles. Qualitative analysis of the comparative L-
and K-shells of three different metals (Rh-L, Ru-L, Sn-L and Rh-K, Ru-K and Sn-K) shows a
superposition of the three metals in this nanoparticle. For comparison, a HAADF figure has
been added which only shows the contrast of the scanned particle (Fig. 5a).

A rather approximate average composition of “Rug;Rhg75Sne25" (with an error for each
element fraction of about +0.2) is suggested from an area with sufficient particle
concentration using the Cliff-Lorimer method for the respective K-Line intensities [18].
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Fig. 5: (a) STEM image with line-scan for EDX mapping indicated for Ru/Rh/Sn-NPs in [BMIm][NTfz] synthesized
through hydrogenation-assisted thermal decomposition (5 bar Hz, 120 °C, 3 h) with correspondent HAADF figure.
(b) Profiles of the X-ray Kq-line (left) and Lq-line (right) emission signals of Ru (red), Rh (blue) and Sn (green)
recorded while scanning the electron probe over a particle of ca. 15 nm diameter. The profile intensities have
been scaled to reflect approximately the relative concentration of the three metal components in the electron
beam path. (c) Related EDX spectrum for the evaluation of Kq-line maps of Ru, Rh and Sn. STEM image and line-
scan of EDX mapping were recorded on FEI Tecnai G20 (FZ Jilich).
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Analysis of nanoparticles obtained from (cod)Rh-stannole-RuCp* heterotrimetallic triple-
decker precursor in the IL [BMIm][NTf,] synthesized through hydrogenation-assisted thermal
decomposition (5 bar H», 150 °C, 5 h) with additional annealing; 150 °C, 48 h)

In an attempt to increase the very small nanoparticle sized for an clearer EDX elemental
composition analysis on larger nanopatrticles the nanoparticles were tried to grow by
annealing at 150 °C for 48 h following their synthesis. Different from the expectation the size
of the metal nanoparticles did not increase but decreased, as shown by their TEM images
and histogram evaluation (Fig. 6a,c; compare to Fig. 1(1)).

- TEM images and EDX analysis
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Fig. 6: TEM images of Ru/Rh/Sn nanoparticles in [BMIm][NTfz] (a) synthesized trough hydrogenation-assisted
thermal decomposition (5 bar, 150 °C, 5 h) with additional annealing (150 °C, 48 h) and (b) (top to bottom)
corresponding EDX-spectra of the nanopatrticles. (c) correspondent histogram of particle diameter measured on

100 particles, each bar covers the range of + 0.25 nm. TEM images and EDX-spectra were recorded on FEI
Tecnai G20 (FZ Jilich).

The energy-dispersive X-ray spectra (EDX) of the annealed nanoparticles synthesized in
[BMIM][NTf;] (Fig. 6b) show all three metals in the nanoparticle suspension (Table 2). The
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EDX analysis is approximately integrated over the sample region shown in the corresponding
TEM images (Fig. 6a). The metal ratio found by EDX matches nearly the average
composition of "Rug33RhSn". The 1:1 ratio of Rh and Sn is as given in the precursor. The
ratio of Rh:Sn of ~1:1 and of Ru:Sn of ~1:3 agrees with the finding of Rh3Sn, and RhSn as
the most stable Rh/Sn phases [34], while the most stable Ru/Sn phase is Ru;Sn; [12].

Table 2: EDX-quantification with the molar atom fraction.

EDX-quantification Ru [K-shell] Rh [K-shell] Sn [K-shell]
EDX 1 0.13 0.43 0.44
EDX 2 0.12 0.44 0.44
EDX 3 0.13 0.45 0.42

Furthermore a localized point-EDX-spectrum was measured for a more accurate analysis of
an individual nanoparticle composition (Fig. 7).
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Fig. 7: HAADF-STEM image and point-EDX-spectra of an accumulation of several Ru/Rh/Sn nanoparticles.
HAADF-STEM image and EDX-spectra were recorded on the FEI Tecnai G20 (FZ Jilich).

Measurement of a point-EDX-spectrum is only possible over an accumulation of several
nanoparticles due to the nanopatrticle size of 1-2 nm.

The metal ratio found at point 1 corresponds to the average composition of
“Rug.0sRho.77Sng 15" and at point 2 to the average composition of “RhggSng”.

Further point-EDX-spectra show similar results (Fig. 8a, b). The metal ratio found by point-

EDX-spectra given in Fig. 8a, b correspond to an average composition of “Rugoos
Rh0_91Sn0_067” (Flg 83) and “RUO_024Rh0_888n0'098” (Flg 8b)
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Fig. 8: HAADF-STEM images and point-EDX-spectra (a,b) of an accumulation of several Ru/Rh/Sn nanoparticles.
HAADF-STEM images (left) and EDX-spectra (right) were recorded on FEI Tecnai G20 (FZ Julich).

An additional EDX mapping was done on a SDD X-MaxN 80 with TLE detector (ICAN
University Duisburg-Essen) (Fig. 9a, b).
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Fig. 9: (a): HR-TEM image of the Rh/Ru/Sn nanoparticles (left) and HAADF-STEM image corresponding to EDX
mapping (right). (b): EDX mapping (qualitative) for the HAADF-STEM image area (a, right). HR-TEM image,
HAADF-STEM image and EDX mapping were recorded on SDD X-MaxN 80 with TLE detector (ICAN, University
Duisburg-Essen).

Qualitative analysis of the comparative L- shells of the three different metals (Ru-L, Rh-L Sn-
L) shows a superposition of three metals within the nanoparticles with an average
composition of “RugsRhgeSngg”. This ratio is identical to the "Rugs3RhSn" ratios obtained
from the above EDX analyses on larger sample areas (cf. Fig. 2 and Fig. 6).

Conclusion

We described here the decomposition of a new heterotrimetallic (cod)Rh-stannole-RuCp*
precursor (Scheme 1) to Rh/Ru/Sn nanoparticles in two different synthetic routes in the ionic
liquids ([BMIm][BF,] and [BMIm][NTf,]) and without any other stabilizing agents. Route 1 had
the precursor dispersed in [BMIm][BF,] or [BMIm][NTf,], respectively, and decomposed with
microwave-induced heating. In route 2, the precursor was decomposed through
hydrogenation-assisted thermal decomposition (5 bar H,, 120 °C, 3 h) without and with
additional annealing (150 °C, 48 h).

With both synthetic routes, similar results could be obtained for the synthesis of Rh/Ru/Sn
nanoparticles. The nanoparticles were agglomerated and small (2-7 nm for decomposition
through microwave induced heating and hydrogenation-assisted thermal decomposition
without additional annealing and 1-2 nm for hydrogenation-assisted thermal decomposition
with additional annealing).

The obtained nanoparticles appear to contain all three metals but the proportion of Ru was
consistently the lowest.

SAED analysis showed that the nanoparticles reflections coincide with diffraction rings of a
cubic fcc crystal. EDX mapping analysis showed commonly a composition of the metals Rh
and Sn, frequently in a 1:1 ratio as given in the precursor, but also with a lower share of Sn.
RhSn compounds with cubic fcc structure are known. EDX-mapping on larger sample areas
agreed on the composition "Rugs;3sRhSn" while EDX on smaller sample section gave
“Rug.1Rhgy75Sng25” (line-scan)or "RugesRho77Sne15" 1o "Rh.osSn,.". (We note that the
suggested element compositions of the nanoparticles are still approximate and qualitative
with error margins of + 0.2 for each element.).
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In summary decomposition of the heterotrimetallic (cod)Rh-stannole-RuCp* precursor in ionic
liquids leads to small metal nanoparticles with a small amount containing all three metals.
For the most part, the nanoparticles consist, however, of Rh-richt Rh/Sn nanoparticles.

In other words it can also be assumed, that the obtained nanoparticles are RhSn-
nanoparticles in a mixture with a small amount of RhRuSn nanoparticles and Ru
nanoparticles.

From the precursor structure it is conceivable that the Rh(cod) moiety with the weakly bound
cod ligand is most easily decomposed to Rh metal which explains the observed Rh-rich
phases. Cyclooctadiene (cod) can generally be regarded as a good leaving group. Recently
bimetallic NiGa and NizGa nanoparticles were readily obtained from from [Ni(cod),] and
GaCp* in mesitylene and [BMIm][BF,] as solvent [19].The Sn in the stannole ring is certainly
more tightly bound. Also, the RuCp* appears to lead to a stable product other than Ru-metal
nanoparticles. The deficiency of Ru in the metal nanoparticles is reasoned by the formation
of a stable molecular species, possibly decamethylruthenocene, Cp*;Ru, which is removed
with the ionic liquid during the TEM grid preparation.

It may also be of interest to follow the decomposition of heterotrimetallic (cod)Rh-stannole-
RuCp* precursor in conventional organic solvents and in the presence of stabilizing capping
agents to perhaps trap intermediate species or the ruthenium decomposition product.
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5. Zusammenfassung und Ausblick

Die Ergebnisse dieser Dissertation werden in den folgenden Abschnitten zusammengefasst
und jeweils ein kurzer Ausblick dazu gegeben.

Bei der Synthese der Ni-NPs war es mdglich, sowohl aus dem [Ni{MeC(N/Pr),},] Precursor
als auch aus dem [Ni(COD),] Precursor Ni Nanopartikel in einer metastabilen hcp-Phase zu
erhalten. Die mikrowellengestitzte Synthese der Ni-NPs in den verschiedenen ILs lieferte
kleine, einheitliche Partikel. Durch die Nutzung verschiedener Imidazolium-, Pyridinium- und
Thiopheniumbasierten ILs mit unterschiedlich groBBen Anionen ([BF,] ,[PFs]~ und [NTf;] ") und
unterschiedlichen Kettenlangen, war der Trend erkennbar, dass die PartikelgroBe mit
zunehmender Seitenkettenldnge und steigender AnionengréBe ebenfalls zunimmt (vgl.
Abschnitt 3.1). Im Vergleich der aus den beiden unterschiedlichen Precursoren hergestellten
Ni-NPs, konnte kein signifikanter Unterschied in der PartikelgréBe festgestellt werden. Die
Wahl des Precursors fur die mikrowellengestitzte Synthese der Partikel scheint also keinen
Einfluss auf die PartikelgréBe zu haben. Sehr kleine kristalline Ni-NPs mit einer GréBe von
= 2 nm konnten in den Pyridiniumbasierten ILs gefunden werden. Diese wurden auch fur die
magnetischen Messungen und den Vergleich der magnetischen Eigenschaften mit Ni-NPs
aus [LMIm][NTf,] mit einer GréBe von 10 = 4 nm herangezogen. Hierbei wurden sehr
ahnliche magnetische Eigenschaften zwischen den beiden Ni-NP Proben festgestellt. Ferner
wurde die katalytische Aktivitat der Ni-NPs in [BMIm][NTf,] und [BPy][NTf,] untersucht und es
war mdglich fur die Hydrierung von Benzol und 1-Hexen Umsatze von > 90% zu erreichen,

was fur eine hohe katalytische Aktivitat der Ni-NPs spricht.

Far die Darstellung von Ru/Sn-NPs (vgl. Abschnitt 3.2) war es méglich, durch Zersetzung der
Single-Source Precursoren mittels Mikrowelle in der IL [BMIm][BF,] ohne Zusatz weiterer
Stabilisatoren fir den neutralen Triple-Decker Ruthenocen Precursor und den anionischen
Ruthenocen Precursor, beide einen Stannolliganden beinhaltend, bimetallische Ru,Sn
Nanopartikel und RusSn; Nanopartikel mit a-Sn Nanopartikeln zu erhalten. Da die Ru,Sn-
NPs mit einer GréBe von 4.3 + 1.5 nm sehr klein waren und nur wenig Precursormaterial
vorlag, konnte die Charakterisierung dieser Partikel ausschlieBlich tber TEM-EDX- und
SAED-Aufnahmen erfolgen. Eine Charakterisierung tUber PXRD war nicht méglich. Fur die
anionische Ruthenocen-Stannol Vorlauferverbindung konnten sphérische RusSn;-NPs mit
einer weiten GroBenverteilung von 10-50 nm erhalten werden. Diese konnten daher tber
PXRD-Aufnahmen, TEM-EDX- und SAED-Aufnahmen vollstdndig charakterisiert werden.
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Aufgrund der geringen GréBenverteilung der Ru,Sn-NPs, wurden diese in der IL [BMIm][BF,]
fir katalytische Studien zur Semihydrierung von 1-Octin zu 1-Octen verwendet (siehe
Abschnitt 4.2.2).

Hierfir wurden im Vorfeld zum besseren Vergleich reine Ru-NPs aus einem Carbonyl-
Vorlaufer als Katalysator zur Hydrierung verwendet. Die dazu erhaltenen Ergebnisse zeigten,
dass auch bei Einsetzen der Ru-NPs eine Semihydrierung zum 1-Octen stattfand und keine
vollstandige Hydrierung zum n-Octan. Allerdings konnten bei der Semihydrierung keine, wie
in der Literatur dazu bekannte, hohen Umséatze erzielt werden. Dies kdénnte mit einer
mdglichen Diffusionsbarriere zwischen der IL und den Nanopartikeln zusammenhangen, da
die Partikel nach der Synthese nicht ausgeféllt sondern in der IL-Suspension verbleibend flr
die Hydrierung eingesetzt wurden (siehe hier auch Auswertung in Abschnitt 4.2.2). Fir die
Semihydrierung von 1-Octin zu 1-Octen wurden fir die, als Katalysator eingesetzten, Ru,Sn-
NPs noch geringere Umsétze erreicht. Inwieweit die geringe Umsatzrate mit einer moglichen
Lvergiftung“ des Ru durch Sn zu erklaren ist, oder ob diese geringen Umsétze ebenfalls mit
der Diffusionsbarriere zwischen der IL und den Partikeln zustande kommen, konnte hier nicht
eindeutig festgestellt werden. Ein Ansatz flr einen besseren Vergleich kénnte das Ausfallen
der Partikel vor der Katalyse sein, sodass die Nanopartikel zwar noch durch die IL stabilisiert
werden, eine Barriere zwischen dieser und den Partikeln aber weitgehend vermieden werden

kann.

Zur Darstellung von Ru/Rh/Sn-NPs aus einer heterotrimetallischen (cod)Rh-Stannol-RuCp*
Triple-Decker Komplex — Vorlauferverbindung, wurden zwei Zersetzungswege gewahlt. Zum
einen wurde der Precursor mittels Mikrowellenstrahlung in den ILs [BMIm][BF,] und
[BMIm][NTf,] ohne Hinzugabe weiterer Stabilisatoren zersetzt und zum anderen wurde die
Zersetzung durch Hydrierung bei milden Bedingungen durchgefihrt (vgl. Abschnitt 4.3). Bei
beiden Synthesewegen wurden kleine homogen verteilte Nanopartikel erhalten, die in
kleinen Anteilen alle drei Metalle enthielten. Durch vollstdndige Analyse und
Charakterisierung der Nanopartikel mittels TEM, TEM-EDX, STEM-EDX und SAED-
Aufnahmen wurde im Ergebnis ein hoher Anteil an Rh- und RhSn-NPs gefunden und nur ein
sehr geringer Anteil an Ru bzw. an Ru/Rh/Sn-NPs. Dies l&sst sich mit der Struktur des
Single-Source-Precursors begriinden. Da der Rh(cod)-Ligand mit dem Cyclooctadien
aufgrund der schwachen Bindung eine leicht abspaltbare Endgruppe enthalt, liegt nach der
Zersetzung des Precursors eine Rh-reiche Phase vor. Das Sn liegt in einem Stannolring und
ist zwar im Vergleich zum Rh enger gebunden, Iasst sich aber dennoch leicht zersetzen.
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Der geringe Anteil an Ru in den Metallnanopartikeln rihrt daher, dass sich das, im Precursor
vorgegebene, RuCp* wahrend der Zersetzung in eine stabile molekulare Form umwandeln
kdénnte (siehe Auswertung in Abschnitt 4.3), die dann bei Fallung der Partikel und den
anschlieBenden Waschvorgangen mit der IL entfernt wird. Eine Alternativsynthesemethode
kénnte die Darstellung der trimetallischen Partikel in organischen L&ésemitteln und unter
Zugabe von zuséatzlichen Stabilisatoren sein, die eine Umwandlung des RuCp* in eine

stabilere MolekUlspezies unterbinden.
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6. Experimentalteil

Sofern nicht anders beschrieben, wurden alle Synthesen unter Inertbedingungen (Glovebox,
Schlenk-Technik) durchgefihrt. Alle eingesetzten Lésemittel wurden vorher frisch destilliert,

auf Molsieb (4 A) gelagert und der Wassergehalt mittels KFT bestimmt.
Wassergehalt Propylencarbonat (PC): < 20 ppm

Wassergehalt 1-Octin: < 40 ppm

Zu Abschnitt 4.2.1: Darstellung von Ru-NPs@TRGO-400 in Propylencarbonat (PC) zur

Katalyse von Lavulinséure

Zur Darstellung von Ru-NPs getragert auf TRGO-400 wurden 12.9 mg (0.5 wt%, 0.02018
mmol) Ru3(CO);, mit 2.35 mg TRGO-400 (0.2 wt%) unter Inertbedingungen (Glovebox) in ein
Mikrowellenréhrchen zusammengegeben und 24 h in 1 mL PC dispergiert. AnschlieBend
wurde die Suspension in der Mikrowelle bei 250 °C und 50 W flir 10 min. zersetzt und die
schwarzen Ru@TRGO-400-NPs erhalten. Die wahrend der Zersetzung entstandenen CO-
Gase wurden im HV abgezogen und die Nanopartikel mit 5 mL Reinstwasser gefallt und
weitere 5x mit derselben Menge gewaschen. Die getrdgerten Nanopartikel wurden
abschlieBend im HV getrocknet.

Zur Vorbereitung der Katalyse von Lavulinsdure zu y-Valerolacton wurden 5 mg Ru@TRGO-
400-NPs (3.5 wt% Ru, 1.73x10° mmol) und 0.22 g L&vulinsaure (191 ul, 1.89 mmol) in ein
Glasinlet zusammengegeben und dieses in einen Stahlautoklaven gesetzt. Der Autoklav
wurde auf Dichtigkeit gepriift und 3x mit H, gespiilt. Nach Aufheizen des Autoklavs im Olbad
auf 100 °C, wurde das System mit 10 bar H, beschickt und die Katalyse fir 3 h durchgefihrt.
Nach dem Katalysezyklus wurden die Nanopartikel mittels Ultrazentrifugation (6000 U/min.)
vom Produkt getrennt und fur die nachsten Katalysezyklen aufgereinigt. Die Aufreinigung des
Katalysators geschah Uber dreimaliges Waschen mit Methanol und anschlieBendem
Trocknen im HV.
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Zu Abschnitt 4.2.2: Verwendung von Ru.Sn-NPs in der IL [BMIm][BF.] als Katalysator fiir die
Semihydrierung von 1-Octin zu 1-Octen

Fur die katalytischen Vorstudien wurden 4.62 mg Rug(CO)s, (1 Wit%, 7.22x10° mmol) in
0.22 g [BMIm][BF4] zusammengegeben und das Gemisch 24 h in der Glovebox suspensiert.
AnschlieBend wurde der Precursor in der IL mittels Mikrowellenstrahlung fir 10 min., bei
250 °C und 50 W zu Ru-NPs zersetzt.

Die entstandenen Nanopartikel wurden in der IL-Suspension fir die Katalyse eingesetzt und
vorher nicht geféllt. Zu der Suspension wurden 2.7 mL 1-Octin (0.018 mol) gegeben, das
Gemisch in ein Glasinlet gegeben und dieses in einen Stahlautoklaven gebracht. Nach
dreimaligem Spiilen des Autoklaven mit H,, wurde dieser im Olbad auf 120 °C aufgeheizt,
mit 20 bar H, beschickt und die Katalyse flr 7 h durchgeflhrt. Nach dem Katalysezyklus
wurde das Produkt bei 40 °C im HV in eine Kuhlfalle Gberflhrt und erneut frisches 1-Octin
zum Katalysator zugegeben.

Fur die Katalyse mit Ru,Sn-NPs wurden 1.64 mg (1 wt%, 5.12x10° mmol) Ru,Sn-NP-IL-
Suspension mit 1.35 mL 1-Octin in ein Glasinlet zusammengegeben und dieses in einen
Stahlautoklaven Uberfihrt. Die Reaktionsbedingungen wurden analog zu den Vorstudien mit
Ru-NPs als Katalysator gewahlt.
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