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L. ZUSAMMENFASSUNG

Metall Nanopartikel sind auf Grund ihrer grolen Anwendungsbreite unter anderem in
Bereichen der Katalyse, Medizin und Materialwissenschaften von groBem wissenschaftlichem
Interesse. Synthese und Stabilisierung kleinster Partikel stellen immer noch eine grofe
Herausforderung dar.

Das Ziel dieser Dissertation war es, kleine Metall Nanopartikel mit Partikel-
durchmessern kleiner 5 nm ausgehend von ihren bindren Carbonylen reproduzierbar
herzustellen und ohne Stabilisator-Liganden alleine mit Hilfe eines schwach koordinierenden
Losungsmittels oder durch Immobilisierung auf einer Oberfliche zu stabilisieren.
Ausgewihlte Metall Nanopartikel sollten auf ihre katalytischen Hydrieraktivititen untersucht
werden. Im Kontext der Griinen Chemie sollte die Nanopartikel-Praparation und die
anschlielende Katalyse unter moglichst milden, energiesparenden Bedingungen durchgefiihrt
werden.

Im Rahmen der vorliegenden Arbeit wurden folgende Ziele erreicht:

1. Sphirische Nanopartikel der Ubergangsmetalle Molybdin, Wolfram, Rhenium, Eisen,
Ruthenium, Osmium, Cobalt, Rhodium und Iridium konnten ausgehend von ihren
Metallcarbonylen in racemischem Propylencarbonat mit Hilfe von kurzzeitiger und
geringer Mikrowellenstrahlung (5 min, 50 W) erzeugt werden. Die Hydrierung von
Cyclohexen und 1-Hexin mit elementarem Wasserstoff und Rhodium Nanopartikeln in
Propylencarbonat gelang mit Aktivititen von bis zu 1875 mol Produkt x (mol Rh) ™" x
h'. Rhodium und Ruthenium Nanopartikeln konnten mit Hilfe von 3-
Mercaptopropionsdure oder Trioctylphosphinoxid (TOPO) aus der Propylen-
carbonatphase extrahiert und fiir 3 Wochen stabilisiert werden ohne Anderung der
Partikeldurchmesser.

2. Rhodium Nanopartikel konnten ausgehend von Rhe(CO)6 in der ionischen Fliissigkeit
n-1-Butyl-3-methyl-imidazolium tetrafluoroborat (BMImBF4) mit kurzzeitiger und
geringer Mikrowellenstrahlung (6 min, 10 W) erzeugt werden. Nach der Triagerung
der Partikel auf einem PTFE ummantelten, handelsiiblichen Riihrfisch wurde mit dem
diesem ,,Katalysatorsytem* in mehreren Durchldufen Cyclohexen und Benzol mit
elementarem Wasserstoff hydriert. Die Aktivitidten der Hydrierung von Cyclohexen zu
Cyclohexan verringerten sich iiber zehn Durchlidufe von 14.9 x 10° auf 6.6 x 10’ mol

Produkt x (mol Rh)' x h'. Die Aktivititen der Hydrierung von Benzen zu



Cyclohexan verringerten sich iiber drei Durchldufe von 750 auf 460 mol Produkt x
(mol Rh)! x h",

. Rhodium und Ruthenium Nanopartikel wurden ausgehend von ihren Carbonylen in
der ionischen Flissigkeit BMImBF, auf chemisch erhaltenem Graphen (CDGQ)
getragert und die M-NP/CDG-Systeme in mehreren Durchldufen fiir die Hydrierung
von Cyclohexen und Benzol mit elementarem Wasserstoff verwendet. Die Aktivitdten
blieben tliber zehn Durchgénge fiir die Hydrierung von Cyclohexen zu Cyclohexan von
1570 mol Produkt x (mol Ru)" x h™ mit Ru-NP/CDG und von 360 mol Produkt x
(mol Rh)" x h™ mit Rh-NP/CDG konstant. Die Aktivititen von Rh-NP/CDG wurden
bei der Hydrierung von Benzen zu Cyclohexan bei verschiedenen
Reaktionstemperaturen (25, 50, 75°C) untersucht. Die hochste Aktivitdt von 310 mol
Produkt x (mol Rh)™ x h™" wurde bei 50°C ermittelt.



II.

ABSTRACT

Metal nanoparticles are of high scientific interest because of their broad range of

applications in the fields of catalysis, medicine and material science. Synthesis and

stabilization of small particles still pose a big challenge.

The aim of this thesis was to obtain reproducible particles with the size smaller than 5

nm originated from their binary carbonyls and to stabilize the particles only with the help of a

weak coordinating solvent or by deposition on a surface. Selected metal nanoparticles should

be screened for their catalytic activities in hydrogenation reactions. In the context of green

chemistry the synthesis of the nanoparticles and the following catalysis should be carried out

in mild, energy-saving conditions.

In the context of this thesis following aims were accomplished:

1.

Spherical nanoparticles of the transition metals molybdenum, tungsten, rhenium, iron,
ruthenium, cobalt, rthodium and iridium from their carbonyl precursors in racemic
propylene carbonate could be obtained via low and rapid microwave irradiation (5
min, 50 W). The hydrogenation of cyclohexene and 1-hexyne was successful with
elemental hydrogen and rhodium nanoparticle in propylene carbonate with activities
up to 1875 mol product x (mol Rh)" x h'. Rhodium and Ruthenium nanoparticles
could be extracted with 3-mercaptopropionic acid or trioctylphosphine oxide (TOPO)
from the propylene carbonate phase and were stabilized without a big change in the
particle diameter for 3 weeks.

Rhodium nanoparticles could be obtained from Rhgs(CO);¢ in the ionic liquid n-1-
butyl-3-methyl-imidazolium tetrafluoroborate (BMImBF4) via low and rapid
microwave irradiation (6 min, 10 W). After the deposition of the particles on a PTFE
coated, commercially available stirring bar, this “catalytic system” was used for
catalytic hydrogenation runs from cyclohexene or benzene to cyclohexane. The
activities of the hydrogenation cyclohexene to cyclohexane decreased in ten runs from
149 x 10° to 6.6 x 10° mol product X (mol Rh)! x h'. The activities of the
hydrogenation from benzene to cylohexane slowly decreased in three runs from von
750 auf 460 mol product x (mol Rh)™" x h™.

Chemical derived graphene was synthesized from natural graphite over graphite oxide
(Hummers and Offeman) and a following thermal reduction process. Rhodium and
Ruthenium nanoparticles were obtained from their carbonyl precursors in the ionic

liquid BMImBF,4 and deposited onto chemical derived graphene (CDG) and the M-



NP/CDG-system was used for hydrogenation runs from cyclohexene or benzene to
cyclohexane with elemental hydrogen. The activities remained constant in ten runs
from cyclohexene to cyclohexane of 1570 mol product x (mol Rh)' x h'. The
activities of Rh-NP/CDG were examined during the hydrogenation of benzene to
cylcohexane at different temperatures (25, 50, 75 °C). The highest activity of 310 mol

product x (mol Rh)™" x h™! was measured at 50 °C.



ITII. ABBREVIATIONS

AAS atomic absorption spectrometry
acac acetylacetonate

BIM n-butylimidazolium

BMImBF4 1-butyl-3-methylimidazolium tetrafluoroborate
CDG chemical derived graphene
DLS dynamic light scattering

EDX energy dispersive X-ray
EXAFS X-ray absorption spectroscopy
FT-IR Fourier transformed infrared
IL(s) 1onic liquid(s)

h hour(s)

M-NP(s) metal nanoparticle(s)

nm nanometer(s)

MWI microwave irradiation

NP(s) nanoparticle(s)

p pressure

PC propylene carbonate

PTFE polytetrafluoroethylene

rpm rounds per minute

RT room temperature

SEM scanning electron microscopy
STEM scanning transmission electron diffraction
T temperature

t time

TED transmission electron diffraction



TEM

THF

TOF

TOPO

wt.%

XMCD

°C

transmission electron microscopy
tetrahydrofuran

turnover frequency
trioctylphosphine oxide
weight-%

x-ray magnetic circular dichroism

degree






2 INTRODUCTION

Metal nanoparticles (M-NPs) are of significant interest for technological applications
in several areas of science and industry, especially in catalysis due to their high activity. The
controlled and reproducible synthesis of defined and stable M-NPs with a small size
distribution is very important for a range of applications.!'™® Note that through the years metal
nanoparticles were also referred to as nanophase metal clusters, metal nanocrystals and metal
colloids. In the following the term (metal) nanoparticles for simplicity is primarily used. M-
NPs are only kinetically stable and will combine to thermodynamically favored larger metal
particles via agglomeration. This M-NP tendency for aggregation is due to the high surface
energy and the large surface area. To avoid this agglomeration, M-NPs need to be stabilized
with strongly coordinating protective ligand layers which provide electrostatic and/ or steric
protection like polymers and surfactants.””! The immobilization of M-NP onto a surface is a
route of stabilization that goes along without the need of ligand layers."” Tonic liquids (ILs)
can be an alternative to ligand layers as well (Scheme 1). ILs may be seen to act as a "novel

n[ll

nanosynthetic template"'"! that stabilize M-NPs on the basis of their ionic nature,'* high

polarity, high dielectric constant and supramolecular network without the need of additional
13-17]

Q QO 9 9

surface

protective ligands (cf. Scheme 4a).!

stabilization by
deposition on surface

O O problem

O O aggregation @
03~ 900 -

O small M-NPs

(diameter 1-5 nm)

stabilization
by ligands

@9

nanoparticle:
M-core
+ ligand shell

—> change of M-surface properties

Scheme 1. Stabilization of metal nanoparticles through protective ligand stabilizers or in ionic liquids
(IL) or by deposition on a surface.
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In the absence of strongly coordinating protective ligand layers, M-NPs in ILs should
be effective catalysts. The IL network contains only weakly coordinating cations and anions
(Scheme 4) that bind less strongly to the metal surface and, hence, are less deactivating, than
the commonly employed capping or protective ligands. The combination of M-NPs and ILs
can be considered a green catalytic system because it can avoid the use of organic solvents.

ILs are interesting in the context of green catalysis'™

which requires that catalysts be
designed for easy product separation from the reaction products and multi-time efficient
reuse/recycling.!"*!! Firstly, the very low vapor pressure of the IL and designable low
miscibility of I[Ls with organic substrates allows for a facile separation of volatile products by
distillation or removal in vacuum. Secondly, the IL is able to retain the M-NPs for catalyst
reuse and recycling. For example, Dupont and coworkers have shown that a M-NP/ IL system
can be recycled quite easily and can be reused several times without any significant changes
in catalytic activity.!"”! In recent reports of Rh-NP/IL in hydrogenation reactions, the catalytic

activity did not decrease upon repeated reuse.”>*! A

sizable number of catalytic reactions
have successfully been carried out in ILs.**! Generally, the catalytic properties (activity and
selectivity) of dispersed M-NPs indicate that they possess pronounced surface-like (multi-site)

rather than single-site-like character.*”!

2.1 Green Chemistry

Before the Bhophal desaster in 1984%% the chemical industry neglected ecological
aspects. High yields and the interrelated profits were prioritized over security and ecological
effects. In the 1990s scientific, ecological and sustainable chemistry, also known as green
chemistry, gained in importance. Rethinking took place both in industry and in scientific
research. In 1991 Trost was the first to bring in the concept of atom economy.*’**! Around

8] Green chemistry became

that time Sheldon established the term E(nvironmental) Factor.
more prominent through the publications of Anastas,*”’ Warner™ and Clarke."**" 1t can
casily be defined as:*?! Green chemistry efficiently utilises (preferably renewable) raw
materials, eliminates waste and avoids the use of toxic and/or hazardous reagents and
solvents in the manufacture and application of chemical products. In the context of green

chemistry among others catalysis itself, catalysis in non-conventional media, e.g. ionic

liquids, and alternative energy input, e.g. microwave, are at the forefront.!'®*?! This trend is

2



being increasingly supported by politicians. Since 1995 the U.S. agency “Environmental

Protection Agency” (EPA) has rewarded this ecological tendency with the “Presidential Green

Chemistry Challenge Award”.

The following twelve principles in Table 1 were established by Anastas and Warner

and should be understood as general criteria in chemistry, like yields and selectivity.l*”

Anastas consequently expanded this issue into the field of engineering by defining the twelve

principles of green engineering.”

4]

Table 1. The 12 principles of green chemistry.

10

11

12

It is better to prevent waste than to treat or clean up waste after it has been created.

Synthetic methods should be designed to maximize the incorporation of all materials used in the
process to create the final product.

Wherever practicable, synthetic methods should be designed to use and generate

substances that possess little or no toxicity to people or the environment.

Chemical products should be designed to effect their desired function while minimizing their
toxicity.

The use of auxiliary substances (e.g., solvents or separation agents) should be made unnecessary
whenever possible and innocuous when used.

Energy requirements of chemical processes should be recognized for their environmental and
economic impacts and should be minimized. If possible, synthetic methods should be conducted
at ambient temperature and pressure.

A raw material or feedstock should be renewable rather than depleting whenever technically and
economically practicable.

Unnecessary derivatization (use of blocking groups, protection/de-protection, and temporary
modification of physical/chemical processes) should be minimized or avoided if possible,
because such steps require additional reagents and can generate waste.

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

Chemical products should be designed so that at the end of their function they break down into
innocuous degradation products and do not persist in the environment.

Analytical methodologies need to be further developed to allow for real-time, in-process
monitoring and control prior to the formation of hazardous substances.

Substances and the form of a substance used in a chemical process should be chosen to minimize

the potential for chemical accidents, including releases, explosions, and fires.




These twelve principles have recently been summarized by Poliakoff to a catchy

phrase: PRODUCTIVELY:"”

Prevent wastes

Renewable materials

Omit derivatisation steps
Degradable chemical products
Use of safe synthetic methods
Catalytic reagents

Temperature, pressure ambient
In-Process monitoring

Very few auxiliary subtrates

E Factor, maximize feed in products
Low toxicity of chemical products
Yes, it is safe

K OomHm<—THH0OCcCgoo®wm ™

Scheme 2 shows a simple example to clarify the term afom economy by means of two
different routes to proplylene oxide: The upper part describes the classical chlorohydrin route
with an atom economy of 25% and the lower part is the route with hydroperoxide with an
atom economy of 75%. Atom economy is a theoretical number based on a yield of 100 % and

acts on the assumption that reactants are used in stoichiometric amounts.

CHsHC=CH, + Cl, + H,O ————— H;CCH(OH)CH,Cl + HCI

Ca(OH
/<Cl) + CaCl, + H,0 (O,

[25 % atom utilisation]

CH3HC:CH2 + H202 - > /<? + Hzo

{75 % atom utilisation]

Scheme 2. Chlorohydrin process and atom utilization."®!

The E Factor is the actual amount of waste produced in the process, defined as
everything but the desired product. It includes all reagents, solvent losses, all process aids and

even the energy required, when carbon dioxide is produced, whereby water is excluded.”®

4



The higher the E Factor the higher is the negative environmental impact. Table 2 illustrates
the level of waste production in different segments of the chemical industry and the

interrelated challenge for scientists to provide greener processes.

Table 2. E factors in the chemical industry.['®!

Industry Segment Volume E Factor
(tons/annum)® (kg waste/kg product)

Bulk chemicals 10*-10° <1-5
Fine chemicals 10%-10" 5->50
Pharmaceutical Industry 10-10° 25->100

“Annual production world-wide or at a single site.

2.2 Ionic liquids

Ionic liquids are salts which are composed of charged inorganic and organic ion pairs.
By definition their melting point is below 100 °C, more typically ILs are liquid at room

(20571 Such room temperature ionic liquids are occasionally abbreviated as

temperature.
RTILs.”® ILs are liquid under standard ambient conditions because the liquid state is
thermodynamically favorable, due to the large size and conformational flexibility of the ions
involved, which leads to small lattice enthalpies and large entropy changes that favor
melting.** ILs are characterized and set apart from other solvents by their physical properties
like high charge density, high polarity, high dielectric constant and supramolecular network

.1 Typical IL cations include 1-alkyl-3-methylimidazolium,

formation (Scheme 4
tetraalkylammonium, 1-alkylpyridinium and oxazolium. Typical anions for ILs are halide
anions, tetrafluoroborate BF4, hexafluorophosphate PF¢, tetrahalogenidoaluminate AlX4
trifluoromethylsulfonate (triflate) CF;SOs;  (TfO") or bis(trifluoromethylsulfonyl)amide [also

named N-bis(trifluoromethanesulfonyl)imidate, (CF3SO;),N", Tf,N ] (Scheme 3),[24.40]



Cations: Anions:

= ® BF,~

BMIm* PFs~ o)
1-n-Butyl-3-Methyl- O

) . F;C-S-0O
Imidazolium | TfO- = 6

©)

/\/\T_ O\\ /N? //O
BtMA* _ O\
n-Butyl-tri-Methyl- Tf,N-= CFs 5 g CFs
Ammonium

Scheme 3. Typical cations and anions of most common commercially available ILs. BMIm" is also
abbreviated as BMI in the literature.

The desired properties of the IL can be designed through judicious combination of
anions and cations which presents an advantage over other solvent systems for the various
envisioned IL applications. For instance: ILs containing Tf;N™ offer low viscosity and high

electrochemical and thermal stability.*"

If bis(zrifluoromethylsulfonyl)amide TN is
replaced by bis(methylsulfonyl)amide, viscosity increases and stability decreases.[*?! This
variety leads to a high interest towards ILs as new green reusable reaction media, especially
in the field of catalysis.!*”!

Scattering experiments on ILs provided important information on the structure of ionic
liquids which, thus, are not liquids in the conventional sense, but may rather be considered as
mesophases. ILs have an intrinsic "nanostructure" which is caused by electrostatic, hydrogen

781 The mesoscopic structure of imidazolium ionic

bonding and van der Waals interactions.
liquids in particular can be described in part as a supramolecular three-dimensional hydrogen-
bonded network (Scheme 3a).*"! Pure 1,3-dialkylimidazolium ILs can be described as a

1 polymeric supramolecular network of the type {[(RRTm)y(A)yn)]™"

hydrogen-bonded'
[(RR'Im)x 4(A)x)]" }» where RR'Im is the 1,3-dialkylimidazolium cation and A the anion. This
structural pattern is not only seen in the solid phase but is also maintained to a great extent in
the liquid phase. The introduction of other molecules and macromolecules proceeds with a
disruption of the hydrogen bonding network and in some cases can generate nano-structures
with polar and non-polar regions where inclusion-type compounds can be formed.!"*'* When
mixed with other molecules or M-NPs, ILs become nanostructured materials with polar and
nonpolar regions.[**"!

Tonic liquids are nanostructural liquid media.*®! Nanometer-scale structuring in
room-temperature ILs was observed by molecular simulation for ionic liquids belonging to

the 1-alkyl-3-methylimidazolium family with hexafluorophosphate or with bis(trifluoro-

6



methylsulfonyl)amide as the anions. For ionic liquids with alkyl side chains longer than or
equal to C4, aggregation of the alkyl chains in nonpolar domains was observed. These
domains permeate a tridimensional network of charged or polar ionic channels formed by
anions and by the imidazolium rings of the cations (cf. Scheme 4a). As the length of the alkyl
chain increases, the nonpolar domains become larger and more connected and cause swelling
of the ionic network, in a manner analogous to systems exhibiting microphase separation.[**!
In other words, ILs are nanostructurally organized with nonpolar regions arising from
clustering of the alkyl chains and ionic networks arising from charge ordering of the anions
and imidazolium rings of the cations.”® The combination of undirected Coulomb forces and
directed hydrogen bonds leads to a high attraction of the IL building units. This is the basis
for their (high) viscosity, negligible vapor pressure and three-dimensional constitution. The IL
network properties should be well suited for the synthesis of defined nano-scaled metal

colloid structures (Scheme 4)_[13-15]



BF,4~, PFg™
TfO™ = CF3SO5-

(a) Electrostatic and H-bonded network in
imidazolium salts

AN

i i i | i h
\'9'9‘@’@’9'/

"9 9 9 9 99"

\‘@'@‘@.@.@.@\

-

/,@’@'Q‘Q‘Q'Q'/
,,Q,QQQ’Q,Q,Q\
)= imidalzoliumI cationI (=) I= élniOfI1

hydrogen bond

(cation)C—H---anion
metal
nanoparticle

(b) with metal nanoparticles included

= stabilizing anion layer around
the metal nanoparticle

Scheme 4. (a) Schematic network structure in 1,3-dialkylimidazolium-based ionic liquids. (b) The
inclusion of metal nanoparticles (M-NPs) in the supramolecular IL network with electrostatic and
steric (= electrosteric) stabilization is indicated through the formation of the suggested primary anion
layer forming around the M-NPs.



2.3 Synthesis of metal nanoparticles from metal carbonyls

The use of binary metal carbonyls for the synthesis of metal nanoparticles is sensible
and logical. Metal carbonyls are commercially available (Table 3). Fe(CO)s and Ni(CO), are
industrially produced on a multi-ton scale.*”) Compounds M, (CO)y are easily purifyable and
handable, even if care should be exerted for the possible liberation of poisonous CO. The
metal carbonyls contain the metal atoms already in the zero-valent oxidation state needed for
M-NPs. No reducing agent is necessary. The side product CO is largely given off to the gas
phase and removed from the dispersion. Contamination from by- or decomposition products,
which are otherwise generated during the M-NP synthesis (see below), are greatly reduced.
Thus, metal carbonyls were used early on for the preparation of M-NPs. It will be evident
from the following examples that all these metal nanoparticles which were prepared in the
condensed phase needed stabilization through additional ligands, like dispersants, surfactants
or through passivation with a metal-oxide shell. Also the majority of the work uses the metal
carbonyls Fe(CO)s and Coy(CO)s. The following excerpts from the literature are roughly
arranged in chronological order according to the year of publication. Much of the work on Fe-

or Co-NPs at large is devoted to their magnetism."”

Table 3. Binary metal carbonyls.”

Group 5 6 7 8 9 10
Metal V,Nb, Ta Cr,Mo,W Mn, Tc,Re Fe,Ru, Os Co,Rh,Ir Ni,Pd, Pt
mononuclear V(CO)s Cr(CO)s Fe(CO)s Ni(CO),
complexes Mo(CO); Ru(CO)s
W(CO)s Os(CO);s
polynuclear Mn,(CO);y Fey(CO)y Co,y(CO)s
complexes Fe;(CO);;  Coy(CO)y,
Tca(CO)ip Ruy(CO)y  Rhy(CO)y2
Ru3(CO);;  Rhg(CO)y6
Rex(CO)p  Osy(CO)y  Iry(COy2
0s3(CO)12

“ Metal carbonyls given in bold were confirmed to be commercially available, e.g., from Aldrich,
ABCR or Acros.



In early reports Hess and Parker (1966)°" and Thomas (1966)"% described processes
for preparing metallic cobalt particles of uniform size in the 10-1000 A range (0.1-100 nm).
Dicobalt octacarbonyl Co,(CO)g was thermally decomposed in typcially toluene solutions of
dispersant polymers, such as methyl methacrylate-ethyl acrylate-vinylpyrrolidone
terpolymers, high-purity polystyrene, styrene-acrylonitrile polymers, polyacrylonitril,
chloropolyethylene sulfonamide, polyester and polyether urethanes to form stable colloids of
discrete particles which are separated by polymer coatings. Variation of polymer composition,
molecular weight and solvent used results in a variation of particle size and colloid stability.
Preparation of single-domain ferromagnetic cobalt particles with good magnetic properties
was possible through a balance between dispersant polymer, solvent, and the growing metal
particle.”"!

Papirer et al. (1983) prepared a stable suspension of metallic cobalt particles in an
organic solvent (ferrofluid) by decomposition of Cox(CO)s.>** The cobalt particles originate
from the thermolysis of the dicobalt octacarbonyl solution in the presence of a chosen surface
active agent. The reaction temperature, the nature of the solvent and of the surfactant, the
weight ratio of carbonyl and surfactant, and the initial concentration of the cobalt carbonyl
solution were varied. Spherical particles, of a narrow size distribution, are obtained when the
decomposition of Coy(CO)g is carried out in an aromatic solvent above 110 °C and in the
presence of a surfactant possessing a long hydrocarbon chain and a strong ionic group
(sulfonate). The decomposition in toluene, in which ethyl (2-hexyl) sodium sulfo-succinate is
dissolved, leads to particles of about 70 A in diameter. When a ferrofluid is being formed, an
initial and rapid evolution of CO corresponding to the formation of Co4(CO);, is recorded.
Part of this compound is insoluble in the reaction medium and appears to be a regulating
intermediate. After this short initial stage the rate of decomposition of Cos(CO);, slows down
and becomes practically constant. Later the CO formation is accelerated again and finally it
decreases as the reaction goes to completion. This S-shaped curve which describes the
decomposition of Coy(CO)s is always observed when a ferrofluid is in progress of
formation."* The diameters of the particles, and the number of growing particles have been
measured using also small-angle X-ray scattering and magnetic methods. The presence of
microreactors in the reaction medium and a diffusion controlled growth mechanism are seen
as the responsible two factors for the formation of particles of very narrow size
distribution.[>"

Suslick et al. (1996) reported the synthesis of "monosized" iron nanoparticles from 3

to 8 nm (amorphous according to electron microdiffraction) through the sonochemical
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decomposition of iron pentacarbonyl, Fe(CO)s in octanol or hexadecane in the presence of
polyvinylpyrrolidone (PVP) or oleic acid, respectively, as a stabilizer.”™

Platonova et al. (1996) obtained Co nanoparticles in polystyrene(PS)-poly-4-vinyl-
pyridine (PVP) micelles by thermal decomposition of Co,(CO)g in micellar solutions of such
block copolymers. Co particles are effectively stabilized by the block copolymer matrix and
do not aggregate. Thermal treatment of such dried polymers at 200 °C for 2 h leads to
spherical particles of 3-5 nm in size. The polymeric hybrid materials displayed remarkably
high values of magnetization at rather low Co contents in the polymer.”®

Lee et al. (1998) produced nanoparticles of iron, chromium, molybdenum and tungsten
by laser decomposition of the corresponding metal carbonyls with a 10.6 pum CO; laser in the
presence of Ar and SFe."”) Argon helped to increase the purity of the metal clusters by
suppressing the formation of (M),(CO), for M = Cr, Mo, W). SFs acted as an infrared
photosensitizer, which initially absorbed the 10.6 um IR photons from the CO; laser and
transferred its energy to a metal carbonyl via collisions. The M-NP size distributions were
narrow and the average diameter was 6, 3.5, 2 and ~1 nm for Fe, Cr, Mo and W clusters,
respectively, as determined by TEM. The structure was found to be bcc for both Fe and Cr
clusters, fcc for Mo clusters, and amorphous for W clusters as determined from the X-ray
diffraction patterns (note that all the bulk metals have bcc structure). The cluster size (n) in
one cluster of average diameter was estimated by assuming a spherical shape such that n =
(cluster volume/atomic volume) % packing fraction = (r/rg)3f, with 7 the cluster radius, 7y the
atomic radius and f the packing fraction (0.68 for bec and 0.74 for fcc). Considering the
cluster sizes (n = 9630, 1870, 230 and ~30 for Fe-, Cr-, Mo- and W-NPs, respectively)
estimated from their average diameters, it was found likely that there exists a structural
transition from fcc to bulk bee with increasing cluster size in these metal clusters.””

Dinega and Bawendi (1999) used the kinetic control of crystal growth in the presence
of a coordinating ligand for the formation of a new structure of elemental cobalt (e-cobalt),
which was discovered upon analyzing the metallic powder produced by the thermal
decomposition of Co,(CO)s in solution in the presence of trioctylphosphane oxide.”™

Giersig and Hilgendorff (1999) prepared cobalt nanoparticles by thermolysis of
Co,(CO)s in Ar-saturated toluene as an organic carrier at 110 °C in the presence of two
different surfactants. The surfactants used were sodium bis 2-(ethyl-hexyl)sulfosuccinate and
oleoylsarcosine. The magnetic nanoparticles were then ordered into a two-dimensional array

using a magnetophoretic technique. The quality of the ordering was observed by electron

microscopy and the lattice constants determined by electron diffraction. It could be shown
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that the cobalt particles condense into a hexagonal close packed array."” These arrays of
monodisperse colloidal 11.4-nm Co nanoparticles were investigated by multifrequency
ferromagnetic resonance and x-ray magnetic circular dichroism (XMCD) to determine the
ratio of orbital-to-spin magnetic moment as u;/ ,uSeff=O.24iO.O6 by XMCD. !

Van Wonterghem, Morup et al. (1985, 1988),1%%] Pathmamanoharan et al. (2000),"
Gossens et al. (2002)!*"! and Butter, Philipse et al. (2003)) formed iron nanoparticles by
thermolysis of Fe(CO)s in decalin with modified polyisobutene and oleic acid as stabilizers.
The magnetic Fe-NPs are fairly monodisperse even for particle radii below 10 nm. The
particle size can be increased by seeded growth, and the particle shape can be changed by
using a mercaptan stabilizer, which leads to rod-like iron colloids. The thermal decomposition
of iron pentacarbonyl in a mixture of decalin and sarkosyl-O (n-oleyoyl sarcosine) has been
studied by Moessbauer spectroscopy. Together the X-ray diffraction it was shown that the
sample contained small particles of a metallic glass (amorphous material). Annealing of the
particles at 523 K resulted in crystallization of the particles into a mixture of a-Fe and
FesC,.1°! Fe** was found in all samples. After some time of reaction, a new iron carbonyl
complex appeared. During the final stages of the reaction, this intermediate carbonyl complex
decomposed, and ultrafine particles of an amorphous Fejo,C; alloy were formed.[®?!
Moessbauer spectroscopy also showed that the Fe-NPs with » = 5.3, 6.9 and 8.2 nm are
dominated by the broadened sextuplet with H.¢ =262 kOe similar to that found in the sarcosyl
and oleic acid stabilized colloids. This hyperfine field characterizes Fe;,C, species with x =

661 In addition, a small

0.25 by comparison with sputtered amorphous Fe;_C, films.!
contribution of a sextuplet with Herr = 496 kOe characterising an Fe(Ill) oxidic contribution is
visible in the spectra of the Fe-NPs with » = 5.3 and 6.9 nm. This Fe(III) oxidic contribution is
absent for the largest NP with » = 8.2 nm, while the spectrum of the NPs with the smallest
radius (» = 2.1 nm) turned out to be completely oxidic.["

Huh et al. combined a thermal decomposition of metal carbonyls with a collision
induced clustering. Metal carbonyls Fe(CO)s and Mo(CO)s were thermally decomposed with
a hot filament and resultant bare metal atoms underwent collisions to produce high purity Fe,
Mo, and alloy Fe/Mo nanometer size metal particles.!®”

Park, Hyeon et al. (2000) prepared monodisperse 2 nm spherical iron nanoparticles by
the thermal decomposition of Fe(CO)s in the presence of the stabilizing surfactant
trioctylphosphine oxide (TOPO). Subsequently, nearly uniform rodshaped iron nanoparticles
were then obtained from the controlled growth of these monodisperse spherical

nanoparticles.®®!
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By thermal decomposition of Fe(CO)s with simultaneous reduction of platinum
acetylacetonate Pt(acac), in the presence of oleic acid and oleyl amine Sun, Murray et al.
(2000) synthesized monodisperse iron—platinum nanoparticles.!®” Chen and Nikles (2002)
used this procedure for the preparation of FePd and FeCoPt alloy nanoparticles with very
narrow size distribution, using Fe(CO)s, Pd(acac), or Pt(acac), and Co(acac),.l’"""]

From Co0,(CO)s and Pt(hfac); in hot toluene and oleic acid very small and
monodisperse CoPt; alloy nanoparticles with 1.8(1) nm were obtained by Park and Cheon
(2001)."

Puntes, Krishnan and Alivisatos (2001) reported the synthesis of monodisperse &-Co
nanoparticles with spherical shapes and sizes ranging from 3 to 17 nm by the rapid pyrolysis
of a dicobalt octacarbonyl solution in dichlorobenzene in the presence of a surfactant mixture
composed of oleic acid, lauric acid and trioctylphosphine. The size distribution and the shape
of the nanocrystals were controlled by varying the surfactant (oleic acid, phosphonic oxides
and acids, etc.) its concentration, and the reaction temperature.m]

Hyeon et al. (2001) utilized a high-temperature (300 °C) aging of an iron-oleic acid
metal complex, which was in turn prepared by the thermal decomposition of iron
pentacarbonyl in the presence of oleic acid at 100 °C to generate monodisperse iron
nanoparticles. The Fe-NP particle size ranged from 4 to 20 nm. The resulting iron
nanoparticles were then transformed to monodisperse y~Fe,O3; nanocrystallites by controlled
oxidation using trimethylamine oxide as a mild oxidant.”” With a similar procedure Kim,
Hyeon et al. (2001) prepared cobalt nanoparticles from Co,(CO)s, oleic acid,
trioctylphosphine and dioctyl ether under reflux. The Co-NPs were applied as recyclable
catalysts for Pauson—Khand reactions, which involve the cycloaddition of alkynes, alkenes
and carbon monoxide to cyclopentenones.””

Burke, Stover et al. (2002) prepared polymer-coated iron nanoparticles by the thermal
decomposition of Fe(CO)s in the presence of ammonia and polymeric dispersants.’® The
dispersants consist of polyisobutylene (PIB), polyethylene, or polystyrene chains
functionalized with tetraethylenepentamine, a short polyethyleneimine chain. Inorganic-
organic core-shell nanoparticles were formed with all three types of dispersants. With the PIB
dispersants, the particle size is determined, in part, by the iron pentacarbonyl loading,
increasing from 8 + 1 nm for a 1:1 Fe(CO)s/dispersant ratio to 20 + 4 nm for a 5.5:1 ratio.!”®
Butter et al. (2002) studied the preparation and properties of metallic iron particles,

synthesized by thermal decomposition of Fe(CO)s in the presence of the stabilizer modified

polyisobutylene. By varying the iron carbonyl/polymer ratio, the particle size could be varied
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from 2 to 10 nm. Particles were characterized by magnetization measurements, transmission
electron microscopy (TEM), small angle X-ray scattering and cryo-TEM. Cryo-TEM pictures
show linear structures of the larger particles as a consequence of magnetic interaction. From
susceptibility measurements, it is seen that particles oxidize fast on exposure to air.!””!

Rutnakornpituk, Riffle et al. (2002) use copolymers as micelles in toluene to serve as
nanoreactors for the thermal decomposition of Co0,(CO)g to superparamagnetic Co-NP
dispersions. The steric stabilizers are poly[dimethylsiloxane-b-(3-cyanopropyl)methyl-
siloxane-b-dimethylsiloxane] (PDMS-PCPMS-PDMS) triblock copolymers in poly-
(dimethylsiloxane) carrier fluids. The nitrile groups on the PCPMS central blocks are thought
to adsorb onto the particle surface. The Co-NP size could be controlled by adjusting the Co-
to-copolymer ratio. TEM showed non-aggregated Co-NPs with narrow size distributions and
evenly surrounded by the copolymer sheaths.!”®!

Diana et al. (2003) synthesized cobalt nanoparticles within inverse micelles of
polystyrene-block-poly(2-vinylpyridine) copolymer in toluene by the pyrolysis of Co,(CO)s at
115 °C."™ The nanoparticle structure at different reaction times was investigated using
transmission electron microscopy and Fourier transform infrared spectroscopy (FT-IR). At
early reaction stages, the nanoparticles were found to be noncrystalline from TEM, and FT-IR
showed that the precursor was only partially decomposed. After 15 min of reaction, the
nanoparticles became crystalline, forming chains due to magnetic interactions. The
noncrystalline nanoparticles could be crystallized upon heating to 420 °C on grids in the
transmission electron microscope. This produced nearly monodisperse single nanocrystals
inside each micelle, with limited aggregation, but such annealing led to the degradation of the
polymer.[””!

Bonnemann, Behrens et al. (2003-2007) obtained monodisperse Co, Fe, and FeCo
nanoparticles through thermal decomposition of the metal carbonyls Co,(CO)s, Fe(CO)s or
Fe(CO)s/Co,y(CO)s in the presence of aluminium alkyls (AlRj), as air-stable magnetic metal

(80831 After decomposition the metal particles were

nanoparticles after surface passivation.
treated with synthetic air through a thin capillary (smooth oxidation) (Scheme 5) to yield
particles stable in air under ambient conditions for over one year, as confirmed by magnetic

measurements.
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1. Thermolysis at
110 °C, 4h

Co,(CO)g + AIR3 O
2. smooth air oxidation N
at20 °C, 6 h Co-NPs
R NP diameter
CH; 3—4.5 nm

CsoHsg 6.5-8.5 nm
n-CgH17 8.5-10.5 nm

Scheme 5. Thermolysis of Co,(CO)s in the presence of aluminium alkyls to Co-NPs and smooth air
oxidation for surface passivation.

The aluminium alkyl acts as a catalyst, activating the thermal decomposition of the
metal carbonyl as well as the surface passivation during the smooth oxidation. The resulting
particles strongly depend on the alkyl chain length R of the aluminium alkyl and the Co,(CO)s
to AIR;3 ratio. Monodisperse Co nanoparticles, 3—4.5 nm, 6.5-8.5 nm to 8.5-10.5 nm in
diameter, were obtained for AI(CHj3);, AI(C;Hs)s, and Al(CgH,7)s3, respectively.[gl] The
particles were characterized by electron microscopy (SEM, TEM, ESI), electron spectroscopy
(MIES, UPS, and XPS) and X-ray absorption spectroscopy (EXAFS). EXAFS measurements
showed that this preparation pathway provides long term stable zerovalent magnetic cobalt
particles. The chemical nature of the surfactant used exerts a significant influence on the
stability and the local electronic and geometric structure of the analyzed nanoparticles.™
With the help of surfactants, for instance oleic acid or cashew nut shell liquid, the metal
particles can be peptized in organic solvents like toluene or kerosene, resulting in magnetic
fluids. The saturation of magnetization, Ms, of the fluids was determined by specific
magnetization. The sizes and structure of the particles were investigated by transmission
electron microscopy, and Moessbauer analysis showed that the core of the particles was
metallic or alloyed, respectively. The particle surface termination was studied by X-ray
photoelectron and Auger electron spectroscopy.®) The particles were also peptized by
surfactants to form stable magnetic fluids in various organic media and water, exhibiting a
high volume concentration and a high saturation magnetization. In view of potential
biomedical applications of the particles, several procedures for surface modification are
possible, including peptization by functional organic molecules, silanization, and in situ
polymerization.®" Other procedures for surface modification of these pre-stabilized, metallic
Co-NPs include direct anchoring of surface-active functional groups and biocompatible
dextran layers as well as silica and polymer coatings. As a result, individually coated

nanoparticles as well as microspheres can be obtained.™
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Yin, Alivisatos et al. (2004) formed a Pt@CoO yolk-shell nanostructure in which a
platinum nanocrystal of a few nanometers was encapsulated in a CoO shell.®™ This was
achieved by first reducing platinum acetylacetonate with a longchain polyol to form uniform
platinum nanoparticles in the presence of surfactants such as oleic acid, oleylamine, and
trioctylphosphine. The size of the platinum particles was tuned from 1 to 10 nm, depending on
the concentration of surfactants. Coy(CO)s was then injected into the hot solution and
decomposed to form a conformal coating on the platinum nanocrystals. Oxidation of the
Pt@Co nanocrystals was performed a few minutes after introduction of the cobalt carbonyl by
blowing a stream of Oo/Ar mixture into the colloidal solution at 455 K.[*¥

Zubris, King, Tannenbaum et al. (2005) describe the synthesis of iron and cobalt alloy
nanoparticles by the co-decomposition of iron and cobalt carbonyl precursors in the presence
of polystyrene as a surface stabilizing agent.[*) The decomposition kinetics of the Fe(CO)s
and Coy(CO)s were established and controlled. The results suggest that Fe(CO)s
decomposition is a higher-order process (not first-order as previously assumed), with a
complicated intermediate mechanism. Equal initial concentrations of both precursors
generated nanoalloys with a crystalline core—shell dense morphology, while precursor
concentrations corresponding to initial equal rates of decomposition generated polycrystalline
nanoalloys with a diffuse morphology.'*”!

Hiitten et al. (2005) prepared ferromagnetic FeCo-alloyed nanoparticles from the two
precursors Coy(CO)s and Fe(CO)s aiming for a Fe to Co ratio of 50:50.1%¢! Characterization of
the alloyed nanoparticles utilized high-resolution transmission electron microscopy and
dispersive X-ray analyses.™”]

Korth, Pyun et al. (2006) synthesized polystyrene (PS)-coated cobalt nanoparticles by
the thermolysis of Coy(CO)s in the presence of end-functional polymeric surfactants in
refluxing 1,2-dichlorobenzene.®® A mixture of amine and phosphine oxide PS surfactants
(4:1 wt ratio) was used in the thermolysis of Co(CO)s to prepare polymer-coated cobalt
nanoparticles, where the ligating end group passivated the colloidal surface. The combination
of both amine and phosphine oxide ligands on the PS chain was found necessary to yield
uniform ferromagnetic nanoparticles. These polymer-coated cobalt nanoparticles (PS-Co)
were then characterized using TEM, atomic force microscopy (AFM), and magnetic force
microscopy (MFM) to determine particle size and morphology of magnetic colloids and
nanoparticle chains.*!

It is obvious that the use of metal carbonyls for M-NP preparation will also be noted in

the patent literature. An example is given by Mercuri (2007), describing "a process for
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producing nano-scale metal particles which includes feeding at least one metal carbonyl into a
reactor vessel; exposing the metal carbonyl to a source of energy sufficient to decompose the
metal carbonyl to produce nano-scale metal particles; and depositing or collecting the metal
nanoparticles. Oxygen is fed into the reactor vessel to partially oxidize the nanoscale metal
particles produced by decomposition of the decomposable moiety. The nanoscale metal
particles are then brought onto an end-use substrate which are intended to be employed, such
as the aluminum oxide or other components of an automotive catalytic converter, or the
electrode or membrane of a fuel cell or electrolysis cell".[***"

Gergely et al. describe "a process for preparing superparamagnetic transition metal
nanoparticles by introducing into a gas stream a hydrocarbon and a transition metal carboxyl
wherein the transition metal carbonyl is introduced downstream from the hydrocarbon;
wherein at the point of introduction of the hydrocarbon the gas stream is as a plasma, and
wherein at the point of introduction of the transition metal carbonyl the gas stream is at a
temperature of at least 1000 °C, followed by quenching to form C-coated transition metal
nanoparticles; and wherein the gas stream consists essentially of at least one inert gas and
H U

Girler, Schmidt et al. (2008) showed that hydroxyfunctional cobalt nanoparticles can
be obtained in a single step by thermal decomposition of Co,(CO)sg in the presence of ricinolic
acid as a functional surfactant. The chemisorbed ricinolic acid through the carboxylic acid
group served to introduce hydroxyl groups that serve as an initiator for the ring-opening
polymerization of 3-caprolactone to give the desired hybrid cobalt/polycaprolactone brush
particles.”

Doan, Johans et al. (2010) investigated the oxidation of Co nanoparticles stabilized
with various ligands in an autoclave.” Tridodecylamine stabilized Co nanoparticles with
different sizes (8 nm, 22 nm and 36 nm) were prepared by thermal decomposition of
C0,(CO)s in dodecane. The oxidation of the particles was studied by introducing oxygen into
the autoclave and following the oxygen consumption with a pressure meter. Tridodecylamine
capped particles were initially oxidized at a high rate, however, the oxidation layer quickly
inhibited further oxidation. The thickness of the oxide layer estimated from the oxygen
consumption was 0.8 nm for all three particle sizes showing that the oxidation is size
independent in the studied particle size range. The tridodecylamine ligand was exchanged for
various long chain carboxylic acids followed by subsequent oxidation. With the carboxylic
acids the formed oxide layer does not inhibit further oxidation as effectively as in the case of

tridodecylamine. TEM studies show that tridodecylamine capping leads to particles with a
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metal core surrounded by an oxide layer, while particles capped with long chain carboxylic
acids form hollow cobalt oxide shells."””!

The aforementioned examples together with reviews on the chemical synthesis of
metal nanoparticles[w] illustrate the wide applicability of Fe(CO)s and Co,(CO)g for the
preparation of iron- and cobalt-containing nanoparticles. Yet, it is also evident that the
utilization of metal carbonyls in nanoparticle synthesis is largely limited to these two carbonyl
compounds. This may in part be due to the strong interest in magnetic M-NPs. It also
becomes clear that the prepared M-NPs need a protecting layer to prevent aggregation to

larger particles or oxidation.

2.4 Synthesis of metal nanoparticles in ionic liquids

Metal nanoparticles can be synthesized in ILs!”*! through chemical reduction®**>*) or

100,134,143,147] 101,102]

decomposition,! by means of photochemical reduction! or electro-

1031031 4 metal salts where the metal atom is in a formally positive oxidation state

[11,22,23,106]

reduction!

and by decomposition of metal carbonyls with zero-valent metal atoms without the

need of extra stabilizing molecules or organic solvents.[”-!?!510710%]

A myriad of M-NPs have been prepared in ILs from compounds with the metal in a
formally positive oxidation state M™". Such M-NPs then include, for example, the main-group
metals and metalloids Al,[log] Te,“lo] and the transition metals Ru,[m] Rh,[98] Ir,[m] P‘[,[113 ]
Ag,P MY A MY (ef. Table 4).

The inclusion of metal nanoparticles in the supramolecular ionic liquid network brings
with it the needed electrostatic and steric (= electrosteric) stabilization through the formation
of an ion layer forming around the M-NPs. The type of this ion layer, hence, the mode of
stabilization of metal nanoparticles in ILs is still a matter of some discussion.!'>'**! Aside
from the special case of thiol-, ether-, carboxylic acid-, amino-, hydroxyl- and other
functionalized ILs (see below) one could decide between IL-cation or —anion coordination to
the NP surface. Schrekker and co-workers proposed electrostatic stabilization of a negatively
charged surface of Au-NPs by parallel coordination mode of the imidazolium cation on the

basis of surface-enhanced Raman spectroscopy (SERS) studies.!''® This proposal was

supported by Alvarez-Puebla and co-workers who found a negative zeta potential of M-NPs
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prepared by chemical reduction processes which indicated a negative charge of such NPs in

aqueous solutions.''”’

According to DLVO (Derjaugin-Landau-Verwey-Overbeek) theory (see chapter 1.5),!'®]
ILs provide an electrostatic protection in the form of a "protective shell" for M-NPs ['?7:11%-123]
DLVO theory predicts that and the first inner shell must be anionic and the anion charges
should be the primary source of stabilization for the electrophilic metal nanocluster.!''®!
DLVO theory treats anions as ideal point charges. Real-life anions with a molecular volume
would be better classified as "electrosteric stabilizers" meaning to combine both the
electrostatic and the sferic stabilization. However, the term "electrosteric" is contentious and
ill-defined."** The stabilization of metal nanoclusters in ILs could, thus, be attributed to
"extra-DLVO" forces!'*"! which includes effects from the network properties of ILs such as
hydrogen bonding, the hydrophobicity and steric interactions.!*'*"!

Density functional theory (DFT) calculations in a gas phase model favor interactions
between IL anions, such as BF,, instead of imidazolium cations and Au, clusters (n =1, 2, 3,
6, 19, 20). This suggests a Au--F interaction and anionic Au, stabilization in fluorous ILs. A
small and Au-concentration dependent '’F-NMR chemical shift difference (not seen in ''B -or
'H-NMR) for Au-NP/BMIm'BF, supports the notion of a BF, -fluorine--Au-NP contact seen

11261 The DFT study used the binding energy

as crucial for the NP stabilization in dynamic ILs.
(BE) of different IL-ions, free bases and the CI™ 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 (Eqn.
1).[126.137]

BE = E(anion) + E(Au,) — E(anion adduct to Au,) (1)

Fig. 1 shows the Au,—IL anion binding configurations and the variation of the BE with
cluster size n. Fig. 2 illustrates Au,—substrate binding configurations and the variation of the
BE with cluster size n for BF4 in comparison with other common substrate ligands. The BE

126137 BE comparison with chloride,

of BMIm" is found to be very weak and not shown.!
citrate, PH; and H,O illustrates the critical influence of the ionic charge and electron
delocalization from the ligand to Au, (Fig. 4). The softer the anion or ligand, that is, the more
charge transfer or electron delocalization (according to Pearsons hard-soft concept and the
nephelauxetic series)!'>” 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
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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.!'*

a)

BE [kcal/mal]

Au, cluster size

Fig. 1. Relaxed configurations of Au6 bound to a) CI', b) TfO", ¢) BF, 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). Increasing the cluster size
to n = 20 does not change the BE substantially anymore, i.e., the BE is already saturated for Au,. the
chloride anion shows the largest BE of all anions and can, hence, be expected to be bound to the
clusters if it is present in the dispersion./'**

a)
3.5
3.0f
2.5r
v
EZ.O- > CI
LU v e—o citrate™
W g JN
v Je— | m—= PH,
100 g4 | aa BF
/
0.5l ./ &~ H,0
v -V Au-Au
009 5 10 15

Au, cluster size

Fig. 2. (a) Binding energies (BE) and Au-atom addition energies depending on the cluster size. (b—f)
Relaxed configurations of Aug bound to (b) CI', (c) citrate” (C¢H;07), (d) PH3, (e) BF, and (f) H,O.
(g) Relaxed configuration of Au;. The bond lengths are given in A.
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The DFT calculations also indicate a weak covalent part in this Au-F interaction. Free
imidazole bases (e.g. 1-methylimidazole) show similar binding energies. The Cl” anions are
found to 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 BMIm" or MIm"
imidazolium cations is 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.!'*%""]

Compared with the unfunctionalized imidazolium-ILs (cf. Scheme 3), functionalized

imidazolium-ILs stabilize aqueous dispersed metal NPs much more efficiently because of the

115,129,130] [116 135] [131,135]

special functional group. Thiol-,! ether-,""'" carboxylic acid-,!"**! amino-, and

hydroxyl-functionalized!"*”! imidazolium-ILs (Scheme 6) have been used to synthesize

aqueous dispersed noble, primarily gold metal NPs.
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Scheme 6. Examples of functionalized imidazolium-ILsg !''>!16129-131.133]

2.4.1 Chemical reduction

The reduction of metal salts is the most utilized method to generate NPs in solution
and also in ILs in general. Many different types of reducing agents are used, like gases (H»),

organic (citrate, ascorbic acid, imidazolium cation of IL) and inorganic (NaBH4, SnCl,)

agents.

22



Table 4. Examples of M-NPs prepared in ILs by chemical reduction.

Metal Metal salt Reducing agent IL “ M-NP size, average Ref.
precursor & (standard
deviations) [nm]
Ru Ru(COD)(COT) H, BMIm TN 0.9-2.4 96
Ru(COD)(COT) H, BMIm'BEF,, 2.6(4) 111
BMIm PF,
BMIm'TfO
Rh RhCl1;x3H,0 H, BMIm 'PF 2.0-2.5 98
[Rh(COD)-u-Cl], H, + laser BMIm PFs 7.2(1.3) 132
radiation
Ir [Ir(COD)Cl], H, BMIm'BE,, 2-3 133
BMImPFs,
BMIm'TfO
[Ir(COD),]BF,, H, 1-alkyl-3-methyl- irregular 43
+ —
[I(COD)CI], Im BF, 1.9(4), 3.6(9)
Pd H,PdCl, NaBH, HSCO,Im'Cl ¢ nanowires 130
PdCl, H, + laser BMIm PFg 4.2(8) 132
radiation
Pd(acac), H, BMIm PF, 10(2) 134
Pt Na,Pt(OH), NaBH, HSIm*,f; or 3.2(1.1),2.2(2), 129
HOIm'A™ 2.0(1)
H,PtCly NaBH, CMMIm'Cl/, 2.5 135
AEMIm'Br ¢
PtO, H, BMIm'BF,, 2-3 136
BMIm PFs
Ag AgBF, H, BMIm'BF, 2.8 96
BMIm PF¢ 4.4 96
BMIm'TfO 8.7 96
BtMA TN 26.1 96
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Au KAuCly SnCl, BMIm'BF, 2.6-200 137
HAuCly Najcitrate/ NaBH, EMIm EtSO4 94 139
Najscitrate EMIm EtSO4 3.9 139
ascorbic acid EMIm EtSO4 nanorods 139
HAUCI4X3H20 HzNNHzXHzo TriMIm+MeSO37 “ ~7.5 116
(hydrazine
monohydrate)
HAuCl, NaBH, ShexMIm'Cl” ¢ 5.0 115
HAuCl, NaBH, HSIm'A™ or 3.5(7), 3.1(5), 129
HOIm'A 2.0(1)
HAuCl, NaBH, CMMIm'CIl ™/, 3.5 135
AEMImBr ¢
HAuCly Najcitrate CMMIerCl’f, 23-98 135
AEMImBr ¢
HAuCl, cellulose BMIm'CI” 300-800 99

“common ILs: BMIm'BF, ", BMIm'PFs, BMIm TfO™ = 1-n-butyl-3-methylimidazolium tetrafluoro-
borate, hexafluorophosphate, trifluoromethylsulfonate, BIMA Tf,N~ n-butyl-trimethyl-ammonium
bis(trifluoromethylsulfonyl)amide (cf. Scheme 2); EMIm'EtSO, = 1-ethyl-3-methyl-imidazolium
ethylsulfate, "TriMIm " MeSO; = 1-triethylene glycol monomethyl ether-3-methyl-imidazolium
methylsulfonate (cf. Scheme 6),°ShexMIm'Cl™ = 3.3'-[disulfanylbis(hexane-1,6-diyl)]-bis(1-
methylimidazolium) dichloride, YHSIm*A™ = thiol-functionalized imidazolium ILs, e.g., 1-(2',3"-
dimercaptoacetoxypropyl)-3-methylimidazolium, HOIm'A™ = hydroxy-functionalized imidazolium
ILs, e.g., 1-(2',3'-dihydroxypropyl)-3-methylimidazolium, A~ = CI” or HS-(CH;);-SO;™ (cf. Scheme 5),
‘HSCO,Im CI” = 1-methyl-3-(2'-mercaptoacetoxyethyl)imidazolium chloride (cf. Scheme 5),
JCMMIm'CI” = 1-carboxymethyl-3-methylimidazolium chloride (cf. Scheme 6), “AEMIm 'Br = 1-
aminoethyl-3-methylimidazolium bromide (cf. Scheme 6), "cOD = 1,5-cyclo-octadiene, COT = 1,3,5-
cyclooctatriene.

Molecular hydrogen (H») is often taken as clean reductant. Dupont et al. used RhCl; x
3H,0 as a precursor in BMIm PF¢ for the formation of Rh-NPs. For Ir-NPs the precursor
[Ir(COD)CI], (COD = 1,5-cyclooctadiene) was reduced with H,. The formation to M-NPs
was carried out at 75 °C and 4 bar hydrogen pressure. Transmission electron microscopy
(TEM) analysis showed the particle sizes of 2.0-2.5 nm.”® Redel, Janiak and coworkers used
hydrogen and AgBF, for the synthesis of Ag-NPs in different ILs. A correlation between the
[L-anion molecular volume and the NP size was noted. The larger the volume of the IL-anion
the larger is the size of the Ag-NPs. Thereby it was possible to form Ag-NPs in the sizes from
2.8 to 26.1 nm with a narrow size distribution."””!

Different researchers used hydrogen as a reagent not to reduce the metal but to reduce

(hydrogenate) the ligands COD and COT (COT = 1,3,5-cyclooctatriene) of an Ru(0)
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organometallic precursor.”®!'"" They dissolved Ru(COD)(COT) in imidazolium based ILs and
heated the mixture under 4 bar of hydrogen under different conditions. Both organic ligands
were reduced to cyclooctane and thereby dissociate from the already zero-valent metal atom.
Cyclooctane can then be removed under reduced pressure.

It is also possible to use less-noble metals for the reduction of noble metals. The

7 By variation of the molar

reduction of KAuCls by SnCl, leads to the formation of Au-NPs.|
Au" : Sn" ratio it was possible to synthesize Au-NPs in different sizes in a stop-and-go,
stepwise and "ligand-free" nucleation, nanocrystal growth process which can be stopped and
resumed at different color steps and Au-NP sizes from 2.6 to 200 nm. This stepwise Au-NP
formation was possible because the IL apparently acted as a kinetically stabilizing, dynamic
molecular network in which the reduced Au’ atoms and clusters can move by diffusion and
cluster together, as verified by TEM analysis."*”

A well-known method to generate Au-NPs was already established by Turkevich et al.
in 1951.1%%1 The reducing agent was citrate. Bockstaller and coworkers used this method and
carried out the reduction in the imidazolim-based IL 1-ethyl-3-methylimidazolium ethyl-
sulfate (EMIm EtSO; ). Afterwards it was possible to give these particles different shapes by
adding Ag'"*"

Taubert et al. reacted HAuCl, with cellulose.””! Thereby cellulose has two roles: First,
cellulose is the reducing agent for Au(III). Second, cellulose acts as a morphology- and size-
directing agent, which drives the crystallization towards polyhedral particles or thick plates.
The gold particle morphologies and sizes mainly depend on the reaction temperature. With
this route it was possible to synthesize plates with a thickness from 300 nm at 110 °C to 800
nm at 200 °C.

Gold nanoparticles of 1-4 nm size could be prepared by sputter deposition of the metal
onto the surface of the ionic liquid BMIm'BF, to generate nanoparticles in the liquid with no
additional stabilizing agents.!'*”! Likewise, Au-NPs were prepared by sputter deposition of Au
metal in BMIm PF; . The size of Au nanoparticles was increased from 2.6 to 4.8 nm by heat
treatment at 373 K.!"*! Sputter deposition of indium in the ionic liquids BMIm'BF,,
EMIm BF,, (1-ally)MIm BF, and (1-allyl)(3-ethyl)Im'BF,; could produce stable In metal
nanoparticles whose surface was covered by an amorphous In,O; layer to form In/In,Os
core/shell particles. The size of the In core was tunable from ca. 8 to 20 nm by selecting the
1 (142

In the presence of imidazolium-based ILs Pd-NPs from palladium(Il) salts could

synthesized without the need for an additional reducing agent. It is suggested that formation
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of N-heterocyclic Pd-carbene complexes takes place as an intermediate preceding the
formation of Pd-NPs (Scheme 7) which can then catalyze Suzuki C-C coupling
reactions.!"**"'* Pd-carbene complexes are able to catalyze the Heck reaction.!'*+1¢]

Deshmukh et al. used Pd(OAc), or PdCl, in the imidazolium-based ILs BBImBr or
BBImBF, to irradiate the mixtures with ultrasound for 1 h. The Pd-NPs were nearly spherical
and a size of 20 nm was observed.!'*

Anderson, Marr et al. formed Pd-NPs with a diameter of ~1 nm from Pd(OAc), in
BMIm Tf;N™ simply by heating to 80 °C in the presence of PPh;.['*]

Ruta, Kiwi-Minsker et al. synthesized monodispersed Pd nanoparticles of 5 and 10 nm
through reduction of Pd(acac), dissolved in the hydroxyl-functionalized butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)amide IL HOBMIm Tf,N" by simple heating

in the absence of an additional reducing agent.[134]

‘_\
— R/NTN\R. A
PdX, + 2 R/N\(N\R- Py )T2+ Pd-NPs
o - .
\—/ 2A

Scheme 7. Reduction of Pd(+1I)-species with an imidazolium-based IL through intermediate
formation of Pd-carbene complexes. Decomplexation and reduction occurs during heating.

D/H exchange reactions at C2, C4 and C5 of the imidazolium cation in catalytic
hydrogenation reactions promoted by classical Ir(I) colloid precursors and Ir-NPs in
deuterated imidazolium ILs supported the participation of carbene species in this media.'**!

Also by thermal decomposition, albeit from an Ni(0) source, Ni nanoparticles with
4.9(9) to 5.9(1.4) nm were prepared from the bis(1,5-cyclooctadiene)nickel(0) organometallic
precursor dissolved in 1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ionic
liquids.!'®

Carboxylic acid- and amino-functionalized ionic liquids CMMIm'Cl™ = 1-carbox-
ylmethyl-3-methylimidazolium chloride and AEMIm'Br = l-aminoethyl-3-methyl-
imidazolium bromide (cf. Scheme 6) were used as the stabilizer for the synthesis of gold and
platinum metal nanoparticles in aqueous solution. Smaller Au-NPs (3.5 nm) and Pt-NPs (2.5
nm) were prepared with NaBHj as the reductant. Larger gold nanospheres (23, 42, and 98 nm)
were synthesized using different quantities of trisodium citrate reductant. The morphology

and the surface state of the metal nanoparticles were characterized by high-resolution

transmission electron microscopy, UV-visible spectroscopy, and X-ray photoelectron
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spectroscopy. X-ray photoelectron spectroscopy spectra indicated that binding energies of C
Is and N 1s from ionic liquids on the surface of metal nanoparticles shifted negatively
compared with that from pure ionic liquids. The mechanism of stabilization is proposed to be
due to the interactions between imidazolium ions/functional groups in ionic liquids and metal
atoms. The imidazolium ring moiety of ionic liquids might interact with the z-electronic
nanotube surface by virtue of cation-z and/or z-7 interactions, and the functionalized group

moiety of ionic liquids might interact with the metal NPs surface.!"*!

2.4.2 Photochemical reduction

Photochemical methods for the synthesis of M-NPs present a rather clean procedure
because contaminations by reducing agents are excluded. Zhu, Zhang et al used HAuClsx4
H,O in a mixed solution of BMIm'BF, and acetone (ratio 10:1) and irradiated the salt for 8 h
with a UV light at a wave length of 254 nm. The UV light turns the acetone into a free radical,
which then reduces the cationic Au"" to Au-NPs. The obtained Au nanosheets were about 4
um long and 60 nm thick.!'®" Firestone, Zaluzec and coworkers used this route to form Au-
NPs from HAuCly in the IL 1-decyl-3-methyl-imidazolium chloride in water. The irradiation
was carried out with 254 nm UV-light for 30 to 70 min. The obtained Au-NPs were analyzed
by scanning electron microscopy (SEM). The nanorods had different shapes and
morphologies. The sizes varied between 100 and 1000 nm.!""”! Harada, Isoda et al. used a
high-pressure mercury lamp to irradiate AgClO4 in a mixture of an IL, water and Tween 20
(polyoxyethylene sorbitan monolaurate). Benzoin was used as photoactivator. The average
diameters of Ag-NPs prepared in water/BMIm'BF,” and water/OMIm BF4~ (1-octyl-3-

methylimidazolium) microemulsions were 8.9 and 4.9 nm, respectively.!'*"!

2.4.3 Electroreduction

Another clean route to prepare nanoparticles is electroreduction as only electrons are
used as the reducing agent. It should be noted, however, that the size of the metal
nanoparticles from electroreduction is often above the 100 nm definition limit for
nanoparticles.

Imanishi, Kuwabata et al. used a low-energy electron beam irradiation to synthesize
Au-NPs from a NaAuCly x 2H,0 precursor in the IL BMIm Tf,N . The obtained particles had

[150

a large size of 122 nm.!">" It is also possible to deposite particles on supporting material. Roy,
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Schmucki et al. prepared Ag-NPs from AgBF, in BMIm BF;” on TiO,. The electroreduction
was performed in the high vacuum chamber of a SEM. The resulting Ag-NPs arranged

themselves in a dendritic network structure.!>!

J Fu, Zhou and coworkers reduced graphene
oxide (GO) and HAuCl, simultaneously in BMImPF,” at a potential of —2.0 V. The obtained
Au-NPs on the electrochemical reduced graphene had a size of 10 nm."*” El Abedin and
Endres used Ag(TfO) as a source of silver. The precursor was electrochemically reduced in 1-
ethyl-3-methylimidazolium trifluoromethylsulfonate, EMIm'TfO". The prepared Ag
nanowires were 3 pm long and 200 nm wide.!">! CuCl as precursor was used by Lu, Chen
and coworkers and reduced in a cavity microelectrode in BMImPFs . The electrode potential
was varied. The smallest particles had a size of 10 nm and were obtained at an electrode

potential of —1.8 nm.!">¥

2.4.4 Metal carbonyl precursors for metal nanoparticles in ILs

As pointed out in section 2.4.3 metal carbonyls contain the metal atoms already in the
zero-valent oxidation state needed for the metal nanoparticles. No reducing agent is
necessary. The side product CO is largely given off to the gas phase and removed from the M-
NP/IL dispersion. The M-NP synthesis in IL from M,(CO)y is generally carried out without
any additional stabilizers, surfactants or capping molecules which is different from the use of
metal carbonyls for the M-NP syntheses described in section 2.4.3.

Metal carbonyls can be decomposed to metal nanoparticles in ILs by microwave

irradiation (MWI), UV-photolysis or conventional thermal heating (Fig. 3).

microwave irradiation: 10 W, 3 min
photolysis: 200-400 nm, 1000 W, 15 min
conventional heating: 90-230 °C, 6-12 h
reaction medium: ILs

Mx(CO)y r O

-y CO

M-nanoparticles
M =Cr, Mo, W
Mn, Re
Fe, Ru, Os
Co, Rh, Ir
Fig. 3. M-NPs synthesis from M,(CO), by microwave irradiation, photolysis or conventional heating.
ILs are an especially attractive media for microwave reactions and have significant
absorption efficiency for microwave energy because of their high ionic charge, high polarity

and high dielectric constant.””! Microwave heating is extremely rapid. Microwaves are a low-
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frequency energy source that is remarkably adaptable to many types of chemical reactions.!">!

Microwave radiation can interact directly with the reactions components, the reactant mixture
absorbs the microwave energy and localized superheating occurs resulting in a fast and

[156,157

efficient heating time. I Using microwaves is a fast way to heat reactants compared with

conventional thermal heating. Any presumptions about abnormal "microwave effects" !'>*1¢

161,162

have been proven wrong in the meantime.! I Moreover, microwave reactions are also an

"instant on/instant off" energy source, significantly reducing the risk of overheating
reactions.!*>!¢!

Metal nanoparticles were reproducibly obtained by easy, rapid (3 min) and energy-
saving 10 Watt microwave irradiation (MWI) under an argon atmosphere from their metal
carbonyl precursors M(CO), in ILs. This MWI synthesis was compared to UV-photolytic
(1000 W, 15 min) or conventional thermal decomposition (180-250 °C, 6-12 h) of M(CO)y in
ILs. The MWI-obtained nanoparticles have a very small (< 5 nm) and uniform size and are
prepared without any additional stabilizers or capping molecules as long-term stable M-NP/IL
dispersions [characterization by transmission electron microscopy (TEM), transmission
electron diffraction (TED) and dynamic light scattering (DLS)]

Stable chromium, molybdenum and tungsten nanoparticles could be obtained
reproducibly by thermal or photolytic decomposition under argon from their mononuclear
metal carbonyl precursors M(CO)s (M = Cr, Mo, W) suspended in the ionic liquids
BMIm BF,~, BMIm'TfO™ and BtMA 'Tf;N” (Scheme 8).[106] Later it was also shown that an
even more rapid and energy-saving decomposition could be achieved with a 10 W microwave
irradiation for 3 min of 0.4 ml (0.48 g) of a BMIm'BF; sample with a 0.5 wt.% M/IL-
dispersion./”’! The resulting Cr-, Mo- and W-NPs were of very small and uniform size of 1 to
1.5 nm in BMIm'BF, (Table 5) which increases with the molecular volume of the ionic
liquid anion to ~100 nm in BtMA'T;N (Fig. 4). Characterization was done by TEM,

dynamic light scattering (DLS) and transmission electron diffraction (TED) analysis.!'*"!

microwave irradiation: 10 W, 3 min
photolysis: 200-400 nm, 1000 W, 15 min
conventional heating: 90-230 °C, 6-12 h

Cr(CO)s _ .

or reaction medium: ILs

Mo(CO)s > O

or

W(CO)s -6 CO M-nanoparticles

M =Cr, Mo, W

Scheme 8. Formation of Cr, Mo and W nanoparticles by microwave, photolytic or thermal,
decomposition of metal carbonyls M(CO) under argon in ionic liquids."**'*®
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Fig. 4. Correlation between the molecular volume of the ionic liquid anion (V) and the observed W
nanoparticle size with standard deviations as error bars (from TEM and DLS). IL anions range from
BF, (smallest) over trifluoromethylsulfonate (triflate, CF;SO5 ", TfO") to the largest
bis(trifluoromethylsulfonyl)amide [(CF3S0,),N", Tf;N].['%!

Complete M(CO)s decomposition from the short, 3 min microwave irradiation was
verified by Raman spectroscopy with no (metal-)carbonyl bands between 1750 and 2000 cm

being observed any more after the microwave treatment (Fig. 5 and Fig. 6).1%!
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Fig. 5. Raman-FT spectra of pure Cr(CO); and dissolved in BMIm BF, before (upper part) and after 3
min 10 W microwave irradiation (MWI) dissolved in BMIm'BF, (lower part). Red boxes highlight

the indicative chromium carbonyl bands.”**
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the indicative tungsten carbonyl band.”*
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Table 5. M-NP (M = Cr, Mo, W, Re, Mn, Fe, Ru, Os, Co, Rh and Ir) size and size
distribution®in BMIm BF, %!

Metal Microwave decomposition ” Photolytic decomposition ° Conventional thermal
carbonyl decomposition”
Entry TEM NP  Dynamic light TEM NP  Dynamic light TEM NP Dynamic light
diameter/ nm, scattering NP diameter/ nm, scattering NP diameter/ nm, scattering NP
(standard median (standard median (standard median
deviation o) diameter ¢/ deviation o) diameter ©/ deviation o) diameter?/
nm, (standard nm, (standard nm, (standard
deviation o) deviation o) deviation o)
1 Cr(CO), <1.5(x0.3)" 3.8(x0.8) 4.4 (+1.0) 7.1 (£0.3) <1503 3.0(x0.6)
2 Mo(CO)s ~1-2 4.5(+0.8) ~1-2¢ 38(*1.1)¢ <1503 25(*0.6)°
3 W(CO)s 3.1(£0.8) 52(1.2) <1 108 (£0.5) <1.5(£0.3)* 3.1(£0.5)7°
4 MnyCO),y 124 (3) 29 (£5.0)" <1 2.5(x0.8) - --
5 Rey(CO)ip  2.4(£0.9) 57 (x1.4) <1 7.2 (£2.2) -- --
6 Fe)(CO)y  8.6(x£32) 128(x0.6)" 7.0=x3.1)" 125(=0.5) 52 (1.6 10.1 (x2.1)*
7 Ru;(CO);; a) 1.6 (:0.3) a)32(+0.8) 2.0(=0.5° 39(1.0)¢ 1.6 (£ 0.4)° 2.9 (0.5
b) 1.6 (£0.3)7 b)3.2 (x0.8)/
8 Os;(CO);2 0.7 (x0.2) 2.8 (£0.7) 2.0 (£1.0) 2.1 (£0.4) 2.5 (£ 0.4)%* 5.6 (+ 1.5
9 Coy(CO)s  5.1(=0.9) 20 (£ 3) 8.1(£2.5) 12.6 (£ 0.4) 14 (£ 8)¢ --
10 Rhg(CO);s a)1.7(x0.3) 3.7(x0.6) 1.9 (£0.3) 55(£0.4) 3.5(£0.8)¢ 7.0(£1.2)%
b) 1.7 (£ 0.3) 3.4 (£0.5)
11 Irs(CO)16 0.8 (+0.2) 3.3(£0.9) 1.4 (£0.3) 4.1(x1.2) a) 1.1 (0.2 4.1(=0.7)¢
b) 1.3 (£0.2)*™ 3.4 (£1.0)*"

“ Median diameters and standard deviations are for a single TEM or DLS experiment. Reproducibility of the
particle size and distribution was insured by selected repeated TEM experiments and especially by DLS which
was carried out for almost all repeated decomposition reactions, "Microwave irradiation of metal carbonyls with
10 W for 3 min unless mentioned otherwise, “Photolytic de-composition of metal carbonyls with a 1000 W Hg
lamp (200-450 nm wavelength) for 15 min. “Thermal decomposition of metal carbonyls from 6-12 h with 180-
230 °C depending on the metal carbonyl. “Hydrodynamic radius, median diameter from the first 3 measurements
at 633 nm. The hydrodynamic radius is roughly 2-3 times the size of the pure kernel cluster. For very small M-
NPs (~1 nm) the size of the hydrodynamic radius can even increase to more than 3 times the M-NP radius. The
resolution of the DLS instrument is 0.6 nm. Solubility of metal carbonyl precursors in BMIm+BF4’ is limited to a
maximum value of about 1 wt.% M. Statistical evaluation of the total sample pictures. / TEM pictures with
particles of median diameter of less than 1.5 nm show electron dense cloudy structures due to scattering by the
surrounding IL so that resolution of the TEM is limited and particles below 1.5 nm are hardly resolved. éData
from ref. [11,22,106], b Mn,(CO),y was of larger grain size than all the other metal carbonyls which came as fine
powders. Also upon grinding in a mortar, Mn,(CO),o could not be as finely powdered as the other metal
carbonyls. TEM/TED analyses of the nanoparticles from the microwave and photolytic decomposition of
Fe,(CO)y show the presence of iron oxide, Fe,O3. Because of the experimental setup rigorous air exclusion is
more difficult during the microwave irradiation and photolysis and workup./Microwave decomposition of metal
carbonyls with 10 W for 10 min. 0.2 wt.% 0s3(CO),, in BMIm'BF, . 1 wt.% 0s;(CO);, in BMIm'BF, . 18 h
decomposition time of 0.5 wt.% Ir,(CO),, in BMIm'BF,".
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Stable manganese and rhenium metal nanoparticles were reproducibly obtained by
microwave irradiation or UV photolysis from their metal carbonyl precursors M,(CO); in the

ionic liquid BMIm 'BF, (Scheme 9, Fig. 7, Table 5).1*

microwave irradiation: 10 W, 3 min
photolysis: 200-400 nm, 1000 W, 15 min

reaction medium: BMImBF 4

Mn2(CO)19
o - Q
Re,(CO)1o 10 CO

M-nanoparticles
M = Mn, Re

Scheme 9. Formation of Mn and Re nanoparticles by microwave, photolytic or thermal,
decomposition of the metal carbonyls M,(CO);, under argon in the ionic liquid BMIm BF, .

[23]

Fig. 7. TEM photograph of Re-NPs from Re,(CO);o by MWI (& 2.4 (= 0.9) nm, entry 5 in Table 5).**!

Complete M,(CO);¢ decomposition from the short, 3 min microwave irradiation was
verified by Raman spectroscopy with no (metal-)carbonyl bands between 1750 and 2000 cm '

being observed any more after the microwave treatment (Fig. 8).1”!
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Fig. 8. Raman-FT spectra of pure Mn,(CO); and dissolved in BMIm BF, (upper part) before and
after 3 min 10 W microwave irradiation (MWI) dissolved in BMIm BF, (lower part). Red boxes
highlight the indicative manganese carbonyl bands.™*!

Stable iron, ruthenium and osmium nanoparticles are obtained reproducibly by
microwave irradiation, photolytic or conventional thermal decomposition under argon
atmosphere from Fe;(CO)o, Rus(CO);5 or Os3(CO);, dissolved in the ionic liquid BMIm 'BF,
and with a very small and uniform size for Ru and Os nanoparticles of about 1.5 nm to 2.5 nm

without any additional stabilizers or capping molecules (Scheme 10, Fig. 9-Fig. 11, Table
5).111.23]
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Fe,(CO)g
or
Ru3(CO),2
or
Os3(CO)12

microwave irradiation: 10 W, 3 min
photolysis: 200-400 nm, 1000 W, 15 min
conventional heating: 90-250 °C, 6-12 h

reaction medium: ILs

- Q

M-nanoparticles
M = Fe, Ru, Os

—-9o0r12CO

Scheme 10. Formation of Fe, Ru and Os nanoparticles by microwave, photolytic or thermal,

decomposition of metal carbonyls M,(CO), under argon in the ionic liquid BMIm'BF,".!
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11,23]

Fig. 9. TEM photographs of Ru-NP from Ru3(CO);, by photolytic decomposition (0.08 wt.% Ru in
BMIm'BFy) (& 2.0 (£ 0.5) nm, entry 7 in Table 5).''!

Fig. 10. TEM photographs of Os-NPs from Os;(CO);, by conventional thermal decomposition (0.2
wt.% Os in BMIm'BE,") (& 2.5 (+ 0.4) nm, entry 8 in Table 5).''!]
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Complete M(CO)y (M = Fe, Ru, Os) decomposition from the short, 3 min microwave
irradiation was verified by Raman spectroscopy with no (metal-)carbonyl bands between 1750

and 2000 cm ' being observed any more after the microwave treatment (Fig. 11).1%!

0.18 4 —— 0s54(C0),, dissolved in BMImBF,

0.16

1 — 0s4(CO)4, pure ‘
0.14 1
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Fig. 11. Raman-FT spectra of pure Os;(CO);, and dissolved in BMIm 'BF, (upper part) before and
after 3 min 10 W microwave irradiation (MWI) dissolved in BMIm'BF, (lower part). The red boxes
highlight the indicative osmium carbonyl bands.'**!

The Ru-NP/BMIm 'BF; and other M-NP/IL dispersions were active catalysts in the
biphasic liquid-liquid hydrogenation of cyclohexene or benzene to cyclohexane. Even a
remarkable partial hydrogenation of benzene to cyclohexene could be achieved with Ru-
NP/BMIm‘PFs dispersions.!"') The low miscibility of substrates and products with the IL
phase allows for easy separation by simple decantation of the hydrophobic phase.*"! The

hydrogenation reaction of cyclohexene was run at 90 °C and 10 bar H, to 95% conversion
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where the reaction was intentionally stopped as thereafter the decrease in cyclohexene

concentration lowered the reaction rate (Fig. 12).*"]

O Ru-NP/IL
9 a®
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Fig. 12. Activity for seven runs of the hydrogenation of cyclohexene with the same Ru-
NP/BMIm'BF, catalyst at 90 °C, 10 bar H, pressure, run to 95% conversion and H, uptake over time
for the 1%, 3", 5™ and 7™ hydrogenation run. An H, uptake of 0.38 g corresponds to 95% conversion
(100% are 0.2 mol or 0.4 g H,)."*’!
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Silva, Dupont et al. have prepared cobalt nanoparticles with a size of around 7.7 nm by
the decomposition of Co,(CO)sg in 1-alkyl-3-methylimidazolium Tf,N™ ionic liquids at 150 °C.
These Co-NPs were shown to be effective catalysts for the Fischer-Tropsch (FT) synthesis,
yielding olefins, oxygenates, and paraffins (C7-Csp) and could be reused at least three times if
they were not exposed to air.'*”

The decomposition of Co,(CO)s dispersed in 1-n-decyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide (DMIm T£;N") at 150 °C over 1 h afforded a black solution
containing Co-NPs with a cubic shape (53 = 22 nm), together with Co-NPs of irregular
shape.!'*"

Stable cobalt, rhodium and iridium nanoparticles were obtained reproducibly by
thermal decomposition under argon from Co,(CO)s, Rhg(CO);6 and Ir4(CO);, dissolved in the
ionic liquids BMIm'BF,;", BMIm TfO™ and BtMA ' Tf;N~ (Scheme 10, Fig. 13, Table 3).122
Later it was also shown that an even more rapid and energy-saving decomposition could be
achieved with a 10 W microwave irradiation for 3 min of 0.4 ml (0.48 g) of a BMIm BF,~
sample with a 0.5 wt.% M/IL-dispersion (Fig. 14).*) The very small and uniform
nanoparticle size of about 1 to 3 nm for the Co-, Rh- or Ir-NPs in BMIm BF,; (Table 5)
increases with the molecular volume of the ionic liquid anion in BMIm'TfO™ and
BtMA'Tf;N" (Fig. 15). Characterization of the nanoparticles was done by TEM, transmission
electron diffraction (TED), X-ray powder diffraction (XRPD) and dynamic light scattering
(DLS). The rhodium or iridium nanoparticle/IL systems function as highly effective and
recyclable catalysts in the biphasic liquid-liquid hydrogenation of cyclohexene to cyclohexane

with activities of up to 1900 mol cyclohexane x (mol Ir) ' x h™' and 380 mol cyclohexane x

(mol Rh) ' x h™' for and quantitative conversion within 1 h at 4 bar H, pressure and 75 °C

(Fig. 16).

microwave irradiation: 10 W, 3 min
photolysis: 200-400 nm, 1000 W, 15 min
conventional heating: 180-230 °C, 3.5-12 h

Coy(CO)s  reaction medium: ILs

or

Rhe(CO)1g > O

or

Ir4(CO)12 -8,16 0or 12 CO M-nanoparticles
M = Co, Rh, Ir

Scheme 11. Formation of Co, Rh and Ir nanoparticles by microwave, photolytic or thermal,
decomposition of metal carbonyls M(CO), under argon in ionic liquids.?**!
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Fig. 13. TEM photographs by conventional thermal decomposition of (left) Rh-NPs from Rhe(CO);6
and (right) (0.5 wt. % Rh in BMIm'BF,") (& 3.5 (+ 0.8) nm, entry 10 in Table 5) and of (right) Ir-NPs
from Ir,(CO)5 (0.5 wt. % Ir in BMIm'BF,, 18 h) (& 1.3 (+ 0.2) nm, entry 11b in Table 5).1*

Complete M,(CO), (M = Co, Rh, Ir) decomposition from the short, 3 min microwave
irradiation was verified by Raman spectroscopy with no (metal-)carbonyl bands around 2000

cm ' being observed any more after the microwave treatment (Fig. 14).1!
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Fig. 14. Raman-FT spectra of pure Ir4(CO);, and dissolved in BMIm 'BF, (upper part) before and
after 3 min 10 W microwave irradiation (MWI) dissolved in BMImBF, (lower part). The red box
highlights the indicative iridium carbonyl bands.**!
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Fig. 16. Activity over seven catalytic cycles for the hydrogenation of cyclohexene with the same Ru-
NP/BMIm'BF, catalyst at 75 °C, 4 bar H, pressure and 2.5 h reaction time. An activity of 350 mol
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conversion.

42



2.5 DLVO theory

The classic theory for interaction of two particles in a dispersion is the DLVO
(Derjaugin-Landau-Verwey-Overbeek) theory, developed by the research groups of Derjaguin
and Landau in the USSR and the group of Vervey and Overbeek in the Netherlands nearly
simultaneously in the 1940s. This basic and most commonly theory is considered as a
combination of the repulsive Coulomb and the attraction van der Waals forces. Hence DLVO
potential is the sum of an effective electrostatic term and a direct van der Waals term.

Some simplifications and thesis are involved in this theory: The surfaces of the
particles are flat. The charge density is homogeneous and remains homogenous, even when
particles approach each other. Also there is no change of the concentration of the counter ions
which cause the electric potential. The solvent itself has only an influence through its
dielectric constant.!'®”]

It is quite clear that the surface of a particle is not flat and the charge density changes
when two particles approach each other. It is evident that the theory can only approximate the
real-life interactions of two particles. DLVO theory works very well and is the best predictor
of the stability of lyophobic colloids. This theory is fundamental for chemists working on and
with colloids.!"**'*

It should be pointed that there are two main types of stabilizers for NPs: Electrostatic
or "DLVO-type" stabilizers which are considered as point charge stabilizers and "classical"
steric stabilizers. Small anions like halides seem to be the closest real-life electrostatic
stabilizers.

Concerning nanoparticles and their interactions, the anion is the main focus because
anions will bind to the unsaturated surface of the electrophilic NP.!"® Thus, the NPs with
their anion layer assume a negative charge and turn into a large multi-negative anion. The
repulsion between two such negatively charged NPs is the Coulomb part of the DLVO theory.

The stability of colloids is a balance between Coulomb forces and van der Waals
attraction. A measure of the stability of a colloid is the thickness of the Debye layer, which is
the sum of the layers of counterions surrounding the particle. The thicker the Debye layer the
more stable is the particle because the distance to the next particle is greater and the van der
Waals attraction is reduced. Finke et al studied the stability of colloids in different solvents

and found that the higher the dielectric constant of the medium the better is the stabilization of

the colloid.””!
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The DLVO theory has its limits. It can only be applied to dilute systems (< 5 x 10
mol/L). It does not work for higher concentrations. It cannot be applied to ions with multiple
charge and sterically stabilized systems.'”” Nowadays the DLVO theory has been
supplemented with "extra-DLVO" forces which include effects such as hydrogen bonding, the
hydrophobicity and steric interactions.

The van der Waals term is calculated as an integral of interatomic dispersion

interactions over the volume of both particles (Eqn.(2)).[165’171]

PMESLyo() _ | o o, eXp(kay) exp(xas) exp(=xkr)
kpT B~142 (1+xaq)(1+kay) T

)

PMF = potential of mean force
o _e?
Lg = Bjerrum length, Lz = pr— k,T ,

k™! = Debye length

K2 = 4mlg Y7 pi ZF,

p;= the concentration of microion i
Z; = charge of the colloids 1 and 2
a; = radius of the colloids

r = distance between the colloids

This term is neglected within the basic model, but it is important for large colloidal
particles. To compute the effective electrostatic component, microions are described by point
charges and two approximations are made, the Poisson—Boltzmann (PB) approximation (that
is, a mean-field treatment of micro ions), and an expansion of the charge density to linear
order in the electrostatic potential.

Despite its success, the DLVO theory fails to predict some experimental behaviors.
The attraction between equally charged particles in the presence of multivalent counterions is
the most surprising one.!'’” Numerical simulations within the basic model have remarkably
contributed to understand such failure. It has been proven that Poisson—Boltzmann theory
cannot predict an attraction, while the PMF computed by simulations can be attractive.
Therefore, the attraction can be explained by the correlations between microions, missed
within the mean field PB treatment, but present in the simulations. The review by Dijkstra

devoted to the simulations of charged colloids summarizes work on this issue.!'’?!
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2.6 Graphene

173-176

During the last few years, chemically derived graphene (CDG),! I also called

177-179]

thermally reduced graphite oxide! or simply graphene, has been rediscovered as an

180.181] Because of the functional groups present in CDG

extremely versatile carbon material.l
the sorption of ions and molecules is possible."®” This and the high specific surface area of
CDG of 400 m°g"' up to 1500 m’g ', make them promising materials for catalytic
applications.!"®” Metal nanoparticles on carbon materials are of recent interest.!'"*>'®* Pt-, Ru-
or Pd-NPs on exfoliated graphene sheets were produced from heating graphite oxide (GO)
with the metal complexes [Pt(NH;3)4]Cl, x H,O, [Ru(NH3)6]Cl, or [Pd(NH;3)4]CL; x H,O

[1%9] Graphene supported MNPs are composite materials!'*”!

[191]

under an N, atmosphere. that may

192-194 195-1
92-19: 95-198] or

find applications as chemical sensors, electrodes for fuel cells,! ] catalysis,[

hydrogen storage.!'”!

2.7 Organic carbonates

Organic carbonates, such as dimethyl carbonate, diethyl carbonate, ethylene carbonate
or propylene carbonate (PC) (Fig. 17) are polar solvents which are available in large amounts

and at low prices, have a large liquid temperature range (for PC mp. -49 °C, bp. 243 °C), are

[200

of only low (eco)toxicity and are completely biodegradable.*””! PC is an aprotic, highly

201,202

dipolar solvent, which has a low viscosity! J'and is considered a green solvent because of

its low flammability, volatility and toxicity.***!

o o
o o L A

O O
J J Q"0
MeO OMe EtO OEt \/
dimethyl diethyl ethylene propylene
carbonate carbonate  carbonate carbonate, PC

Fig. 17. Selected organic compounds.
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Organic carbonates are recognized as solvents in industrial applications such as
cleaning, degreasing, paint stripping, gas treating, and textile dyeing.**" Yet, so far organic

carbonates are used primarily for extractive applications and as solvents in

[205]

electrochemistry.*®” PC is used as a solubilizer and co-solvent in cosmetics, in the

FLUOR process for the removal of carbon dioxide from natural gas streams in the oil

[206] [207

industry, in lacquer®®” and BASF is using PC for waste removal in the copper wire-

209,210
-210] Reports on

coating process.”” PC is also investigated for Li-ion battery research.!
metal nanoparticles in organic carbonates are rare and appear to be of accidental coincidence

for Pd-NPs. 21214

2.8 Trace catalyst

It has recently become more evident that not every component which was originally
claimed as catalyst turned out to be the actual active ingredient. In some prominent case trace

215216 1 an early

metal impurities were eventually proven as the actual catalytic species.
example, traces of nickel compounds which formed unintentional during the cleaning of a
V2A steal autoclave and remained in there changed the Ziegler-Aufbau reaction (reaction of
AlEt; with ethylene at 100 °C under pressure to long-chain Al-alkyls) to a clean ethylene
dimerization to yield butene. The cause of this unexpected dimerisation was at first unknown
and later termed the "nickel effect" after its origin had become clear. In addition, the nickel
compounds had required traces of acetylene which were present in technical ethylene for

217,218

stabilization of the nickel catalyst.! ] More recently, a Suzuki cross-coupling which was

thought to have occured metal-free was indeed promoted by ppb Pd traces in the Na,COj3 or
K,CO:; bases used for the reaction.'*'! Suggested iron-catalyzed cross-coupling reactions with
different FeCl; sources were eventually corrected to ppm-scale copper impurities doing the

catalysis.”?”) Even with Pd in the ppb range it is possible to carry out a Sonogashira coupling

[221

with quantitative conversion.**"! On the other hand, metal traces or dopants are intentionally

[222,223]

added to enhance or promote catalytic performance or to assist catalyst

. 224
regeneration.*"
Researchers in catalysis are aware that impurities left over from previous experiments

in their (cleaned) vessels can give activating of desactivating "memory effects" which change
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the outcome of a catalytic reaction. Thus, catalytic reactions should be carried out more than

225]

once to ensure reproducibility. Surprisingly, a Scifinder search! combining the terms

"memory effect", "contamination" or "impurity" and "catalysis" did not give any relevant

references.

This introduction is part of this cumulative dissertation (publication 6.3).
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3 AIM OF THIS WORK

The aim of this thesis was to synthesize small and ligand-free “naked” transition metal
nanoparticles from their binary carbonyls. The metal nanoparticles should be reproducibly
obtainable by an easy and quick synthetic route under as mild conditions as possible. The
metal nanoparticles should be kinetically stabilized by a weakly coordinating medium or on a
surface without the use of strongly coordinating capping ligands. The use of propylene
carbonate (PC) as a liquid medium and polytetrafluoroethylene (PTFE, Teflon) as a surface
should be investigated. Both propylene carbonate and Teflon are viewed as environmentally
benign, non hazardous, relatively inexpensive and safe-to-handle reagents. Further the
catalytic behavior and recyclability of the obtained metal nanoparticles in hydrogenation
reactions should be investigated. In the context of green chemistry the catalyst systems should
be reusable, the conditions for the preparation/synthesis of the catalyst and the conditions of

the catalytic reactions should be mild and energy-saving.
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4 RESULTS AND DISCUSSION

4.1 Propylene carbonate as stabilizing solvent for transition metal

nanoparticles

The metal carbonyl MO(CO)ﬁ, W(CO)ﬁ, RGQ(CO)lo, Fez(CO)g, RLB(CO)]Q, OS3(CO)12,
Co2(CO)s, Rhe(CO)j6 or Irg(CO)j6 was dissolved/suspended under an argon atmosphere in
dried and deoxygenated propylene carbonate (PC). Complete decomposition by microwave

irradiation of the metal carbonyl in PC was achieved after only 3 minutes using a low power

of 50 W under argon (Fig. 18).

O
O)J\O propylene
} /  carbonate
(PC)
My(CO)y > O
-y Co M-NPs
microwave irradiation (MWI)
50 W, 3 min

Fig. 18. Microwave decomposition of metal carbonyls to M-NPs in PC.

The resulting orange-red Os-, yellow W-, and dark-brown to black Mo-, Re-, Fe-, Ru-,
Co-, Rh- and Ir-NP dispersions were reproducibly obtained through the microwave
decomposition route. Complete M,(CO), decomposition from short, 5 min microwave
irradiation was verified by Raman spectroscopy with no (metal-)carbonyl bands between

1800 and 2000 cm ' being observed any more after the microwave treatment (Fig. 19).
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Fig. 19. IR-spectra of Rhs(CO);s/PC (light curve) and the resulting Rh-NP (0.5 wt.%)/PC dispersion
(bold curve) after microwave treatment (50 W, 3 min).

The resulting M-NPs were analyzed by TEM (Fig. 20-Fig. 22), transmission electron
diffraction (TED), and dynamic light scattering (DLS) for their size and size distribution
(Table 6). TED patterns do not show reflections indicative of a crystalline material. It is
therefore concluded that the particles obtained from the synthesis are amorphous M-NPs
stabilized by PC. Still the diffraction rings match the known d-spacing of the respective
metaldiffraction pattern (Table 18-Table 20).

Fig. 20. TEM (left) and TED (right) of Ru-NPs in PC from Ru3(CO);; (entry 5 in Table 6). The black
bar is the beam stopper. The diffraction rings at (A) 2.10 (very strong), 1.61, 1.26, 1.15 (all weak)
match with the d-spacing of the Ru-metal diffraction pattern (see Table 18).
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Fig. 21. TEM (left) and TED (right) of Rh-NPs in PC from Rh¢(CO);6 (entry 8 in Table 6). The black
bar is the beam stopper. Diffraction rings at (A) 2.23 (very strong), 1.94 (strong), 1.39, 1.17 and 0.89
(weak) match the d-spacing of the Rh-metal diffraction pattern (see Table 19).

Fig. 22. TEM (left) and TED (right) of Ir-NPs in PC from Irs(CO);6 (entry 9 in Table 6). The black
bar is the beam stopper. The diffraction rings at (A) 2.25 (strong), 1.38, 1.20 (weak) match with the d-
spacing of the Ir-metal diffraction pattern (see Table 20).

The hydrodynamic radius from DLS is roughly two to three times the size of the pure
kernel cluster. For very small M-NPs (< 1 nm) the size of the hydrodynamic radius was
measured to be more than three times the radius found from TEM. The median M-NP
diameter for the microwave-synthesized Mo-, W-, Re-, Ru-, Os-, Rh- and Ir-NPs was between

<1 and 3.0 nm, with a narrow size distribution (TEM data in Table 6). No extra stabilizers or
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capping molecules are needed to achieve this small particle size. It is, at present, not trivial to
routinely and easily prepare uniform nanoparticles in the size range between < 1-3 nm without
strong capping ligands. For the magnetic Fe-NPs and Co-NPs the median diameter was
somewhat larger with 2.4 and 6.1 nm, respectively. The M-NP/PC dispersions are stable up to

three weeks according to repeated TEM measurements over this time period.

Table 6. M-NP size and size distribution in PC.?

entry Metal carbonyl TEM @ (o) [nm]’ DLS @ (o) [nm]’
1 Mo(CO), 2.2 (£0.5) 3.5+ 1.1)
2 W(CO)s 2.9 (+0.6) 3.7 (+1.4)
3 Re,(CO);g <1 1.4 (£0.5)
4 Fe,(CO), 2.4 (£0.9) 3.2 (+0.8)
5 Ru3(CO) 1, 2.7 (+0.5) 2.6 (+0.8)
6 0s3(CO) 1, 3.0 (£ 1.5) 4.0 (+1.2)
7 Co,(CO)s 6.1 (+7.4) 6.7 (+2.2)
8 Rhy(CO)y6 2.1 (+0.6) 2.4 (£0.8)
9 Irg(CO)y6 1.3 (+0.5) 6.0 (+ 1.6)

“0.5 wt.% M-NP/PC dispersion obtained by MWI with 50 W for 3 min. "Median diameter (@) and
standard deviation (o). See experimental section for TEM and DLS measurement conditions.

Organic carbonates have recently been used as solvents in catalysis, e.g., for platinum-

catalyzed hydrosilylation of unsaturated fatty acid esters**®

[227]

in palladium-catalyzed

228]

substitution reactions, regioselective rhodium-catalyzed hydroformylation'”* and in the

asymmetric iridium-catalyzed hydrogenation of olefins.**'**! Palladium colloids in PC were

(211212) 414 for Heck reactions.*'?!

used to hydrogenate dienesand alkynes

The weak interactions between a nanoparticle and organic carbonates could be of
interest to develop more efficient catalyst processes. Here the Rh-NPs/PC dispersions have
been tested for their catalytic activity in the biphasic liquid-liquid hydrogenation of
cyclohexene to cyclohexane (Fig. 23, Table 7). The low miscibility of substrates and products
with the PC phase allows for easy separation by simple decantation of the hydrophobic phase.
Cyclohexene was chosen as a substrate since it presents a challenge because of its low

solubility in PC and is an intermediate in the hydrogenation of benzene to cyclohexane.[****!!
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Rh-NPs/ PC
'
H, 4-10 bar, 25-90 °C
Fig. 23. Hydrogenation of cyclohexene to cyclohexane with Rh-NPs.

Table 7. Hydrogenation of Rh-NPs/PC with different substrates.”

entry substrate t Pu2 T conversion  activity [mol
[min] [bar] [°C] [%] product x (mol
Rh) ' xh']
1 cyclohexene 108 4 75 95°¢ 590
2 cyclohexene 34 4 90 95°¢ 1875
3 cyclohexene 61 10 25 95°¢ 1045
4 1-hexyne 104 10 25 88 51
5 cyclohexene ¢ 1440 4 90 0 0
(= 24h)

“10 mL (0.1 mol) cyclohexene or 1.0 mL (1.8 mmol) 1-hexyne; 0.75 mL of the Rh-NP/PC dispersion
with 1 wt.% Rh (9 mg, 8.8 x 10~ mol Rh). ” 1 mL n-decane was added to provide a biphasic liquid-
liquid catalytic system. No n-hexene detected by GC analysis see experimental section. “ The reaction
was intentionally stopped at 95 or 88% conversion as thereafter the decrease in cyclohexene
concentration lowered the reaction rate (see Fig. 24). “ Hydrogenation was carried out with Rh/SR-
NPs (see Table 10, entry 3).

2.0
1.5+

1.0+

H, stepflow [L]

0.5

0.0

T T T T T T T T T T

0 5 10 15 20 25 30 35
t [min]

Fig. 24. H, uptake (in liter) over time for entry 2 in Table 7: Hydrogenation of cyclohexene (10 ml, 0.1
mol) to cyclohexane with a 0.75 mL of a 1 wt.% Rh-NP/PC dispersion and molar cyclohexene/metal
ratio of 88000 at 90 °C, 4 bar H, pressure (cf. Table 7). An H, uptake of 2.24 L (0.1 mol H,, ideal gas

behavior) corresponds to 100% conversion.
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For activity comparison Table 8 and Table 9 summarize related hydrogenation
activities for cyclohexene and 1-hexyne with M-NPs in ILs and on supports from the
literature. Activities for cyclohexene hydrogenations with Rh-NPs/PC were twice as good
than for Ru- or Rh-NP catalysts in ILs**'''* but not as good as for Rh-NPs on
supports>2* 72824 The Jower hydrogenation activities of Ru- and Rh-NPs in ILs are traced
to the IL diffusion barrier for H, and the substrate, whereas ligand-free NPs on supports have

a lower diffusion barrier.

Table 8. Catalyst activities of M-NPs in the 1-hexyne to hexane hydrogenation.

Metal-NP system P2 conversion [%]  activity [mol product Ref.
x (mol Rh) " x h™']
(=TOF [h™'])
Rh/PC 4 bar 88 51 this work
Ptz(P205H2)44_ 20.7 atm not given not given 233
1 % Pd/Al,O4 1 atm 50 22680, TOF=6.3 s 234
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Table 9. Catalyst activities of M-NPs in the cyclohexene to cyclohexane hydrogenation.

Metal NP system )22, conversion [%]  activity [mol product Ref.
x (mol Rh) " x h™']
(= TOF [h])
Ru/BMImBE, 10 bar 95 522 23
Ru/BMImBE, 4 bar >99 388 235
Ru, solventless 4 atm >99 1000 236
Ru/BMImBF, 4 atm >99 100 236
Ru/BMImPFg 4 atm >99 62 236
Ru/graphene 4 bar >99 1570 237
Rh/PC 4 bar 95 1875 this work
Rh/PTFE 4 bar >99 32800 this work
(section 4.2)
Rh/BMImBEF, 10 bar 95 884 23
Rh/graphene 4 bar >99 360 237
Rh/attapulgite 30 bar >99 2700 284
Rbhy/silica-coated 6 atm >99 7600 238
magnetite NPs
Pd/Polygylcerol 40.52 no conv. Given 1190 239
Pt/BMImPF 4 atm >99 156 113
Pt, solventless 4 atm >99 833 113
Pt/acetone 4 atm >99 833 113
Pt/Si10, 1 bar no conv. Given 890 240
Pt/Si0, 10 torr no conv. Given 12960 241
cylcohexene, 200
torr H,
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The addition of an organic ligand to the bare M-NP surface is generally described as a
surface functionalization. However derivatization, coating, or capping are better terms.!'*%
The post synthetic introduction of an organic capping ligand on the dispersed M-NPs in PC is
possible. Surface capping of Rh- or Ru-nanoparticles dispersed in the propylene carbonate
was carried out here with 3-mercaptopropionic acid, HS-(CH;),-COOH or trioctylphosphine
oxide (TOPO). Both 3-mercaptopropionic acid'*? and TOPOP®*?**! are well-known
stabilizing reagents and both are soluble in propylene carbonate. The transformation of M-
NP/PC to M-NP/HS-(CH;),-COOH or M-NP/TOPO was done by treating the M-NP/PC
dispersion with an excess of HS-(CH;),-COOH or TOPO at room temperature over night. The
strong affinity between the thiol (-SH) or phospine oxide (-P=0) group and the rhodium or
ruthenium nanoparticles replaces the PC protective layer. The ligand-capped nanoparticles are
significantly larger (Table 10, Fig. 25-Fig. 28). The use of a protic organic thiol ligand and the
unpolar TOPO ligand more than doubles the size of the resulting capped metal nanoparticles
(Table 10). The aggregation is a result of the introduction of the capping ligands into the polar
PC network. Subsequently the stabilizing property of propylene carbonate towards the M-NPs

is weakened and results in further M-NP agglomeration which is driven by the surface-surface

interactions.

Table 10. Ligand capped M-NP and size distribution.

M-NP/ligand in PC

entry metal ligand M-NP/PC TEM O (o) DLS O S)G)
original size [nm]“ [nm]*
from TEM [nm]

1 Rh HS-(CH,),-COOH 2.1 (£ 0.6) 9 (+5) 24 (+ 17)°
2 Rh TOPO 10 (£5) 30 (+ 14)7
3 Ru HS-(CH,),-COOH 2.7(£0.5) 13 (+4) 6.0 (x 1.5
4 Ru TOPO 13 (£ 5) 37 (£ 12)°

“Median diameter (@) and standard deviation (o). See experimental section for TEM and DLS
measurement conditions. "Hydrodynamic radius, median diameter from the measurements at 633 nm.
The resolution of the DLS instrument is 0.6 nm. “measurement performed in ethanol. “measurement
performed in chloroform.
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Fig. 25. TEM/TED photographs of Rh-NP/HS-(CH;),-COOH from a Rh-NPs/PC dispersion (0.5
wt.%) after thiolation with 3-mercaptopropionic acid, centrifugation and re-dispersion in ethanol
(entry 1 in Table 10).
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Fig. 26. TEM/TED photographs of Rh-NP/TOPO from a Rh-NPs/PC (0.5 wt.%) after stabilization
with TOPO, centrifugation and re-dispersion in chloroform (entry 2 in Table 10).
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Fig. 27. TEM/TED photographs of Ru-NP/HS-(CH,;),-COOH from a Ru-NP/PC dispersion (0.5 wt.%)
after thiolation with 3-mercaptopropionic acid, centrifugation and re-dispersion in ethanol (entry 3 in
Table 10).
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Fig. 28. TEM/TED photographs of Ru-NP/TOPO from a Ru-NP/PC dispersion (0.5 wt.%) stabilized
by TOPO, centrifugation and re-dispersion in chloroform (entry 4 in Table 10).

Here a simple, reproducible, and broadly applicable microwave-induced metal
carbonyl decomposition for the synthesis of common transition metal nanoparticles in
propylene carbonate is shown. The M-NP sizes of about 1 to 3 nm for most of these transition
metal nanoparticles are very small and uniform with no extra stabilizers or capping molecules
needed to achieve this small particle size in a stable M-NP/PC dispersion. Polar organic
carbonates are susceptible for microwave irradiation which, thus, provides a very simple and
reproducible way for the rapid (3 min) and energy-saving (50 W power) synthesis of defined
and very small M-NPs from their binary metal-carbonyl complexes in PC. The obtained Rh-
NP/PC dispersions can be used - without further treatment - as highly active hydrogenation

catalysts. In comparison to ionic liquids, PC and other organic carbonates are established
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[203

industrial and low-priced solvents.*”?! PC appears as an attractive alternative for weakly

coordinated, albeit sufficiently stabilized metal nanoparticles

These results are part of this cumulative dissertation (publication 6.1).
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4.2 Rhodium nanoparticles supported PTFE stirring bars

Here it is shown that a common and frequently used laboratory commodity such as a
Teflon-coated magnetic stirring bar can carry on its surface catalytically active metal
nanoparticles which are not easily removed. On one hand this is "caveat" on the un-intentional
preparation of "catalytically active stirring bars" by nanoparticular metal depositions from
previous reactions. On the other hand our simple deposition of rhodium metal nanoparticles
(Rh-NPs) on the Teflon surface of a stirring bar (Rh-NPs@stirring bar) yields an easily hand
able and re-usable hydrogenation catalyst. This proof-of-concept should be extendable to
other metal nanoparticle catalysts. Rhodium was used here as a metal for the proof-of-
principle because rhodium 1is wused in many types of catalytic reactions like
hydroformylations,'*** C-C bond forming reactions,*** Pauson-Khand type reactions*** and
hydrogenations.”®**"!

Deposition of Rh-NPs onto a standard Teflon (PTFE)-coated stirring bar is easily
achieved by thermal decomposition of Rhg(CO);s in BMImBF,; through microwave

irradiation®! by immersion of the stirring bar into the Rh-NPs/IL dispersion (Fig. 29).

I\
Rﬁ“"”*{f”"‘“ mizrowave irradiation
BF.~ MW
BMImEF . 4 10W, 6 min

RhglCOYyg

(unused new stiring kar)

Rh-MNP@stirring bar

= (1_;\'.
| or || . -
= H,, 4-20 bar, 75-90 °C

Fig. 29. Preparation of Rh-NP@stirring bar and repeated utilization as hydrogenation catalyst. The
photographs show a standard commercial 20 x 6 mm magnetic stirring bar before and after Rh-NPs
deposition.

Rh-NPs deposition on the stirring bar is only slightly evident by visual inspection
with a naked eye from some minor darkening (Fig. 29). Proof of the Rh-NPs deposits is
obtained by scanning electron microscopy (SEM) of the Teflon surface or transmission

electron microscopy of Teflon flakes therefrom (Fig. 30). The amount of Rh-NPs@stirring
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bar was quantified by AAS to 32 (£8) pg per stirring bar. A Rh-NP size analysis was
carried out by transmission electron microscopy (TEM) on Teflon flakes which were cut
from the stirring bar (Fig. 30 middle right, down left). Median Rh-NPs diameters were 2.1
(£0.5) nm and 1.7 (£ 0.3) nm after the 10th hydrogenation run.

[10]

There are wide ranges of supports described for M-NPs," ™ which can be split into

three main categories for solid supports employed for the deposition of M-NPs:

248] 249]

1) carbonaceous materials, like carbon nanotubes,[ raphite oxide! and
grap
graphene[m,lso,zsm
(2) metal oxides, including silica,[251'253] titania,[254'256] zirconia,[257] and ceria,[253 258

259] [248.260-262] , - 4

calcium oxide, or magnesia
(3) organic polymers, such as polyorgano-phosphazenes,***! polyvinylpyridine, fibers

and dendrimers.?*

However, very little is known for PTFE as a nanoparticle support.!'?®26>2% The
immobilization of Fe-NPs on the surface of PTFE nanogranules appears to be a singular
example. The chemical properties of bulk PTFE were considered unsuitable for the

stabilization of metal containing nanoparticles.’**”
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Fig. 30. SEM-pictures of Rh-NPs on a Teflon-coated magnetic stirring bar (Rh-NP@stirring bar)
(upper left) and after 10 hydrogenation runs (upper right) in comparison to the blank Teflon surface
(middle left). TEM of Teflon flakes from the stirring bar coating for Rh-NP size analysis before
catalysis (middle right, down left) and after the 10th catalytic hydrogenation run of cyclohexene (down
right).
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The caveat: 1t is evident that PTFE, albeit generally considered a chemically inert
material with a non-sticking surface, can support nanoparticular metal deposits. Such
nanoparticular deposits can originate from various uses of stirring bars in a laboratory. These
M-NP deposits are also not easily removed by washing with organic solvents. If then such a
stirring bar with a "colorful past" is used in catalysis experiments the metal nanoparticle
deposits can exert an activity while the intended catalysis system is less active or even
inactive (akin to the metal impurites in "intended" catalysts noted in the introduction). This
possibility is especially problematic because such metal nanoparticle deposits cannot be
visually detected.

The chance: The ease of support of metal nanoparticles on a readily available and
thermally stable PTFE surface can open new vistas for metal nanoparticle and catalysis
research, especially in view of the easy separation of a catalytically acitve magnetic stirring
bar akin to the recovery of magnetic nanoparticle catalysts.!****"!

As a proof-of-concept the Rh-NPs@stirring bar supported magnetic stirring bars were
tested for their re-usable catalytic activity in the known hydrogenation of cyclohexene or
benzene to cyclohexane under organic-solvent-free conditions where comparative literature
data is available (Fig. 7, Fig. 29, Table 12). The hydrogenation reactions were carried out in a
stainless steel autoclave equipped with a glass inlay. The autoclave was heated to 75 °C or 90
°C and pressurized with the hydrogen consumption monitored by a Biichi pressflow gas
contoller (H, uptake over time, Fig. 33, Fig. 34). Near quantitative conversion the reactor was
depressurized and the volatile organic components were condensed under vacuum into a clean
cold trap. To test for recycling the Rh-NPs@stirring bar was left behind in the autoclave and
was re-used by adding fresh substrate. Catalyst recycling was carried out ten times for
cyclohexene and three times for benzene. There is an initial increase in activity with recycling
from entry 1-3 in Table 11 which was also seen in other hydrogenations with Rh-NPs/IL
systems.**** This is probably due to a slow surface restructuring and not due to the rapid

formation of Rh-hydride or Rh-heterocyclic carbene (NHC)™?"! surface species.!*’”!
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Table 11. Hydrogenation of cyclohexene or benzene to cyclohexane with Rh-NP@stirring

a

bar.

entry  substrate and conversion t activity [mol product x
run [%] [min] (mol Rh)" x h™']
(=TOF [h™'])

1 Cyclohexene’ > 99 88 14.9 x 10°

2 2" run > 99 49 26.8 x 10°

3 3" run > 99 40 32.8 x 10°

4 4™ run >99 48 27.3 x 10°

5 5" run >99 68 19.3 x 10°

6 6" run > 99 132 9.9 x 10°

7 7™ run 87 139 8.2 x 10’

8 8" run > 99 139 9.4 x 10°

9 9" run > 99 161 8.1 x10°

10 10" run 807 160 6.6 x 10°

11 Benzene® 854 1474 750

12 2" run 90 1607 730

13 3" run 90 2553 460

14 Cyclohexene* 78 1440

15 Cyclohexene 20 1440

16 Cyclohexene® 53 1440

“ Conditions: Rh metal 32 pg, 3.1 x 10" mol. bCyclohexene 0.69 mL, 6.8 mmol, 75 °C, 4 bar H,.
“Benzene 0.6 mL, 6.8 mmol; 90 °C, 20 bar H,. “Conversion ceased. “*See Fig. 35 for further details.
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Fig. 31. Activity for 10 runs of the hydrogenation of cyclohexene with the same Rh-NPs@stirring bar
and molar cyclohexene/Rh ratio of 2200 at 75 °C, 4 bar H, pressure.
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Fig. 32. Activity for 3 runs of the hydrogenation of benzene to cyclohexane with the same Rh-
NPs@stirring bar and molar benzene/metal ratio of 2200 at 90 °C, 20 bar H, pressure.
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Fig. 33. H, uptake over time for the 1%, 2" and 3™ hydrogenation run of cyclohexene with the same
Rh-NPs@stirring bar and molar cyclohexene/Rh ratio of 2200 at 75 °C, 4 bar H, pressure. An H,
uptake of 0.15 L corresponds to > 99% conversion (100% are 6.8 mmol or 0.15 L Hy).
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Fig. 34. H, uptake over time for the 4™, 6™, 8" and 10™ hydrogenation run of cyclohexene to
cyclohexane with the same Rh-NPs@stirring bar and molar cyclohexene/Rh ratio of 2200 at 75 °C, 4
bar H, pressure. An H, uptake of 0.15 L corresponds to > 99% conversion (100% are 6.8 mmol or 0.15
L Hy).

Table 9 and Table 12 summarize related M-NPs (in ILs and on supports) from the
literature and their cyclohexene and benzene, respectively, hydrogenation acitivities. For
benzene hydrogenation the activity was higher than for most supported M-NP literature

systems and only surpassed by Rh-NP/carbon nanofibers (Table 9).
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Table 12. Catalyst activities of M-NPs in the benzene to cyclohexane hydrogenation.

Metal P2 conversion [%] activity [mol product Ref.
x (mol Rh) " x h™']
(=TOF [h"'])
Ru, solventless 4 atm 90 82 236
Ru/BMImBEF, 4 atm 30 9 236
Ru/BMImPF¢ 4 atm 73 20 236
Ru/BMImCF;S0; 4 atm 50 14 236
Ru, solventless 4 atm >99 125 236
Ruw/HEA-16-CI* 30 bar >99 200 273
Rh/PTFE 20 bar 90 750 this work

Rh/BMImPFg 4 atm >99 11 98
Rh, solventless 4 atm >99 21 98
Rh/acetone 4 atm >99 16 98
Rh/graphene 4 bar 99 310 237
Rh/carbon nanofibers 4 atm >99 7750 274
Rh/HEA-16-Cl1* 1 atm >99 28 275
Ir/BMImPF 4 atm >99 85 98
Ir, solventless 4 atm >99 125 98
Ir/acetone 4 atm >99 200 98
Pt/BMImPF; 4 atm 46 11 113
Pt, solventless 4 atm >99 28 113

“HEA-16-Cl = hydroxyethylammonium chloride

In general in M-NP catalysis the active species can be either "heterogeneous" M-

NPs in a disperson or on a surface or "homogeneous" atoms or small clusters which leach

from the M-NP into the solution.

I Hence, we cannot exclude, that the Rh-NP@stirring

bar functions as a reservoir of such "homogeneous" active atoms or clusters. There is only

a minor amount of mechanical abrasion or of leaching of Rh-NPs from the stirring bar
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during each catalytic run as was attested by three reproducible experiments outlined in
Fig. 35. Abrasion onto the glass surface appears to be more prominent than simple
leaching when comparing the resulting activities from stirred (Fig. 35a, Table 11, entry
14) versus non-stirred preparations (Fig. 35b, Table 11, entry 15) before applying the
hydrogen pressure. Sizeable conversion can be attested from the abrasion, albeit at
prolonged reaction times (24 h, entry 14) when compared to the conversion versus time of

Rh-NPs@stirring bar under otherwise identical conditions (entry 1-10).

cyclohexene
+
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75 °C 75 °C
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conversion new

vial y/(new)

| =
cyclohexene O 4 bar
- cyclohexene / 75 °C
cyclohexane <
mixture after 24 h — 24 h

< Rh-NP@stirring bar conversion
T new (unused) bar 53%

Fig. 35. Experiments to attest the abrasion or leaching from Rh-NPs@stirring bar (carried out twice to
ensure reproducibility within experimental error). (a) (Table 11, Entry 14) Stirring of Rh-
NPs@stirring bar in the empty glass inlay at 75 °C for 12 h under N,, followed by removal of the
stirring bar, addition of a new (unused) stirring bar, cyclohexene and H,. A conversion of 78% is
reached after 24 h (cf. > 99% with Rh-NPs@stirring 1-2 h, entry 1-5) and indicates some, but little
mechanical abrasion of the Rh-NPs from the PTFE surface. (b) (Table 11, Entry 15,) Allowing Rh-
NPs@stirring bar to stand in cyclohexene at 75 °C for 12 h under N,, followed by removal of the
stirring bar, addition of a new stirring bar and H,. A conversion of only 20% after 24 h indicates little
leaching from the stirring bar into the cyclohexene substrate. (¢) (Table 11, Entry 16) Cyclohexene
hydrogenation was run to 25% conversion (within 12 min, monitored by gas uptake). Then, Rh-
NPs@stirring bar was removed, the cyclohexene/cyclohexane mixture filtered under argon into a new
glass inlay, equipped with a new stirring bar and re-pressurized. Conversion proceeded very slowly to
53% in 24 h, attesting little leaching even under the reaction conditions.
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Metal nanoparticle traces can easily be deposited — intentional or unintentional —
on the PTFE surface of magnetic stirring bars. Memory effects can derive from un-
intentional deposits when such stirring bars are employed in catalytic reactions. At the
same time it is shown that a lab commodity such as a Teflon-coated magnetic stirring bar
can be easily turned into a re-usable, smoothly handable and magnetically removable
catalyst system. "Traces" of 32 pg or less of Rh-nanoparticles on the stirring bar surface
exert very high hydrogenation activities for cyclohexene or benzene under mild

conditions.

These results are part of this cumulative dissertation (publication 6.2).
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4.3 Rhodium and ruthenium nanoparticles supported Graphene

The fluffy CDG powder (Fig. 36 synthesis according to Fig. 37) can be suspended in
the IL 1-butyl-3-methylimidazolium tetrafluoroborate (BMImBF,). The subsequent TEM
pictures with M-NPs show single graphene sheets (cf. Fig. 38 and Fig. 39) which suggest that
the CDG is dispersed into individual flakes in the IL.

Fig. 36. Scanning electron microscope (SEM) images of CDG from thermally reduced GO, showing
the exfoliated sheets at the larger magnification at the right.

The solid metal carbonyl powders M(CO), (M = Ru, Rh) were added to the CDG
slurry in BMImBF, and suspended under argon atmosphere. The mixture was subjected to
microwave 10 irradiation (6 min, 20 W) under argon atmosphere. The M-NP/CDG materials
(M = Ru, Rh) can be separated from the IL and unsupported M-NP/IL by centrifugation of the
slurry, washing with water and drying in air. Black-grayish flake-like solids of M-NP/CDG
were obtained in good yield (Table 13). Defined and small Ru- and Rh-NPs with narrow size
distributions (2.2 = 0.4 nm for Ru, 2.8 £ 0.5 nm for Rh) can be seen on the almost transparent
CDG surfaces in the TEM image of the Ru- and Rh-NP/CDG hybrid structures (Fig. 38 and
Fig. 39).
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graphite

NaNO;:,, KIVan4
H,S0,

graphite
oxide (GO)

chemically
derived
graphene (CDG)

microwave irradiation

M,(CQ),/ IL (BMImBF )
6 min, 20 W (Ar)

Fig. 37. Synthesis from natural graphite over GO (Hummers and Offeman’) to CDG (thermal
reduction process !'’") and M-NP/CDG. GO bearing epoxy, hydroxyl, carbonyl and carboxyl groups
was heated up to 560 °C and CO, CO, and H,O were eliminated under enormous expansion of the
CDG volume. The graphene sheets with mainly hydroxyl, carbonyl group!'’”'"**"! are exfoliated by
the gas release and the specific surface area becomes 510 m?/g in the CDG used here (Fig. 36).

Table 13. M-NP particles sizes and yields of M-NP/CDG.

metal average min @ ° max @” standard M loadon M-NP/CDG  M-NP/CDG
diameter @ ° [nm] [nm] deviation CDG ¢ Yield [mg] Yield [%]
[nm] 6 [nm] [7o]
Ru 2.2 1.4 3.6 0.4 17.4 25.0 83
Rh 2.8 1.6 4.4 0.5 17.0 15.7 54

“ Synthesized by microwave decomposition in BMImBF, (2.0 ml, 2.4 g, p = 1.2 g/ml) with 4.8 mg
CDG (0.2 wt% in IL) and 50.6 mg Ru;(CO);, and 62.5 mg Rhe(CO);6, respectively (1 wt.% metal in
IL) under argon. * M-NP particle size analysis by transmission electron microscopy (TEM) directly
from the M-NP/CDP/IL suspension before work-up. “AAS analysis after dissolving the metal with
aqua regia.

73



Ru/CDG

C (Graphit) P63/mmc
a=0.246 nm, c =0,6711 nm
Ru Fm-3m

a=0.2708 nm

ICSD # 76767 / ICSD # 41515

C (002)
C (101)
Ru (111)
Ru (200)
Ru (220)

Fig. 38. TEM and TED (transmission electron diffraction) of Ru-NPs supported on CDG from MWI
of Ru;(CO);; in CDG/BMImBF,. The black bar in the TED is the beam stopper (down right). The
values match with the d-spacing of Ru metal and graphite.
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Rh/CDG

C Graphit P63/mmc
a=0.246,c=0.671

Rh Fm-3m

a=0.383 nm

ICSD # 76767 / ICSD # 41516

C (002)

C (101)

Rh (200)

Rh (220)

Fig. 39. TEM and TED of Rh-NPs supported on CDG from MWI of Rhs(CO),¢ in CDG/BMImBF.,.
The black bar in the TED is the beam stopper (down right). The d-values match with the d-spacing of
Rh metal and graphite.
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In a proof-of-principle, the M-NP/CDG materials (M = Rh, Ru) are shown to be
catalysts in hydrogenation reactions of cyclohexene and benzene to cyclohexane (Fig. 40).
The benzene hydrogenation to cyclohexane is a multi-million ton (IFP-Institute Francais du

Petrol) processwith the subsequent oxidation to adipic acid and caprolactam as building

blocks for Nylon 6.6 and Nylon 6.[279-283]

@ /ICDG
(= -
H,, 4 bar, <75 °C

Fig. 40. Hydrogenation of cyclohexene or benzene to cyloclohexane with Ru- or Rh-NPs/CDG under
organic-solvent-free conditions.

The M-NP/CDG catalyst (M = Ru, Rh) was suspended in the substrate cyclohexene or
benzene without any additional solvent. The hydrogenation reaction times with Ru-NPs/CDG
were optimized for near quantitative conversion. For work-up after each catalytic run the
organic phase was removed under reduced pressure and condensed in a cold trap for GC
analysis. It was possible to re-use the remaining catalyst for repeated runs each with
essentially complete conversion (Table 14, Fig. 41). The pressure-normalized cyclohexene
hydrogenation activities of Ru-NPs/CDG at 4 bar (~390 mol product x (mol metal) ' x h™' x
bar ') at almost identical > 95% conversions are higher by about one order of magnitude than
the activities of similar Ru-NPs/IL systems at 10 bar H; pressure (30-53 mol product x (mol
metal)' x h™' x bar ').*) With rhodium the normalized activities of ~90 mol product x (mol
metal)' x h™' x bar' were comparable to those of a Rh-attapulgite (Atta-IL-Rh) catalyst
which was prepared by an ionic liquid-assisted immobilization of Rh from complexes, such as
Rh(PPh)**, Rh(COD)(PPh;)*", and [Rh(COD)(PPhs),]BF, (COD 1,5-cyclooctadiene) on the
natural mineral attapulgite. The pressure-normalized activities of Atta-IL-Rh at 30 bar
reached ~90 mol product x (mol metal) ' x h™' x bar ' for >99% conversion in 5.5 h.*** Rh-
NPs immobilized on silica-coated magnetite nanoparticles gave high cyclohexene
hydrogenation activities between 2500 and 6600 mol product x (mol metal) ' x h™" x bar ' (at
6 bar, 75 °C, >99% conversion) for up to 20 consecutive runs.”** TEM/TED pictures of Rh-
NPs/CDG after 5 consecutive catalytic runs do not show marked changes in Rh-NPs size but a

somewhat higher crystallinity is apparent from TED (Fig. 42).
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Table 14. Hydrogenation of cyclohexene with M-NP/CDG catalysts.

entry  M-NP/CDG“ time’[h]  conversion activity [mol product

[%] x (mol metal) ' x h™']
(=TOF [h'])
1 M = Rh 1.5 99.5 360
2 2™ run 1.5 98.7 357
3 3" run 1.5 99.3 359
4 4™ run 1.5 98.1 355
5 5" run 1.5 99.0 358
6 M =Ru 0.33 97.4 1540
7 2™ run 0.33 99.0 1570
8 3" run 0.33 98.8 1560
9 4™ run 0.33 98.6 1560
10 5% run 0.33 99.1 1570
11 6" run/CS,° 0.33 98.8° 1560°
12 7" run/CS,? 0.33 47.5¢ 7509
13 M=Ru 1 97.8 510
14 M=Ru 0.5 99.6 1040
15 M=Ru 0.3 94.5¢ 1960°

“The reactions were carried out in steel autoclaves, equipped with glass inlays to eliminate any
catalytic influence of the metal surface on the reaction. General conditions 4 bar H, and 75°C. 11 mg
M-NP/CDG with 17.4 wt% corresponding to 1.89 x 10—5 mol Ru or 17.0 wt% Rh, i.e. 1.82 x 10~ mol
Rh, respectively. “The hydrogenation reaction times for Ru NP/CDG were optimized for near
quantitative conversion. A lower reaction time of 15 min yielded only 94.5% conversion, higher
reaction times of 30 min and 1 h showed high conversions of >98% at lower activity “Addition of CS,
(5.59 x 107 ml, 9.25 x 10~ mol, density 1.266 g/cm’, M = 46.08 g/mol, corresponding to 0.05
equivalent (5 mol%) of Ru. To work as exactly as possible with these small volumes, the ten-fold
amount of CS, (5.59 x 10~* ml, 9.25 x 10°° mol) was dissolved in cyclohexene (10 ml, 98.6 mmol) and
stirred for 2 minutes. Then 1.0 ml of this cyclohexene/CS, mixture was employed in the poisoning
hydrogenation experiment. “Addition of CS, to entry 11 (direct addition of 1.12 ul [1.12 x 107> ml],
1.85 x 10 mol) corresponding to 1.0 equivalent (100 mol%) of Ru. “Entries 13-15 were experiments
to optimize the hydrogenation times for Ru-NP/CDG to 0.33 h (20 min).-A lower reaction time of 15
min yielded only 94.5% conversion, higher reaction times of 30 min and 1 h showed high conversions
of >~98% at lower activity.
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Fig. 41. Activities for the hydrogenation of cyclohexene with the same M-NP/CDG catalyst, entry 1-5
for Rh and entry 6-10 for Ru in Table 14. An even lower reaction time of 15 min for M = Ru gave
only 94.5% conversion.

(285286] €S, binds strongly to active metal sites and

Following the work by Finke et al.
blocks access of the substrates. If it is possible to poison a catalyst completely with << 1
equivalent (<< 100 mol%) of the added ligand per Ru atom, this is strong evidence that it is a
heterogeneous catalyst. The reasoning is that in a heterogeneous (colloidal) metal-particle
catalyst only a fraction of the metal atoms are on the surface, hence much less than a one
molar equivalent of ligand per metal atom will be sufficient to deactivate the catalyst.*****"1 A
molecular, homogeneous catalyst needs > 1.0 equivalent of the ligand (per metal atom) for the
poisoning. To differentiate between possible homogeneous Ru atom and heterogeneous Ru-
NP catalysts we have added CS; as a known ruthenium catalyst poison following the work by

(286287] Eor a consecutive catalytic 6th run in the

Finke et al. (see above for explanation).
presence of CS; (Table 14, entry 11, 0.05 eq., 5 mol% of Ru) we found that CS, has only a
marginal poisoning effect on the Ru-NPs/CDG catalyst. Even at 1.0 equivalent of CS, (100
mol%) to Ru (Table 14, entry 12) still about half of the previous conversion and activity is
retained. Failure of Ru-NP/CDG poisoning can be explained with formation of xanthates from
alcohols, here the hydroxy-functionalities of CDG and CS; (Scheme 12).

CS, SH
OH o R/\%;/

[Ru-NP] S

R/\

here: R = CDG-graphene

Scheme 12. Xanthate formation. CS; capture by the CDG hampers the conclusive evidence from the
poisoning experiments.
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Rh/CDG nach Katalyse

C (Graphit) P6/3mmc
a=0.246 nm, c =0,671 nm
Rh Fm-3m

a=0.2709

C (002)
C (001)

Rh (220)

Fig. 42. TEM and TED of Rh-NPs/CDG after five consecutive catalytic hydrogenation runs of
cyclohexene (Table 14, entry 5).

A second series of runs for the cyclohexene to cyclohexane hydrogenation proofs that

the M-NP/CDG system is catalytic active over 10 runs. No loss of acitivity can be noticed
(Table 15).
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Table 15. Hydrogenation of cyclohexene with M-NP/CDG catalysts — second series of runs.

entry M-NP/CDG* t conversion”  activity [mol product
[h] [%] x (mol Rh) " x h™']
(=TOF [h™'])
1 M =Rh 1.5 quant. 360
2 2" run 1.5 quant. 360
3 3" run 1.5 quant. 360
4 4™ run 1.5 quant. 360
5 5" run 1.5 quant. 360
6 6" run 1.5 quant. 360
7 7™ run 1.5 quant. 360
8 8™ run 1.5 quant. 360
9 9" run 1.5 quant. 360
10 10" run 1.5 quant. 360
11 M =Ru 0.33 quant. 1570
12 2" run 0.33 quant. 1570
13 3" run 0.33 quant. 1570
14 4™ run 0.33 quant. 1570
15 5" run 0.33 quant. 1570
16 6" run 0.33 quant. 1570
17 7" run 0.33 quant. 1570
18 8™ run 0.33 quant. 1570
19 9™ run 0.33 quant. 1570
20 10" run 0.33 quant. 1570

“The reactions were carried out in steel autoclaves, equipped with glass inlays to eliminate any
catalytic influence of the metal surface on the reaction. General conditions 4 bar H, and 75 °C.
Cyclohexene 0.811 g (1.0 ml, 0.01 mol, density 0.811 g/ml, M= 82.14 g/mol). 11 mg M-NP/CDG
with 17.4 wt% Ru corresponding to 1.89 x 10~ mol Ru or 17.0 wt% Rh, i.e. 1.82 x 10> mol Rh,
respectively. “The hydrogenation reaction times for Ru-NP/CDG were optimized for quantitative
conversion. No cyclohexene educt peak was detected by GC analysis on an Agilent Technologies
66890N GC System with a DB-WAX column, length: 30 m, ID [mm]: 0.250, film thickness [p]: 0.25.
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Benzene could be hydrogenated under similar mild conditions to cyclohexane with
essentially complete conversion at a temperature of 50 °C, 4 h and 4 bar (Table 16) and a
pressure normalized activities of Rh-NP/CDG of ~78 mol product x (mol Rh)™" x h™" x bar .
This is a much higher activity (TOF) than for other M-NP/IL systems'’®''"'"*] albeit lower
than for Rh-NPs immobilized on silica-coated magnetite nanoparticles. The latter gave high
benzene hydrogenation activities between 100 and 180 mol product x (mol Rh) ™" x h™' x bar ™'

(at 6 bar, 75 °C, >99% conversion) for up to 20 consecutive runs.
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hydrogenation run

Fig. 43. Activities for the hydrogenation of cyclohexene with the same M-NP/CDG catalyst, entry 1-
10 for Rh and entry 11-20 for Ru in Table 14.

Table 16. Hydrogenation of benzene with Rh-NP/CDG catalyst.”

entry T conversion activity [mol lproduct
[°C] [%] x (mol Rh) "x h™']
(= TOF [h])
1 25 72.8 228
2 50 98.8 310
3 75 94.8 297

“The reactions were carried out in steel autoclaves, equipped with glass inlays to eliminate any
catalytic influence of the metal surface on the reaction. General conditions 4 bar H,, time 4 h, benzene
0.81 g (0.92 ml, 10.36 mmol), Rh-NP/CDG 5 mg, 17.0 wt.%, 8.26 x 10°® mol Rh, benzene/Rh ratio =
1255.
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In summary a simple, rapid and low-energy strategy to deposit small 2-3 nm metal
nanoparticles of Ru and Rh with uniform sizes on CDG surfaces, by decomposition of their
metal carbonyls under MWI in the IL BMImBF, is shown. Microwave irradiation provides a
very simple and reproducible way for the rapid (6 min) and energy-saving (20 Watt power)
synthesis of defined and very small M-NPs from their binary metal carbonyl complexes in
ILs. This method should be extendable to other metals with the microwave-induced binary
metal carbonyl M,(CO), decomposition and subsequent M-NP deposition on CDG. The
obtained hybrid nanomaterials (Rh-NPs/CDG and Ru-NPs/CDG) were shown — without
further treatment — to be catalytically active in hydrogenation reactions yielding complete
conversion of cyclohexene or benzene to cyclohexane under organic-solvent-free and mild
conditions (50-75 °C, 4 bar H,) with reproducible activities of 1570 mol cyclohexane x (mol
Ru)' x h™' and 310 mol benzene x (mol Rh)"' x h'. The catalytically active M-NP/CDG-
nanocomposite material could be recycled and used for several runs without any loss of

activity.

Rug(cohz MW;, 20 W, 6 mln_

\

Rhe(CO)ie cDG/IL
-CO , |

chémically derived
graphene (CDG)

Scheme 13. The use of microwave irradiation for the easy synthesis of transition metal nanoparticles
supported on chemically derived graphene (CDG) in ILs. The hybrid nanomaterials Ru-NPs/CDG and
Rh-NPs/CDG were active hydrogenation catalysts.

These results are part of this cumulative dissertation (publication 6.4).
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S EXPERIMENTAL

5.1 General
5.1.1 Materials

Mo(CO)s, W(CO)g, Rez(CO)1g, Fex(CO)g, Rusz(CO)2, Os3(CO)12, Coz(CO)g, Rhe(CO)16 and
Irs(CO);6 were obtained from STREM and Aldrich, Propylene carbonate (PC) (99.7 %, H,O
free), 3-mercaptopropionic acid (> 99 %), TOPO (99 %), 1-hexyne (> 97%), cylcohexene (>
97%), acetone (99% p.a.; particle free) and benzene (> 99 %) from Sigma-Aldrich, BMImBF4
from IoLiTec (H,O content << 100 ppm; Cl content<< 50 ppm).

Literature reported decomposition temperatures are 180 °C for Mo(CO)s and W(CO)g, 177 °C
for Re,;(CO);9, above 100 °C for Fey(CO)o, 155 °C for Rusz(CO);, and 224 °C for Os3(CO);2,
above 100 °C for Co,(CO)s, 220 °C for Rhs(CO);6 and 210 °C for Irg(CO);6.2%!

Stirring bars were obtained by VWR International GmbH, Hilpertstrae 20a, 64295
Darmstadt.

5.1.2 Technics

All manipulations were done using Schlenk techniques under nitrogen since the metal
carbonyls salts are hygroscopic and air sensitive. The ILs and PC were dried at high vacuum
(107 mbar) for several days.

Microwave irradiation

For the synthesis of the dispersions a CEM microwave type Discover was used.

5.1.3 Analysis

AAS

Atomic absorption spectrometry (AAS) was performed with Perkin-Elmer AAnalyst 100
(flame AAS), using the software AA WinLab.
DLS

A Malvern Zetasizer Nano-ZS was used for the dynamic light scattering (DLS) measurements
working at 633 nm wavelength. Care was taken for choosing the right parameters, such as the

index of refraction of the transition metals at their wavelength (Table 17).
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Table 17. Parameters for dynamic light scattering.

Element Index of refraction Absorption
Molybdenum 3.71 0.1
Tungsten 3.65 0.1
Rhenium 2.93 0.1
Iron 2.87 0.1
Ruthenium 4.79 0.1
Osmium 3.90 0.1
Cobalt 2.26 0.1
Rhodium 2.14 0.1
Iridium 2.53 0.1

FT-IR (Fourier transform infrared)

Measurements were carried out on a Bruker TENSOR 37 IR spectrometer in a range from

4000 to 500 cm™' in a KBr cuvette (thickness 0.05mm).
GC

The cyclohexene or benzene or 1-hexyne to cyclohexane or n-hexane conversion was verified
by gas chromatographic (GC) analysis of the product (Perkin Elmer 8500 HSB 6, equipped
with a DB-5 film capillary column, 60 m % 0.32 mm, film thickness 25 um, oven temperature
40 °C, Ny carrier flow 120 L/min and a flame ionization detector (FID), 250 °C detector
temperature). The benzene or cyclohexene or I-hexyne to cyclohexane or to n-hexane
conversion was analyzed by putting a drop of the mixture into a GC sample vial with 1 mL of
water. The addition of water as a non-electrolyte can enlarge the activity coefficient of
organic components, thereby increase their detection sensitivity through the increase in peak

area. The FID does not detect the water itself.[*®]

TEM

Transmission electron microscopy (TEM) and transmission electron diffraction (TED)
photographs were taken at room temperature from a carbon coated copper grid on a Zeiss

LEO 912 transmission electron microscope operating at an accelerating voltage of 120 kV.
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Samples were loaded on holey, carbon coated copper grids. The solvents were removed by
floating the grids on water for several minutes.

Particles diameters were measured manually using iTEM software tools for manual
measurements. Completely automatic measurements, which can be easily performed for well
separated particles, fail in the case of heavily clustered particles. For a better comparison of
the samples also particles which would have allowed automatic detection were measured

manually.

5.1.4 Catalysis

An autoclave with a glass inlay was used. The hydrogenation reactions were carried out in the
glass inlay.

The autoclave was conditioned by evacuation and re-filling with nitrogen. All autoclave
loading was carried out under nitrogen. Stirring rate was 850 rpm. The autoclave was heated
to the desired temperature and set to the desired pressure of H, which was kept constant over
the reaction time. The H, uptake over time was monitored with a Biichi pressflow gas
controller. After quantitative or near quantitative conversion was reached (adjudged by the H,
consumption) the reactor was depressurized, the volatile organic components were condensed
under vacuum into a clean cold trap. The catalytic system is left behind in the glass inlay of

the autoclave and was re-used by adding fresh substrate.
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5.2 Propylene carbonate as stabilizing solvent for transition metal
nanoparticles

5.2.1 General

TED

Transmission electron diffraction (TED): d-Spacing, intensity and hkl from STOE WinXPow
version 1.10, data base, STOE & Cie GmbH, Darmstadt, Germany, 2002.

Table 18. Diffraction rings of Ru-particles compared with IPDS database, Ru [6-663]

d-Spacing from d-spacing [A] Intensity hkl
diffraction rings

[A] from database

2.10 2.0560 100 101

1.61 1.5808 25 102
not seen 1.3530 25 110

1.26 1.2189 25 103

1.15 1.1299 20 201

Table 19. Diffraction rings of Rh-particles compared with IPDS database, Rh [5-685]

d-Spacing from d-spacing [A] Intensity hkl
diffraction rings

[A] from database
2.23 2.1960 100 111
1.94 1.9020 50 200
1.39 1.3450 26 220
1.17 1.1468 33 311
not seen 1.0979 11 222
not seen 0.9508 7 400
0.89 0.8724 20 331
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Table 20. Diffraction rings of Ir-particles compared with IPDS database, Ir [6-598]

d-Spacing from d-spacing [A] Intensity hkl
diffraction rings
[A] from database
2.25 2.2170 100 111
1.95 1.9197 50 200
1.38 1.3575 40 220
1.20 1.1574 45 311

In the TED pictures the ring diameters were measured manually using the scale bar in the
picture and the d-spacing was then calculated with a TEM specific constant of 79.5 according

to: d-spacing (in A) = 79.5 / diffraction ring diameter (in pm).
DLS

Samples were prepared by dissolution of 0.05 or 0.1 ml of a 0.5 wt.% of the metal dispersion

in acetone (99% p.a.; particle free) in a glass cuvette before measurement. Acetone is also

capable of stabilizing nanostructured metal clusters.[****")

Table 21. DLS measurement of Rh-NPs in different solvents and with different
concentrations.”

entry ¢ [g/mL] solvent DLS @ (o) [nm]
1 0.5 PC 108.8 (£ 40.8)
2 0.05 PC 134.0 (+ 83.2)
3 0.025 PC 69.7 (+30.4)
4 0.008 PC 43.6 (£ 14.3)
5 0.025 water 82.3(£41.9)
6 0.025 acetone 2.4 (+£0.8)

“ As parent solution a Rh-NPs/PC dispersion (0.5 wt.%) from Rhs(CO);s was used.

Several measurements with different concentration of Rh-NPs from Rh-NPs/PC dispersions
(for synthesis see section 5.2.2) in different solvents have been carried out (Table 21) to
determine the particle sizes. The samples in entry 2-4 in Table 21 were diluted in PC. PC and
not another solvent was chosen to avoid any effect on the nanoparticles or on the
measurements which could brought in by a different solvent with different physical and

chemical properties. From entry 1 which is the untreated parent solution (0.5 wt.%) to entry 4
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with is a diluted sample the particle sizes decreases, but the results did not match with the
result (2.1 (£ 0.6) nm) obtained by TEM (see Table 6). Water was used as a dilution solvent in
entry 5 and was considered to be unfeasible, because after a few minutes a precipitate
appeared on the bottom of the glass cuvette before the measurement was started. Water seems
to weaken the protective, stabilizing PC-Layers around the nanoparticles which, thus, are
agglomerating to bulk material. Acetone was used as solvent and the results obtained by DLS
with acetone used as solvent best fit the results obtained by TEM (see Table 6).

DLS is commonly used for analyses of polymers with particle size larger than nanoparticles.
The sizes of nanoparticles (1-5 nm) may not be analyzed precisely because the resolution
limit of the DLS is 1 nm. The DLS measurement does not measure the “actual” particle size,
but it measures the hydrodynamic diameter d(H) as is described by the Stokes-Einstein (Eqn.
3):

kT
3mnD

d(H) = 3)

d (H) = hydrodynamic diameter [nm]

D = translational diffusion coefficient

k = Boltzmann’s constant, k = 1.38 x 10% J/K
T = absolute temperature [k]

n = viscosity of the solvent [kg/(ms)]

The diameter measured in DLS is a value that refers to how a particle diffuses within a fluid
so it is referred to as a hydrodynamic diameter. Actually it is not the diameter of a particle,
which is measured, but the diameter of a sphere that has the same translational diffusion
coefficient (D) as the particle. This coefficient D depends on the particle size, surface
structure, concentration and type of ions in the medium and is calculated via a correlation

291,292

function during the measurement.! ] With these variables a precise investigation of the

particle sizes is not possible.
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5.2.2 Metal nanoparticle (M-NP) synthesis

Decomposition by means of microwave irradiation was carried out under argon. In a typical
reaction, the fine metal carbonyl powder M. (CO), (M = Mo, W, Re, Fe, Ru, Os, Co, Rh, Ir;
19.8 to 9.8 mg, respectively; see Table 22) was dissolved/suspended (= 1 h) under an argon
atmosphere at room temperature in dried and deoxygenated PC (density: 1.19 g/mL, 1 mL,
1.19g) for a 0.5 wt.% M-NP/PC dispersion. For the synthesis of a 1wt.% M-NP/PC
dispersion the metal carbonyl M,(CO), (M = Rh; 16.6 mg) was suspended/dissolved (= 1 h)
under an argon atmosphere at room temperature in dried and deoxygenated PC (1.5 mL, 1.8
g). For the synthesis, the mixture was placed in a microwave (CEM, Discover) under an inert
argon atmosphere and the conversion was finished within 3 min at a power of 50 W. For the 1
wt.% dispersions a time of 5 min and a power of 50 W were chosen. Each decomposition
reaction was carried out at least twice. Decomposition reactions to produce the Rh-NPs that

were used in the catalysis in this work were carried out ten or more times.

Table 22. Microwave decomposition of metal carbonyls in PC with 50 W of power and 3 min
reaction time.

Carbonyl Molar mass Mass% metal Mass of wt.% Metal in 1.19 g (1.0
M,(CO), (g/mol) inM(Co), ~ MEO (me) mL) PC
(0.5% = 6.1 mg M)

Mo(CO)s 264.00 36.34 16.8 0.5

W(CO)s 351.90 52.24 11.5 0.5
Re,(CO)yo 652.52 57.07 10.5 0.5
Fey(CO)y 363.79 30.70 19.8 0.5
Ru3(CO),, 639.33 47.43 12.8 0.5
Os3(CO);, 906.81 62.93 9.8 0.5
Co,(CO)s 341.94 34.47 17.5 0.5
Rhe(CO);6 1065.62 57.94 10.3 0.5

Iry(CO) 12 1105.00 69.58 8.8 0.5

in 0.9 g (0.75 mL) PC

Rhe(CO)16 1065.62 57.94 16.6 1.0
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5.2.3 Catalysis

The hydrogenation reactions with Rh-NPs/PC were carried out in stainless steel autoclaves
connected with an online hydrogenation-consumption monitoring system (Biichi pressflow
gas controller, bpc). The autoclave was conditioned by evacuation and re-filling with
nitrogen. All autoclave loading was carried out under nitrogen. Each autoclave was equipped
with a glass inlay, to eliminate any catalytic influence of the stainless steel surface on the
reaction process. A typical experiment used 0.75 mL of the Rh-NPs/PC dispersion with 1
wt.% Rh (9 mg, 8.8 x 10 mol Rh) and 10 mL of cyclohexene (0.1 mol, density 0.811 g/ml,
M = 82.14 g/mol,) or 1.0 mL of 1-hexyne (1.8 mmol, density 0.72 g/ml, M = 82.14 g/mol).
The autoclave was heated to the desired temperature and set to the desired pressure of Hj
which was kept constant over the reaction time. After this time the reactor was depressurized,
and the volatile organic components condensed under vacuum (15 min) into a clean cold trap

(liquid nitrogen cooled). The Rh-NPs/PC dispersion was left behind.

5.2.3.1 Conditions for cyclohexene hydrogenation
Cyclohexene 10 mL, 0.89 mol (density 0.811 g/ml, M = 82.14 g/mol); Rh metal (9 mg, 8.8 x
10~ mol); 25-95 °C, 4-10 bar H,.

5.2.3.2 Conditions for 1-hexyne hydrogenation
1-hexyne (1.0 mL, 1.8 mmol (density 0.72 g/ml, M= 82.11 g/mol); Rh metal (9 mg, 8.8 x 10~
mol); 25 °C, 10 bar H,.

5.2.4 Preparation of ligand-capped M-NP in PC

The obtained Rh- and Ru-NPs/PC (0.4 ml, 0.5 wt.%) were stirred with 3-mercaptopropionic
acid (2 mL, 3.5 x 10~ mol) or TOPO (14 mg, 3.5 x 10> mol) over night. The ligand-capped
M-NPs were collected by centrifugation (2000 rpm, 15 min) and decantation of the clear
propylene carbonate phase. The capped M-NPs were dried for several days under high

vacuum to remove the PC solvent.
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5.3 Rhodium nanoparticles supported PTFE stirring bars
5.3.1 General

Stirring bars (20 x 6 mm) were obtained by VWR International GmbH, Hilpertstrale 20a,
64295 Darmstadt.

Analysis
SEM

Scanning electron microscope (SEM) samples were coated with a thin Au layer (~ 8§ nm) and
analyzed with a Quanta 250 FEG instrument. The measurements were performed at 3.20 * Pa

and at 10 kV voltage using an ETD detector.
AAS

AAS (atomic absorption spectrometry) was performed with Perkin-Elmer AAnalyst 100
(flame AAS), using the software AA WinLab. The rhodium loading on the stirring bar and the
rhodium leaching in the catalytic runs was analyzed by AAS. To dissolve the Rh-NPs from
the Teflon-coating of the stirring bar it was placed into a conc. HCI/HNO;3 mixture (aqua
regia, 50 ml) over night. The resulting solution was directly used for the AAS analysis.
Analysis of the Rh-NP content on a stirring bar from the above preparations reproducibly
gave 32 (£ 8) pug of rhodium (= 8 is the standard deviation ¢ from multiple Rh-content
determinations of different stirring bars). After the treatment with aqua regia the magnetic
stirring bars lost their catalytic properties regarding the hydrogenation of cyclohexene or

benzene.

5.3.2 Preparation of Rh-NP/IL dispersion

Rhe(CO)16 (41.42 mg, 3.89 x 10~ mol) was dissolved/suspended (~1 h) under a nitrogen
atmosphere at room temperature in dried and deoxygenated BMImBF, (2.0 mL, 2.4 g) to give
a 1.0 wt.% dispersion. For the synthesis the mixture was placed in a CEM microwave type
Discover under inert nitrogen atmosphere and the conversion was finished within 6 minutes at
a power of 10 W. Rh(CO);¢ decomposes at 220 °C, so it can easily be handled at room

temperature under inert atmosphere.***!
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5.3.3 Preparation of Rh-NP@stirring bar

A brand-new (unused) magnetic stir bar was washed with dried acetone (10 mL) and dried
under high vacuum prior to the Rh-NP deposition. Rhodium nanoparticle deposition on PTFE
was obtained by stirring the magnetic stirring bar in the Rh-NPs/BMImBF, dispersion at
room temperature under nitrogen for different defined number of 2-8 days. The nanoparticle-
loaded stirring bar was removed from the Rh-NPs/BMImBF, dispersion and stirred in a
washing solvent (20 mL) for 15 s to remove the IL, removed with a pincer and dried under
vacuum for 30 min. The solvents acetone, water, methanol, iso-propanol, tetrahydrofuran and
methylene chloride were tested for the washing and removal of the ionic liquid film which
adhered to Rh-NP@stirring bar. For each different washing solvent, a cyclohexene
hydrogenation run (see section 5.3.4) was carried out to test for the resulting activity.
Activities for acetone (p.a), THF or methylene chloride were similar and higher than for
acetone (technical), methanol, iso-propanol or water. Eventually, THF (p.a) was used as a

standard washing solvent for the catalytic recycling experiments.

5.3.4 Catalysis
5.3.4.1 General

Rh-NPs@stirring bars were conditioned after their preparation by using the above-mentioned
washing procedure with dried THF (20 mL) for 15 s before the first run to remove the ionic
liquid.

An autoclave with a glass inlay was used. The hydrogenation reactions were carried out in the
glass inlay. The autoclave was conditioned by evacuation and re-filling with nitrogen. All
autoclave loading was carried out under nitrogen. Stirring rate was 850 rpm. The H, uptake
over time was monitored with a Biichi pressflow gas controller (Biichi pbc). After quantitative
or near quantitative conversion was reached (adjudged by the H, consumption) the reactor
was depressurized, the volatile organic components were condensed under vacuum into a
clean cold trap. The Rh-NPs@stirring bar is left behind in the glass inlay of the autoclave and
was re-used by adding fresh substrate. Catalyst recycling was carried out ten times for

cyclohexene and three times for benzene.

5.3.4.2 Conditions for cyclohexene hydrogenation
Cyclohexene 0.69 mL, 6.8 mmol (density 0.811 g/mL, M = 82.14 g/mol); Rh metal (0.032
mg, 3.1 x 10”7 mol); 75 °C, 4 bar H,.
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5.3.4.3 Conditions for benzene hydrogenation

Benzene 0.60 mL, 6.8 mmol (density 0.88 g/mL, M = 78.11 g/mol); Rh metal (0.032 mg, 3.1
x 10”7 mol); 90 °C, 20 bar H,. For the slower benzene hydrogenation the reaction was
intentionally stopped at 90% conversion (adjudged by the H, consumption) as thereafter the
decrease in benzene concentration lowered the reaction rate. Thus, the reactor was
depressurized after 90 % conversion and the liquid product removed under vacuum and fresh

benzene (0.60 mL) was added.

5.3.4.4 Special Experiments
To investigate the possibility of mechanical abrasion or of leaching of Rh-NPs from the

stirring bar the following special experiments were performed:

Entry 14 in Table 11— test for mechanical abrasion: Rh-NPs@stirring bar was stirred for 12 h
at 75 °C in an empty glass inlay at 850 rpm under N,. Afterwards this Rh-NPs@stirring bar
was replaced by brand-new (untreated) stirring bar. Cyclohexene (0.69 mL) was added and
the autoclave was pressurized. Hydrogenation took place at 75 °C and 4 bar H,. After 24 h the

hydrogenation was stopped and the conversion verified by GC.

Entry 15 in Table 11— test for leaching into cyclohexene: Rh-NPs@stirring bar was placed in
and allowed to stand for 12 h at 75 °C in cyclohexene (0.69 mL) without stirring under N,.
Afterwards Rh-NPs@stirring bar was replaced by a brand-new (untreated) stirring bar and the
autoclave was pressurized. Hydrogenation was carried out at 75 °C and 4 bar H,. After 24 h

the hydrogenation was stopped and the conversion verified by GC.

Entry 16 in Table 11— test for leaching into cyclohexene under hydrogenation conditions:
Using the general hydrogenation conditions, the hydrogenation of cyclohexene (0.69 mL) was
started at 75 °C and 4 bar H, and run until 25 % conversion (which reached after 12 min). The
cyclohexane/ cyclohexene mixture was filtered hot at 60 °C under N, atmosphere into a new
glass inlay equipped with brand-new (untreated) stirring bar. The glass inlay was placed into
the autoclave and hydrogenation was resumed at 75 °C by pressurizing to 4 bar H,. After 24 h

the hydrogenation was stopped and the conversion verified by GC.
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5.4 Graphene-supported transition metal nanopaticles
5.4.1 General

Energy dispersive X-ray analysis/Scanning electron microscopy (EDX/SEM) were taken on a

FEi Quanta 250 FEG, EDX Oxford

Ru-NPs/CDG:

Spektrum B '

Rh-NPs/CDG:

Fig. 44. Energy dispersive X-ray analysis (EDX)-spectra of top-to-bottom Fe-NP/CDG, Ru-NP/CDG
and Rh-NP/CDG.
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SEM 300 ym————— SEM 50 um

(a) (b)
Fig. 45. Scanning electron micrograph (SEM) of (a) graphite and (b) graphite oxide.

5.4.2 Synthesis of chemically derived graphene ("'graphene')-supported transition
metal nanoparticles (M-NP/CDG)

In a typical experiment chemically derived graphene (CDG, 4.8 mg, 0.2 wt.% related to 2.4

mg IL ) was dissolved/suspended in the dried and degassed (deoxygenated) ionic liquid

BMImBF,4 (2.0 mL, 2.4 g, density 1.2 g/mL) at room temperature with magnetic stirring for

20 h in a microwave-reaction vial. The solid metal carbonyl powders M,(CO), (M = Ru, Rh;

Table 23) were added to the CDG slurry in BMImBF, (1 wt.% metal, related to 2.4 g

BMImBF,) and suspended with magnetic stirring for 18 h under argon atmosphere.

Table 23. Amounts of M,(CO)y in the M-NP/CDG synthesis."

Metal Molar mass  Metal mass M,(CO)y M moles M mass M
bonvl [g/mol] percent in mass [mmol]  percentinIL  concentration
carbony M,(CO), [mg] [%] in IL
[%] [mol/ml]
Ru;(CO)y, 639.33 47.43 50.6 0.230 1 0.1150
Rhg(CO)y6 1065.62 57.94 62.5 0.235 1 0.1175

“In BMImBF, (2.0 mL, 2.4 g, density = 1.2 g/mL) with 4.8 mg CDG.

Then, the stirring bars were removed and the mixture was subjected to microwave irradiation
(6 min, 20 W) under argon atmosphere. For workup the slurry was degassed from CO in

vacuo. Distilled water (6 ml) was added to remove the ionic liquid from the M-NP/CDG
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system. The black slurry was centrifuged (2 x 15 min, 2000 rpm, Hettich Rotina 46) and the
supernatant liquid H,O/IL phase decanted and discarded. The addition of H,O, centrifugation
and decantation was repeated three times. At last, the residue was again dispersed in water,
filtered and dried under vacuum. The dry black-greyish residue formed flakes which could
easily be removed from the filter. The primary characterization of the M-NP/CDG composite
was carried out by transmission electron microscopy (TEM). The Ru or Rh metal content of
the M-NP/CDG samples was determined with AAS by digestion of the sample (15 mg) in hot
aqua regia [30 mL, HCI (37 %)/HNOj (65 %) 3:1]. After the aqua regia was boiled down, the
residue was re-dissolved in HCI (30 ml, 37 %) and boiled down again. The residue was
resolved in conc. HCI (37 %) and the solution was filtered to remove particles. Aqua regia

was added to a total volume of 25 ml followed by AAS analysis.

5.4.3 Catalysis

5.4.3.1 Hydrogenation of cyclohexene

The hydrogenation reactions of cyclohexene with graphene-supported Ru- and Rh-
nanoparticles were carried out in stainless steel autoclaves. The autoclave was conditioned by
evacuation and re-filling with argon. All autoclave loading was carried out under argon. Each
autoclave was equipped with a glass inlay, to eliminate any catalytic influence of the stainless
steel surface on the reaction process, into which the catalyst (Ru-NPs/CDG 11 mg containing
17.4 wt.% Ru or 1.89 x 10~ mol Ru; Rh-NPs/CDG, 11 mg, containing 17.0 wt.% Rh or 1.82
x 10~ mol Rh) and the cyclohexene substrate (1.0 ml, density 0.811 g/ml, M = 82.14 g/mol,
0.01 mol) were loaded. The autoclave was heated to 75 °C and pressurized to 4 bar of H;
which was kept constant over the reaction time. The reaction mixture was stirred for an
optimized set time of 1.5 h or 20 min. After this time the reactor was depressurized, and the
volatile organic components condensed under vacuum (15 min) into a clean cold trap (liquid
nitrogen cooled). Decanting of the organic layer from solid M-NP/CDG was not feasible
because the later formed a fine dispersion which did not settle even after a prolonged time.
The M-NP/CDG catalyst is left behind in the autoclave and was reused by adding fresh
cyclohexene. Organic substrate workup and catalyst recycling was done four times for Ru or
Rh. The cyclohexene to cyclohexane conversions were investigated by GC [Perkin Elmer, DB

5 column (60 m % 0.32 mm)].
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5.4.3.2 Hydrogenation of benzene

The hydrogenation reactions of benzene with graphene-supported Ru- and Rh-nanoparticles
were carried out in stainless steel autoclaves. The autoclave was conditioned by
evacuationand re-filling with argon. All autoclave loading was carried out under argon. Each
autoclave was equipped with a glass inlay, to eliminate any catalytic influence of the stainless
steel surface on the reaction process, into which the catalyst (Rh-NPs/CDG, 5 mg, containing
17.0 wt.% Rh or 8.26 x 10°° mol Rh) and the benzene substrate (0.92 ml, 0.81 g, 10.36 mmol)
were loaded. The autoclave was heated to the desired temperature (25, 50 or 75 °C) and
pressurized to 4 bar of H, which was kept constant over the reaction time. The reaction
mixture was stirred for a set time of 4 h. After this time the reactor was depressurized, and the
volatile organic components condensed under vacuum (15 min) into a clean cold trap (liquid
nitrogen cooled). Decanting of the organic layer from solid M-NP/CDG was not feasible
because the later formed a fine dispersion which did not settle even after a prolonged time.
The MNP/CDG catalyst is left behind in the autoclave and was reused by adding fresh
benzene. The benzene to cyclohexane conversions were investigated by GC [Perkin Elmer,

PEG column (25 m x 0.32 mm)].
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5.5 Synthesis of nickel nanoparticles in BMImBF,

Decomposition by means of microwave irradiation was carried out under argon. In a typical
reaction, the fine metal salt powder NiX, (X = CI, Br, NOs, OAc, acac); 105.1 to 55.9 mg,
respectively; see Table 25 for amounts) was dissolved/suspended (= 1 h) under an argon
atmosphere at room temperature in dried and deoxygenated BMImBF, (density: 1.21 g/mL, 2
mL, 1.19 g) and n-butylimidazole (density: 0.948 g/mL, 0.161 mL, 0.152 g) for a 1 wt.% M-
NP/BMImBF, dispersion. The mixture was placed in a microwave (CEM, Discover) under an
inert argon atmosphere and decomposition was carried out by microwave irradiation of the
metal salt in BMImBF, using an irradiation time of 4 minutes at a power of 40 W under argon
(Fig. 46). Complete decompostition was assumed by analogy with the microwave induced

decompsotition of known literature.!*’!

NiCl, =\
or
NiBr, \/\/NY/’@\ o
or H BF4
Ni(NO5), > O
or
_ MWI i-
Ni(OAc), 40 W, 4 min NP
or in-situ acid
Ni(acac), scavenging
[\ [P
\/\/N\?N \/\/N\7N\H

Fig. 46. Formation of Ni-NPs by microwave irradiation, reduction of different metal precursors in
BMImBF, and formation of HBIm CI.

In the presence of n-butylimidazole (n-BIm), the released HCl is bound as a new imidazolium
salt, similar to the IL matrix. During the decomposition process, a white haze of n-
butylimidazolium chloride is formed. After cooling to room temperature under argon, a white-
yellow precipitate (of n-butylimidazolium chloride) was obtained.”>'**) The white-yellow
precipitate was collected by centrifugation (2000 rpm for 10 min) and decanting the
supernatant Ni-NP/IL dispersion. It is known that without a scavenger an agglomeration
process of the metal-nanoparticles takes place, which is caused by the generated free HCI

acid.”>'?% The Ni-NP/IL dispersions were analyzed by TEM (Fig. 47-Fig. 51).



Table 24. Ni-NPs size and size distribution in BMImBF,.?

entry Metal salts TEM @ (o) [nm]”

1 NiCl, 80.0 (+22.9)
2 NiBr, 82.8 (£ 17.1)
3 Ni(NOs), 78.6 (£ 17.1)
4 Ni(OAc), 79.3 (£ 31.6)
5 Ni(acac), 2.7 (x1.1)

“1wt.% Ni-NP/BMImBF, dispersion obtained by MWI with 40 W for 4 min. "Median diameter (@)
and standard deviation (o). See experimental section for TEM and DLS measurement conditions.

Table 25. Microwave decomposition of nickel salts to Ni-NPs in BMImBF, with 40 W of
power and 4 min reaction time.

Metal salt Molar mass Mass of NiX, wt.% metal in 2.42

(g/mol) (mg) in g (2.0 mL)

BMImBF, BMImBF,
NiCl, 129.60 55.9 1
NiBr, 218.50 89.4 1
Ni(NO;), 182.70 74.7 1
Ni(OAc), x 4 H,O 248.86 101.8 1
Ni(acac), 256.93 105.1 1

Unless noted otherwise the TEM analyses were carried out on a on a Zeiss LEO 912
transmission electron microscope operating at an accelerating voltage of 120 kV by Dr. Ralf

Thomann at the Materials Research Center (FMF), University of Freiburg.
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200 nm

*

Fig. 47. STEM photographs of Ni-NPs/BMImBF, dispersion (1 wt.%) from NiCl, (Table 24, entry 1).
STEM studies were carried out on a transmission electron microscope Tecnai F20 at the Research
Center Jiilich (FZ Jilich) operating at an accelerating voltage of 200 kV by Dipl.-Chem. Hajo Meyer.
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500 nm

Fig. 48. STEM photographs of Ni-NPs/BMImBF, dispersion (1 wt.%) from NiBr, (Table 24, entry 2).
STEM studies were carried out on a transmission electron microscope Tecnai F20 at the Research
Center Jiilich (FZ Jilich) operating at an accelerating voltage of 200 kV by Dipl.-Chem. Hajo Meyer.
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Fig. 49. STEM photographs of Ni-NPs/BMImBF, dispersion (1 wt.%) from Ni(NO;), (Table 24, entry
3). STEM studies were carried out on a transmission electron microscope Tecnai F20 at the Research
Center Jiilich (FZ Jilich) operating at an accelerating voltage of 200 kV by Dipl.-Chem. Hajo Meyer.
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4

Fig. 50. TEM photographs of Ni-NPs/BMImBF, dispersion (1 wt.%) from Ni(OAc), (Table 24, entry
4).
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5.6 Synthesis of palladium nanoparticles in BMImBF,

The metal salts K,PdCls and Pd(acac), were dissolved/ suspended under an argon atmosphere
in dried and deoxygenated n-butylmethylimidazolium tetrafluoroborate (BMImBF,) (see
Table 27 for amount) and n-butylimidazole (density: 0.948 g/mL, 0.088 mL, 0.084 g).
Decomposition was carried out by microwave irradiation of the metal salt in BMImBF, using
an irradiation time of 6 minutes a power of 10 W under argon (Fig. 52). Complete
decompostition was assumed by analogy with the microwave induced decompsotition of

known literature.*”

[\

\/\/N /,\FB\
M o
KoPdCl, H BF,
o - Q
Pd(acac), MW
10 W, 6 min Pd-NPs
in-situ acid
7\ scavenging [T\®
\/\/N\7N \/\/N\7N\H

Fig. 52. Formation of Pd-NPs by microwave irradiation with reduction of different metal precursors in
BMImBF, and formation of HBIm"CI.

In the presence of n-butylimidazole, the released HCI is bound as a new imidazolium salt,
similar to the IL matrix. During the decomposition process, a white haze of n-
butylimidazolium chloride is formed. After cooling to room temperature under argon, a white-
yellow precipitate (of n-butylimidazolium chloride) was obtained.”>'**) The white-yellow
precipitate was collected by centrifugation (2000 rpm for 10 min) and decanting the
supernatant Pd-NP/IL dispersion. It is known that without a scavenger an agglomeration
process of the metal-nanoparticles takes place, which is caused by the generated free HCI

acid.>'**! The Pd-NP/IL dispersion was analyzed by TEM (Table 26, Fig. 53, Fig. 54).

Table 26. Pd-NPs size and size distribution in BMImBF,.”

entry Metal salts TEM @ (o) [nm]”

2 Pd(acac), 3.0(x=1.2)

“1wt.% Pd-NPs/BMImBF, dispersion obtained by MWI with 10 W for 6 min. "Median diameter (Q)
and standard deviation (o). See experimental section for TEM and DLS measurement conditions.
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Table 27. Microwave decomposition of palladium salts to Pd-NPs in BMImBF, with 10 W of

power and 6 min reaction time.

Molar mass Mass of Pd salt  wt.% metal in 2.42

Metal salt

(mg) in g (2.0 mL)

BMImBF,

(g/mol)

BMImBF,

6

73

43

326

K,PdCl,

8

69

.64

304

Pd(acac),

(1 wt.%) from K,PdCl, (Table 26, entry

1Spersion

1.
106

Fig. 53. TEM photographs of Pd-NPs/BMImBF, d



Fig. 54. TEM photographs of Pd-NPs/BMImBF, dispersion (1 wt.%) from Pd(acac), (Table 26, entry
1).
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6 PUBLICATIONS

Publications relevant for this cumulative dissertation are enrolled and the estimated

contributions are discussed.

6.1 Organic carbonates as stabilizing solvents for transition metal

nanoparticles

Christian Vollmer, Ralf Thomann, Christoph Janiak, manuscript submitted to Dalton
Transactions

Impact factor: 3.647 (2010)

Contribution:

In the framework of this thesis, I planned and performed the experimental work including the
optimization. I wrote the first draft of the manuscript, compiled the supporting information,
and was involved in the discussions. GC and DLS analysis were carried out solely by me. The

TEM analysis was performed by Dr. Ralf Thomann.

My contribution as a co-author of this paper is approximately 65 %.
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6.2 Turning Teflon-coated magnetic stirring bars to catalyst systems with

metal nanoparticle trace deposits - A caveat and a chance

Christian Vollmer, Marcel Schroder, Yi Thomann, Ralf Thomann, Christoph Janiak,
Appl. Catal. A: Gen. 425-426 (2012) 178-183.

Impact factor: 3.383 (2010)

Contribution:

In the framework of this thesis, I developed the idea to establish this method, planned the
experiments, and performed all of the experimental work including the optimization. B. Sc.
Marcel Schroder carried out the hydrogenation of benzene under my guidiance during his
bachelor thesis. I wrote the first draft of the manuscript, compiled the supporting information,
and was involved in the discussions. The TEM and SEM analysis were performed by the co-

authors Dr. Yi Thomann and Dr. Ralf Thomann.

My contribution as a co-author of this paper is approximately 55 %.
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6.3 Naked metal nanoparticles from metal carbonyls in ionic liquids: Easy

synthesis and stabilization

Christian Vollmer, Christoph Janiak, Coord. Chem. Rev. 255 (2011) 2039.

Impact factor: 10.018 (2010)

Contribution:

All the literature research was performed by me. I wrote approximately 60 % of this Review.

My contribution as a co-author of this paper is approximately 60%.
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6.4 The use of microwave irradiation for the easy synthesis of graphene-

supported transition metal nanoparticle in ionic liquids

Dorothea Marquardt, Christian Vollmer, Ralf Thomann, Peter Steurer, Rolf Miilhaupt,
Engelbert Redel, Christoph Janiak, Carbon 49 (2011) 1326.

Impact factor: 4.893 (2010)

Contribution:

In the framework of this thesis, I developed the idea to investigate the catalytic behavior of
M-NPs/CDG towards hydrogenation reactions. I planned and put out all of the hydrogenation
experiments including the optimization. The GC analysis was done by me. I wrote
approximately 50 % of the manuscript and the supporting information. I was involved in all
discussions. The immobilization of the M-NPs on CDG was done by Dipl.-Chem. Engelbert
Redel and Dipl.-Chem. Dorothea Marquardt, whereby Dipl.-Chem. Dorothea Marquardt was
under my guidiance during her diploma thesis at this time. The TEM analysis was performed

by Dr. Ralf Thomann.

My contribution as a co-author of this paper is 50 %.
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7 SUMMARY AND OUTLOOK

Metal nanoparticles are of high scientific interest because of their broad range of

applications in the fields of catalysis, medicine and material science. Synthesis and

stabilization of small particles still pose a big challenge.

The aim of this thesis was to obtain reproducible particles with the size smaller than 5

nm originated from their binary carbonyls and to stabilize the particles only with the help of a

weak coordinating solvent or by deposition on a surface. Selected metal nanoparticles should

be screened for their catalytic activities in hydrogenation reactions. In the context of green

chemistry the synthesis of the nanoparticles and the following catalysis should be carried out

in mild, energy-saving conditions.

In the context of this thesis following aims were accomplished:

1.

Spherical nanoparticles of the transition metals molybdenum, tungsten, rhenium, iron,
ruthenium, cobalt, thodium and iridium from their carbonyl precursors in racemic
propylene carbonate could be obtained via low and rapid microwave irradiation (5
min, 50 W). The hydrogenation of cyclohexene and 1-hexyne was successful with
elemental hydrogen and rhodium nanoparticle in propylene carbonate with activities
up to 1875 mol product x (mol Rh)"' x h™'. Rhodium and Ruthenium nanoparticles
could be extracted with 3-mercaptopropionic acid or trioctylphosphine oxide (TOPO)
from the propylene carbonate phase and were stabilized without a big change in the
particle diameter for 3 weeks.

Rhodium nanoparticles could be obtained from Rhg(CO)i¢ in the ionic liquid n-1-
butyl-3-methyl-imidazolium tetrafluoroborate (BMImBF4) via low and rapid
microwave irradiation (6 min, 10 W). After the deposition of the particles on a PTFE
coated, commercially available stirring bar, this “catalytic system” was used for
catalytic hydrogenation runs from cyclohexene or benzene to cyclohexane. The
activities of the hydrogenation cyclohexene to cyclohexane decreased in ten runs from
149 x 10’ to 6.6 x 10° mol product x (mol Rh)' x h'. The activities of the
hydrogenation from benzene to cylohexane slowly decreased in three runs from von
750 auf 460 mol product x (mol Rh)! x b,

Chemical derived graphene was synthesized from natural graphite over graphite oxide
(Hummers and Offeman) and a following thermal reduction process. Rhodium and

Ruthenium nanoparticles were obtained from their carbonyl precursors in the ionic
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liquid BMImBF,4 and deposited onto chemical derived graphene (CDG) and the M-
NP/CDG-system was used for hydrogenation runs from cyclohexene or benzene to
cyclohexane with elemental hydrogen. The activities remained constant in ten runs
from cyclohexene to cyclohexane of 1570 mol product x (mol Rh)' x h. The
activities of Rh-NPs/CDG were examined during the hydrogenation of benzene to
cylcohexane at different temperatures (25, 50, 75 °C). The highest activity of 310 mol

product x (mol Rh)" x h! was measured at 50 °C.

Prospective investigations could be focused on other transition metals, especially metals,
which are also commonly used as hydrogenation catalyst, like palladium, platinum and nickel,
from other organic and inorganic precursors. With these “catalytic systems” a broad range of
subtrates could be hydrogenated, for instance aromatic compounds, alkenes, alkynes, a,p-
unsaturated ketones/aldehyds and carbonyl-compounds in general.

With the above described methods it should be possible to synthesize bimetallic
nanoparticles.
Beside catalytic hydrogenations, the “catalytic systems” should be investigated on other
catalytic reactions, for instance: Palladium is also known as a catalyst for a broad range of C-
C coupling reactions, platinum is known as a good catalyst for hydrosilylation reactions and
cobalt is an established catalyst for Fischer-Tropsch reactions.

In the case of racemic propylene carbonate, other organic carbonates, cyclic, non-
cyclic and enantiopure, for instance dimethyl carbonate or ethylene carbonate or S-propylene
carbonate, should be investigated as media to synthesize metal nanoparticles. The dispersions

should be also tested in different catalytic reactions.
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Biodegradable, non-toxic, "green" and inexpensive propylene carbonate (PC) solvent is shown to function
as a stabilizing medium for the synthesis of weakly-coordinated transition-metal nanoparticles.
Kinetically stable nanoparticles (M-NPs) with a small and uniform particle size (typically < 5+1 nm) have
been reproducibly obtained by easy, rapid (3 min) and energy-saving 50 W microwave irradiation under
an argon atmosphere from their metal-carbonyl precursors in PC. The M-NP/PC dispersions are stable for
up to three weeks according to repeated TEM studies over this time period. The rhodium nanoparticle/PC
dispersion is a highly active and easily recyclable catalyst for the biphasic liquid-liquid hydrogenation of
cyclohexene to cyclohexane with activities of up to and 1875 (mol product)J(mol Rh) 'Th™" and near
quantitative conversion at 4 to 10 bar H, and 900J°C. From the PC dispersion the M-NPs can be coated
with organic capping ligands such as 3-mercaptopropionic acid or trioctylphosphine oxide for further
stabilization.

Introduction s  Here we show that PC can function as a solvent for metal
nanoparticle synthesis and stabilization without the need for
additional capping ligands. Metal nanoparticles (M-NPs) are of
significant interest for technological applications in several areas
of science and industry, especially in catalysis due to their high
activity.'*'*'*!5 The controlled and reproducible synthesis of
defined and stable M-NPs with a small size distribution is
important.'®'7181920 yery  small M-NPs tend to aggregate
because of their high surface energy and large surface area. To
avoid this agglomeration, M-NPs need to be stabilized either by
so organic donor ligands,*'****?* ionic liquids'>*?%*" or by
0 deposition on solid supports.

Q )J\ Reports on metal nanoparticles in organic carbonates are rare

)(J)\ i oJ\o Q 0 and appear to be of accidental coincidence for Pd-NPs #2333
Sy

MeO~ “OMe EtO OEt Here we demonstrate that PC can generally stabilize small M-

Organic carbonates, such as dimethyl carbonate, diethyl
carbonate, ethylene carbonate or propylene carbonate (PC) (Fig.
1) are polar solvents which are available in large amounts and at
low prices, have a large liquid temperature range (for PC mp. -49
°C, bp. 243 °C), are of only low (eco)toxicity and are completely
biodegradable.' Propylene carbonate (PC) is an aprotic, highly
dipolar solvent, which has a low viscosity>* and is considered a
green solvent because of its low flammability, volatility and
toxicity.*

4

@

28,29,30

dimethyl diethyl ethylene propylene ss NPs (<5 nm).
carbonate carbonate carbonate  carbonate, PC
Fig. 1 Selected organic carbonates Results and discussion
Organic carbonates are recognized as solvents in industrial M-NP synthesis and characterization

applications such as cleaning, degreasing, paint stripping, gas The metal carbonyl Mo(CO)s, W(CO)s, Res(CO)1o, Fex(CO),
treating, and textile dyeing.’ Yet, so far organic carbonates are Ru3(CO)pa, Os3(COYps, Coa(COYs, Rhg(CO)y or Irg(CO)e was
used primarily for extractive applications and as solvents in dissolved/ suspended under an argon atmosphere in dried and
electrochemistry.' PC is used as a solubilizer and co-solvent in deoxygenated  propylene  carbonate (PC). Complete
decomposition by microwave irradiation of the metal carbonyl in
PC was achieved after only 3 minutes using a low power of 50 W
under argon (Fig. 2).

6

S

dioxide from natural gas streams in the oil industry,’ in lacquer®
and BASF is using PC for waste removal in the copper wire-
coating process.” PC is also investigated for Li-ion battery
research.'®!!

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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Fig. 2 Microwave decomposition of metal carbonyls to M-NPs in PC.

The resulting orange-red Os-, yellow Mn- and W-, and dark-
brown to black Mo-, Re-, Ru-, Co-, Rh- and Ir-NP dispersions
reproducibly  obtained  through the
decomposition route. Complete M,(CO), decomposition from
short, 5 min microwave irradiation was verified by Raman
spectroscopy with no (metal-)carbonyl bands between 1800 and
2000 cm™ being observed any more after the microwave

were microwave

10 treatment (Fig. 3).
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Fig. 3 IR-spectra of Rhs(CO),¢/PC (light curve) and the resulting Rh-NP
(0.5 wt.%)/PC-dispersion (bold curve) after microwave treatment (50 W,
3 min).

The resulting M-NPs were analyzed by transmission electron
microscopy (TEM; Figures 4-6), selected area electron diffraction
(SAED), and dynamic light scattering (DLS) for their size and
size distribution (Table 1). SAED patterns do not show
reflections indicative of a crystalline material. We therefore
conclude that the particles obtained from the synthesis are
amorphous M-NPs stabilized by PC. Still the diffraction rings
match the known d-spacing of the respective metal diffraction
pattern (see Tables S3-S5 in ESIY).

Fig. 4 TEM (left) and SAED (right) of Ru-NPs in PC from Ru3(CO),,
(entry 5 in Table 1). The black bar is the beam stopper. The diffraction
rings at (A) 2.10 (very strong), 1.61, 1.26, 1.15 (all weak) match with the
d-spacing of the Ru-metal diffraction pattern (see Table S3).

30

3

by

40

4

b

50

55

§ . NN
Fig. 5 TEM (left) and SAED (right) of Rh-NPs in PC from Rh(CO);6
(entry 8 in Table 1). The black bar is the beam stopper. Diffraction rings
at (A) 2.23 (very strong), 1.94 (strong), 1.39, 1.17 and 0.89 (weak) match
the d-spacing of the Rh-metal diffraction pattern (see Table S4).

Fig. 6 TEM (left) and TED (right) of Ir-NPs in PC from Irs(CO);¢ (entry 9
in Table 1). The black bar is the beam stopper. The diffraction rings at (A)
2.25 (strong), 1.38, 1.20 (weak) match with the d-spacing of the Ir-metal
diffraction pattern (see Table S5).

The hydrodynamic radius from DLS is roughly two to three times
the size of the pure kernel cluster. For very small M-NPs (<1 nm)
the size of the hydrodynamic radius was measured to be more
than three times the radius found from TEM. The median M-NP
diameter for the microwave-synthesized Mo-, W-, Re-, Ru-, Os-,
Rh- and Ir-NPs was between <1 and 3.0 nm, with a narrow size
distribution (TEM data in Table 1). No extra stabilizers or
capping molecules are needed to achieve this small particle size.
It is, at present, not trivial to routinely and easily prepare uniform
nanoparticles in the size range between <1-3 nm without strong
capping ligands. For the magnetic Fe-NPs and Co-NPs the
median diameter was somewhat larger with 2.4 and 6.1 nm,
respectively. The M-NP/PC dispersions are stable up to three
weeks according to repeated TEM measurements over this time
period.

Table 1 M-NP size and size distribution in PC.”

Entry Metal carbonyl TEM @ (6) [nm]® DLS @ (6) [nm]”
1 Mo(CO)s 22 (0.5) 3.5 1.1)
2 W(CO)s 2.9 (£0.6) 3.7 (:1.4)
3 Rex(CO)yo <1 1.4 (£0.5)
4 Fe»(CO)o 24 (x0.9) 3.2(£0.8)
5 Ru3(CO),, 2.7 (£0.5) 2.6 (£ 0.8)
6 0s5(CO)12 3.0 (£ 1.5) 40(£1.2)
7 Co,(CO)s 6.1 (+7.4) 6.7 (£2.2)
8 Rhy(CO);6 2.1 (£ 0.6) 24 (x0.8)
9 Irs(CO)16 1.3 (£0.5) 6.0 (£ 1.6)

“0.5 wt.[1% M-NP/PC dispersions obtained by MWI with 50 W for 3
min. * Median diameter (@) and standard deviation (). See experimental
section for TEM and DLS measurement conditions.

2 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]
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Hydrogenation of cyclohexene and 1-hexyne

Organic carbonates have recently been used as solvents in
catalysis, e.g., for platinum-catalyzed hydrosilylation of
unsaturated fatty acid esters® in Pd-catalyzed substitution
reactions,*® regioselective rhodium-catalyzed hydroformylation®’
and in the asymmetric iridium-catalyzed hydrogenation of
olefins.>*® Palladium collids in PC were used to hydrogenate
dienes and alkynes®'?? and for Heck-reactions.”> The weak
interactions between a nanoparticle and organic carbonates could
be of interest to develop more efficient catalyst processes.

Here we tested the Rh-NP/PC dispersions for their catalytic
activity in the biphasic liquid-liquid hydrogenation of
cyclohexene to cyclohexane (Fig. 7, Table 2). The low miscibility
of substrates and products with the PC phase allows for easy
separation by simple decantation of the hydrophobic phase.
Cyclohexene was chosen as a substrate since it presents a
challenge because of its low solubility in PC and is an
intermediate in the hydrogenation of benzene to cyclohexane.*

g O

Fig. 7 Hydrogenation of cyclohexene to cyclohexane with Rh-NPs.

Rh-NPs/ PC

—
’

Hy, 4-10 bar, 25-90 °C

Table 2 Hydrogenation of Rh-NPs/PC with different substrates.”

Entry Substrate ¢[min] pp, 7T [°C] Conversion activity [mol
[bar] [%] product x (mol
Rh)' x h™]
1 cyclohexene 108 4 75 95°¢ 590
2 cyclohexene 34 4 90 95°¢ 1875
3 cyclohexene 61 10 25 95°¢ 1045
4 l-hexyne®” 104 10 25 88 51
5 cyclohexene ! 1440 4 90 0 0

(=24h)

“10 mL (0.1 mol) cyclohexene or 1.0 mL (1.8 mmol) 1-hexyne; 0.75 mL
of the Rh-NP/PC dispersion with 1 wt.% Rh (9 mg, 8.8 x 10~° mol Rh). *
1 mL n-decane was added to provide a biphasic liquid-liquid catalytic
system. No n-hexene detected by GC analysis see experimental section. ©
The reaction was intentionally stopped at 95 or 88% conversion as
thereafter the decrease in cyclohexene concentration lowered the reaction
rate (see Fig. S5 in ESIT). Hydrogenation was carried out with Rh/SR-
NPs (see Table 3, entry 3).

For activity comparison Table S6 and S7 in ESIf summarize
related hydrogenation activities for cyclohexene and 1-hexyne
with M-NPs in ILs and on supports from the literature. Activities
for cyclohexene hydrogenations with Rh-NPs/PC were twice as
good than for Ru- or Rh-NP catalysts in ILs***"*> but not as good
as for Rh-NPs on supports’**4*% (Table S5 in ESIT). The lower
hydrogenation activities of Ru- and Rh-NPs in ILs are traced to
the IL diffusion barrier for H, and the substrate. Whereas ligand-
free NPs on supports have a lower diffusion barrier.

Rh- and Ru-NPs surface capping

The addition of an organic ligand to the bare M-NP surface is
generally described as a surface functionalization. However
derivatization, coating, or capping are better terms.*® The post
synthetic introduction of an organic capping ligand on the
dispersed M-NPs in PC is possible. Surface capping of Rh- or
Ru-nanoparticles dispersed in the propylene carbonate was

carried out here with 3-mercaptopropionic acid, HS-(CH,),-
COOH or trioctylphosphine oxide (TOPO). Both 3-
mercaptopropionic  acid*® and TOPO*** are well-known
so stabilizing reagents and both are soluble in propylene carbonate.
The transformation of M-NP/PC to M-NP/HS-(CH,),-COOH or
M-NP/TOPO was done by treating the M-NP/PC dispersion with
an excess of HS-(CH,),-COOH or TOPO at room temperature
over night. The strong affinity between the thiol (-SH) or
ss phospine oxide (-P=0) group and the rhodium or ruthenium
nanoparticles replaces the PC protective layer. The ligand-capped
nanoparticles are significantly larger (Table 3, Fig. 8, Fig. 9, see
Fig. S1-S4 in ESI¥ for additional TEM pictures).
The use of a protic organic thiol ligand and the unpolar TOPO
o ligand more than doubles the size of the resulting capped metal
nanoparticles (Table 3). The aggregation is a result of the
introduction of the capping ligands into the polar PC network.
Subsequently the stabilizing property of propylene carbonate
towards the M-NPs is weakened and results in further M-NP
s agglomeration which is driven by the surface-surface interactions.

Table 3 Ligand capped M-NP size and size distribution.

M-NP/ligand in PC

Entry Metal Ligand M-NP/PC TEM @ (o) DLS @ (o)
original [nm]* [nm] “*

size from
TEM [nm]

1 Rh  HS-(CH,).- 9 (£5) 24 (£ 17)¢
COOH 2.1 (+0.6)

2 Rh TOPO 10 (£5) 30 (£14)¢

3 Ru  HS-(CH,),- 13 (+4) 6.0 (x1.5)¢
COOH 2.7 (+0.5)

4 Ru TOPO 13 (£ 5) 37 (£12)7¢

“Median diameter (9) and standard deviation (c). See experimental
section for TEM and DLS measurement conditions. * Hydrodynamic

70 radius, median diameter from the measurements at 633 nm. The
resolution of the DLS instrument is 0.6 nm. “ measurement performed in
ethanol. “measurement performed in chloroform.

Fig. 8 TEM of Rh-NP/HS-(CH,),-COOH from propylene carbonate after
75 thiolation with 3-mercaptopropionic acid, centrifugation and re-dispersion

in ethanol.

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 TEM of Rh-NP/TOPO from propylene carbonate after stabilization
with TOPO, centrifugation and re-dispersion in chloroform.

Conclusion

We describe here a simple, reproducible, and broadly applicable
microwave-induced metal carbonyl decomposition for the
synthesis of common transition-metal nanoparticles in propylene
carbonate, PC. The M-NP sizes of about 1 to 3 nm for most of
these transition-metal nanoparticles are very small and uniform
with no extra stabilizers or capping molecules needed to achieve
this small particle size in a stable M-NP/PC dispersion. Polar
organic carbonates are susceptible for microwave irradiation
which, thus, provides a very simple and reproducible way for the
rapid (3 min) and energy-saving (50 W power) synthesis of
defined and very small M-NPs from their binary metal—carbonyl
complexes in PC. The obtained Rh-NP/PC dispersions can be
used - without further treatment - as highly active hydrogenation
catalysts. In comparison to ionic liquids, PC and other organic
carbonates are established industrial and low-priced solvents.* PC
appears as an attractive alternative for weakly coordinated, albeit
sufficiently stabilized metal nanoparticles.

Acknowledgement. Financial support through DFG grant
Ja466/17-1 is gratefully acknowledged.

Experimental section

Materials and instrumentation for M-NP synthesis: Mo(CO)g,
W(CO)s, Rey(CO)yp, Fey(CO)g, Ruz(CO)yp, Os3(CO)1p, Coy(CO)g,
Rhg(CO)y6, and Irg(CO);6 were obtained from Strem and Aldrich,
racemic propylene carbonate (PC) from Sigma-Aldrich (purity
99.7 %, H,O free). Cyclohexene (> 99%), 1-hexyne (> 97%), 3-
mercaptopropionic acid (> 99%), n-decane (p.A., purity
>99.501%) and trioctylphosphine oxide (99%) were obtained
from Sigma—Aldrich and used without further purification. All
synthesis experiments were carried out with Schlenk techniques
under argon since the metal carbonyls are hygroscopic and air
sensitive. The PC was dried under high vacuum (10> mbar) for
several days.

FT-IR (Fourier transform infrared) measurements were
carried out on a Bruker TENSOR 37 IR spectrometer in a range
from 4000 to 500 cm™ in a KBr cuvette (thickness 0.05mm).

Transmission electron microscopy (TEM) photographs were
taken at room temperature on a Zeiss LEO 912 TEM operating at
an accelerating voltage of 120 kV. Samples were deposited on
200 pm carbon-coated copper grids.

A Malvern Zetasizer Nano-ZS was used for the dynamic light
scattering (DLS) measurements working at 633 nm wavelength.
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Care was taken for choosing the right parameters, such as the
index of refraction of the transition metals at their wavelength
(Table S2). Samples were prepared by dissolution of 0.05 or 0.1
ml of a 0.5 wt.% of the metal dispersion in acetone (99% p.a.;
particle free) in a glass cuvette before measurement. Acetone is
also capable of stabilizing nanostructured metal clusters.**

Metal nanoparticle (M-NP) synthesis: Decomposition by
means of microwave irradiation was carried out under argon. In a
typical reaction, the fine metal carbonyl powder M,(CO), (M =
Mo, W, Re, Fe, Ru, Os, Co, Rh, Ir; 19.8 to 9.8 mg, respectively;
see Table S1 in ESIT) was dissolved/suspended (= 1 h) under an
argon atmosphere at room temperature in dried and deoxygenated
PC (density: 1.19 g/mL, 1 mL, 1.19 g) for a 0.5 wt.[1% M-NP/PC
dispersion. For the synthesis of a 1 wt[1% M/PC dispersion the
metal carbonyl M, (CO), (M Rh; 16.6 mg)
suspended/dissolved (= 1 h) under an argon atmosphere at room
temperature in dried and deoxygenated PC (1.5 mL, 1.8 g). For
the synthesis, the mixture was placed in a microwave (CEM,
Discover) under an inert argon atmosphere and the conversion
was finished within 3 min at a power of 50 W. For the 1 wt.%
dispersions a time of 5 min and a power of 50 W were chosen.
Each decomposition reaction was carried out at least twice.
Decomposition reactions to produce the Rh-NPs that were used in
the catalysis in this work were carried out ten or more times.

Catalysis: The hydrogenation reactions with Rh-NPs/PC were
carried out in stainless steel autoclaves connected with an online
hydrogenation-consumption monitoring system (Biichi pressflow
gas controller, bpc). The autoclave was conditioned by
evacuation and re-filling with nitrogen. All autoclave loading was
carried out under nitrogen. Each autoclave was equipped with a
glass inlay, to eliminate any catalytic influence of the stainless
steel surface on the reaction process. A typical experiment used
0.75 mL of the Rh-NP/PC dispersion with 1 wt.% Rh (9 mg, 8.8
x 10 mol Rh) and 10 mL of cyclohexene (0.1 mol, density
0.811 g/ml, M= 82.14 g/mol,) or 1.0 mL of 1-hexyne (1.8 mmol,
density 0.72 g/ml, M = 82.14 g/mol). The autoclave was heated to
the desired temperature and set to the desired pressure of H,
which was kept constant over the reaction time. After this time
the reactor was depressurized, and the volatile organic
components condensed under vacuum (15 min) into a clean cold
trap (liquid nitrogen cooled). The Rh-NP/PC dispersion was left
behind. The investigated by gas
chromatography using a Perkin Elmer headspace GC HS6 with a
DB 5 column (60 m x 0.32 mm film thickness 25 pm) oven
temperature 40 °C, N, carrier flow 120 L/min) and a flame
ionization detector (FID, 250 °C detector temperature). The
conversion was analyzed by adding a drop of the mixture into a
GC sample vial with 1 ml of water. The addition of water as a
non-electrolyte can enlarge the activity coefficient of organic
components, thereby increase their detection sensitivity through
the increase in peak area. The FID does not detect the water
itself.!

Preparation of ligand-capped M-NP in PC: The obtained Rh-
and Ru-NPs/PC (0.4 ml, 0.5 wt.%) were stirred with 3-
mercaptopropionic acid (2 mL, 3.5 x 10~ mol) or TOPO (14 mg,
3.5 x 107 mol) over night. The ligand-capped M-NPs were
collected by centrifugation (2000 rpm, 15 min) and decantation of
the clear propylene carbonate phase. The capped M-NPs were

was
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dried for several days under high vacuum to remove the PC
solvent.
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It could be an unintentional effect to deposit metal nanoparticles on a simple Teflon-coated magnetic
stirring bar. Rhodium nanoparticles, as an example, were reproducibly deposited onto a standard, com-
mercial Teflon-coated magnetic stirring bar by easy and rapid microwave-assisted decomposition of
the metal carbonyl precursor Rhe(CO);6 in the ionic liquid 1-n-butyl-3-methyl-imidazolium tetrafluo-
roborate. Such metal nanoparticle deposits are not easy to remove from the Teflon surface by simple
washing procedures and present active catalysts which one is not necessarily aware of. Barely visible

ﬁé}tv:lo ;‘iﬁopartides metal-nanoparticle deposits on a stirring bar can act as trace metal impurities in catalytic reactions. As
Rhodium a proof-of-principle the rhodium-nanoparticle deposits of 32 pg or less Rh metal on a 20 mm x 6 mm

magnetic stirring bar were shown to catalyze the hydrogenation reaction of neat cyclohexene or ben-
zene to cyclohexane with quantitative conversion. Rhodium-nanoparticle-coated stirring bars were easily
handable, separable and re-usable catalyst system for the heterogeneous hydrogenation with quantita-
tive conversion and very high turnover frequencies of up to 32,800 mol cyclohexene x (molRh)~! x h-!

Teflon surface
Trace metal
Hydrogenation
Stirring bar

under organic-solvent-free conditions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

It has recently become more evident that not every component
which was originally claimed as catalyst turned out to be the actual
active ingredient. In some prominent cases trace metal impurities
were eventually proven as the actual catalytic species [1,2]. In an
early example, traces of nickel compounds which formed uninten-
tional during the cleaning of a V2A steal autoclave and remained
in there changed the Ziegler-Aufbau reaction (reaction of AlEts
with ethylene at 100 °C under pressure to long-chain Al-alkyls) to
a clean ethylene dimerization to yield butene. The cause of this
unexpected dimerization was at first unknown and later termed
the “nickel effect” after its origin had become clear. In addition,
the nickel compounds had required traces of acetylene which were
present in technical ethylene for stabilization of the nickel catalyst
[3,4].

More recently, a Suzuki cross-coupling which was thought to
have occurred metal-free was indeed promoted by ppb Pd traces
in the Na,CO3 or K,CO3 bases used for the reaction [5]. Sug-
gested iron-catalyzed cross-coupling reactions with different FeCl;
sources were eventually corrected to ppm-scale copper impurities

* Corresponding author. Tel.: +49 211 81 12286; fax: +49 211 81 12287.
E-mail address: janiak@uni-duesseldorf.de (C. Janiak).

0926-860X/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2012.03.017

doing the catalysis [6]. Even with Pd in the ppb range it is possible
to carry out a Sonogashira coupling with quantitative conversion
[7].

On the other hand, metal traces or dopants are intentionally
added to enhance or promote catalytic performance [8,9] or to
assist catalyst regeneration [10].

Researchers in catalysis are aware that impurities left over from
previous experiments in their (cleaned) vessels can give activating
of desactivating effects which change the outcome of a catalytic
reaction. Thus, catalytic reactions should be carried out more than
once to ensure reproducibility. Surprisingly, a Scifinder search [11]
combining the terms “memory effect”, “contamination” or “impu-
rity” and “catalysis” did not give any relevant references.

Here we show that a common and frequently used labora-
tory commodity such as a Teflon-coated magnetic stirring bar can
carry on its surface catalytically active metal nanoparticles which
are not easily removed. On one hand this is “caveat” on the un-
intentional preparation of “catalytically active stirring bars” by
nanoparticular metal depositions from previous reactions. On the
other hand our simple deposition of rhodium metal nanoparticles
(Rh-NPs) on the Teflon surface of a stirring bar (Rh-NPs@stirring
bar) yields an easily handable and re-usable hydrogenation cat-
alyst. This proof-of-concept should be extendable to other metal
nanoparticle catalysts. Rhodium was used here as a metal for
the proof-of-principle because rhodium is used in many types of
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catalytic reactions like hydroformylations [12], C—C bond forming
reactions [13], Pauson-Khand type reactions [14] and hydrogena-
tions [15,16].

2. Experimental
2.1. Materials and methods

Rhg(CO);6 was obtained by Acros, the ionic liquid (IL) 1-n-butyl-
3-methylimidazolium tetrafluoroborate (BMImBF,) from IoLiTec
(H>0 content « 100 ppm; CI~ content « 50 ppm).

New stirring bars with the dimensions (length x width)
20mm x 6 mm were obtained from VWR International GmbH,
HilperstrafSe 20a, 64295 Darmstadt, Germany and had not been
used for any reactions before. Solvents were of technical qual-
ity (acetone) or of p.a. quality (acetone, methanol, iso-propanol,
tetrahydrofuran (THF), methylene chloride).

All manipulations were done using Schlenk techniques under
nitrogen since the metal carbonyls salts are hygroscopic and air
sensitive. The ILs were dried at high vacuum (10~3 mbar) for several
days.

AAS (atomic absorption spectrometry) was performed with
Perkin-Elmer AAnalyst 100 (flame AAS), using the software AA
WinLab.

Transmission electron microscopy (TEM) photographs were
taken at room temperature from a carbon coated copper grid on
a Zeiss LEO 912 transmission electron microscope operating at an
accelerating voltage of 120 kV. Samples were loaded on holey, car-
bon coated copper grids. The Rh-NP samples were prepared by
cutting Teflon flakes from the stirring bar. Median Rh-NP diameters
of Rh-NPs@stirring bar were 2.1 (£0.5) nm. The Rh-NPs@stirring
bar after 10 hydrogenation runs of cyclohexene had a size of 1.7
(£0.3) nm (cf. Fig. 2). Particle diameters were measured manually
using iTEM software tools for manual measurements. Completely
automatic measurements, which can be easily performed for well
separated particles, fail in the case of heavily clustered particles.
For a better comparison of the samples also particles which would
have allowed automatic detection were measured manually.

Scanning electron microscopy (SEM) samples were coated with
athin Au layer (~8 nm) and analyzed with a Quanta 250 FEG instru-
ment. The measurements were performed at 3.20~4 Paand at 10 kV
voltage using an ETD detector.

2.2. Preparation of Rh-NP/IL dispersion

Rhg(CO)16 (4142mg, 3.89x10°mol)  was dis-
solved/suspended (~1h) under a nitrogen atmosphere at room
temperature in dried and deoxygenated BMImBF, (2.0 mL, 2.4g)
to give a 1.0wt.% dispersion. For the synthesis the mixture was
placed in a CEM microwave type Discover under inert nitrogen
atmosphere and the conversion was finished within 6 min at a
power of 10 W. Rhg(CO);6 decomposes at 220°C, so it can easily
be handled at room temperature under inert atmosphere [17].

2.3. Preparation of Rh-NP@stirring bar

Abrand-new (unused) magnetic stir bar was washed with dried
acetone (10mL) and dried under high vacuum prior to the Rh-NP
deposition. Rhodium nanoparticle deposition on PTFE was obtained
by stirring the magnetic stirring bar in the Rh-NP/BMImBF, dis-
persion at room temperature under nitrogen for different defined
number of 2-8days. The nanoparticle-loaded stirring bar was
removed from the Rh-NP/BMImBF, dispersion and stirred in a
washing solvent (20mL) for 15s to remove the IL, removed with
a pincer and dried under vacuum for 30 min.

The solvents acetone, water, methanol, iso-propanol, tetrahy-
drofuran and methylene chloride were tested for the washing and
removal of the ionic liquid film which adhered to Rh-NP@stirring
bar. For each different washing solvent, a cyclohexene hydrogena-
tion run (see Section 2.4) was carried out to test for the resulting
activity. Activities for acetone (p.a.), THF or methylene chloride
were similar and higher than for acetone (technical), methanol, iso-
propanol or water. Eventually, THF (p.a.) was used as a standard
washing solvent for the catalytic recycling experiments.

The rhodium loading on the stirring bar and the rhodium leach-
ing in the catalytic runs was analyzed by AAS. To dissolve the
Rh-NPs from the Teflon-coating the stirring bar was placed into
a conc. HCI/HNO3 mixture (aqua regia, 50mL) over night. The
resulting solution was directly used for the AAS analysis. Repeated
analyses of the Rh-NP content on a stirring bar from the above
preparations reproducibly gave 32(+8) pg of rhodium (%8 is the
standard deviation o from multiple Rh-content determinations of
different stirring bars). Hence, the Rh-NP loading does not depend
on the time variation for deposition within 2-8 days. After the treat-
ment with aqua regia the magnetic stirring bars lost their catalytic
properties for the hydrogenation of cyclohexene or benzene.

2.4. Catalysis

2.4.1. General

Rh-NP@stirring bars were conditioned after their preparation
by using the above-mentioned washing procedure with dried THF
(20mL) for 15 s before the first run to remove the ionic liquid.

An autoclave with a glass inlay was used. The hydrogenation
reactions were carried out in the glass inlay. The autoclave was con-
ditioned by evacuation and re-filling with nitrogen. All autoclave
loading was carried out under nitrogen. Stirring rate was 850 rpm.
The H, uptake over time was monitored with a Biichi pressflow gas
controller (Biichi pbc). After quantitative or near quantitative con-
version was reached (adjudged by the H, consumption) the reactor
was depressurized, the volatile organic components were con-
densed under vacuum into a clean cold trap. The Rh-NPs@stirring
bar was left behind in the glass inlay of the autoclave and was re-
used by adding fresh substrate. Catalyst recycling was carried out
ten times for cyclohexene and three times for benzene.

The cyclohexene or benzene to cyclohexane conversion was
verified by gas chromatographic (GC) analysis of the product
(Perkin-Elmer 8500 HSB 6, equipped with a DB-5 film capillary
column, 60 m x 0.32 mm, film thickness 25 .m, oven temperature
40°C, Ny carrier flow 120L/min and a flame ionization detector
(FID), 250°C detector temperature). The benzene or cyclohexene to
cyclohexane conversion was analyzed by putting a drop of the mix-
ture into a GC sample vial with 1 mL of water. The addition of water
as a non-electrolyte can enlarge the activity coefficient of organic
components, thereby increase their detection sensitivity through
the increase in peak area. The FID does not detect the water itself
[18].

2.4.2. Conditions for cyclohexene hydrogenation

Cyclohexene 0.69mL, 6.8mmol (density 0.811g/mL,
M=82.14g/mol); Rh metal (0.032mg, 3.1x 1077 mol); 75°C,
4 bar H,.

2.4.3. Conditions for benzene hydrogenation

Benzene 0.60 mL, 6.8 mmol (density 0.88 g/mL,
M=78.11g/mol); Rh metal (0.032mg, 3.1x10-7mol); 90°C,
20bar H,. For the slower benzene hydrogenation the reaction
was intentionally stopped at 90% conversion (adjudged by the H,
consumption) as thereafter the decrease in benzene concentration
lowered the reaction rate. Thus, the reactor was depressurized
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NN Q/N“'- microwave irradiation
BF.~ (MwWI)
BMImBF 4 4 10 W, 6 min

Rhg(CO)46

(unused new stirring bar)

Rh-NP@stirring bar

)
or o
Ha, 4-20 bar, 75-90 °C

Fig. 1. Preparation of Rh-NP@stirring bar and repeated utilization as hydrogenation
catalyst. The photographs show a standard commercial 20 mm x 6 mm magnetic
stirring bar before and after Rh-NP deposition.

after 90% conversion and the liquid product removed under
vacuum and fresh benzene (0.60 mL) was added.

2.4.4. Special experiments

To investigate the possibility of mechanical abrasion or of
leaching of Rh-NPs from the stirring bar the following special exper-
iments were performed. In each case the hydrogenation was carried
out at 75°C and 4 bar H, and was stopped after 24 h to verify the
conversion by GC.

Entry 14 in manuscript Table 1 - test for mechanical abrasion: Rh-
NPs@stirring bar was stirred for 12h at 75°C in an empty glass
inlay at 850 rpm under N,. Afterwards this Rh-NPs@stirring bar
was replaced by a brand-new (untreated) stirring bar. Cyclohex-
ene (0.69 mL) was added and the autoclave was pressurized with
H,.

Entry 15 in manuscript Table 1 - test for leaching into cyclo-
hexene: Rh-NPs@stirring bar was placed in and allowed to stand
for 12h at 75°C in cyclohexene (0.69 mL) without stirring under
N,. Afterwards Rh-NPs@stirring bar was replaced by a brand-new
(untreated) stirring bar and the autoclave was pressurized with Hy.

Entry 16 in manuscript Table 1 - test for leaching into cyclohexene
under hydrogenation conditions: Using the general hydrogenation
conditions, the hydrogenation of cyclohexene (0.69 mL) was run
until 25% conversion (which was reached after 12 min). The cyclo-
hexane/cyclohexene mixture was filtered hot at 60°C under N,
atmosphere into a new glass inlay equipped with a brand-new
(untreated) stirring bar. The glass inlay was placed into the auto-
clave and hydrogenation was resumed.

3. Results and discussion

Deposition of Rh-NPs onto a standard Teflon (PTFE)-coated stir-
ring bar is easily achieved by thermal decomposition of Rhg(CO);6
in BMImBF,4 through microwave irradiation [19] and immersion of
the stirring bar into the Rh-NP/IL dispersion (Fig. 1).

Rh-NP deposition on the stirring bar is only slightly evident by
visual inspection with a naked eye from some minor darkening
(Fig. 1). Proof of the Rh-NP deposits is obtained by scanning electron
microscopy (SEM) of the Teflon surface or transmission electron
microscopy of Teflon flakes therefrom (Fig. 2). The amount of Rh-
NP@stirring bar was quantified by AAS to 32(+8) g per stirring
bar. A Rh-NP size analysis was carried out by transmission electron
microscopy (TEM) on Teflon flakes which were cut from the stirring

bar (Fig. 2d and e). Median Rh-NP diameters were 2.1 (+0.5) nm and
1.7 (£0.3) nm after the 10th hydrogenation run.

Syntheses and applications of transition-metal nanoparticles
(M-NPs) are of contemporary interest in several areas of science
[20-23]including catalysis [24]. The efficient stabilization of M-NPs
requires surface-coordinating ligands [25,26] ionic liquids [27-30]
or deposition onto solid surfaces [25,31,32]. There are wide ranges
of supports described for M-NPs (see Supplementary data), how-
ever, very little is known for PTFE as a nanoparticle support [33-35].
The immobilization of Fe-NPs on the surface of PTFE nanogran-
ules appears to be a singular example. The chemical properties of
bulk PTFE were considered unsuitable for the stabilization of metal
containing nanoparticles [36].

The caveat: It is evident that PTFE, albeit generally considered
a chemically inert material with a non-sticking surface, can sup-
port nanoparticular metal deposits. Such nanoparticular deposits
can originate from various uses of stirring bars in a laboratory.
These M-NP deposits are also not easily removed by washing with
common organic solvents or with water (see Section 2.3). If then
such a stirring bar with a “colorful past” is used in catalysis exper-
iments the metal nanoparticle deposits can exert an activity while
the intended catalysis system is less active or even inactive (akin to
the metal impurities in “intended” catalysts noted in the introduc-
tion). This possibility is especially problematic because such metal
nanoparticle deposits cannot be visually detected.

The chance: The ease of support of metal nanoparticles on a read-
ily available and thermally stable PTFE surface can open new vistas
for metal nanoparticle and catalysis research, especially in view of
the easy separation of a catalytically active magnetic stirring bar
akin to the recovery of magnetic nanoparticle catalysts [37-39].

As a proof-of-concept the Rh-NP@stirring bar supported mag-
netic stirring bars were tested for their re-usable catalytic
activity in the known hydrogenation of cyclohexene or ben-
zene to cyclohexane under organic-solvent-free conditions where
comparative literature data is available (Fig. 1, Table 1 and
Tables S1 and S2 in Supplementary data). The hydrogenation reac-
tions were carried out in a stainless steel autoclave equipped
with a glass inlay. The autoclave was heated to 75°C or 90°C
and pressurized with the hydrogen consumption monitored by
a Biichi pressflow gas controller (H, uptake over time, see
Figs. S3 and S4 in Supplementary data). Near quantitative con-
version the reactor was depressurized and the volatile organic
components were condensed under vacuum into a clean cold trap.
To test for recycling the Rh-NPs@stirring bar was left behind in the
autoclave and was re-used by adding fresh substrate. Catalyst recy-
cling was carried out ten times for cyclohexene and three times for
benzene. There is an initial increase in activity with recycling from
entry 1 to 3 in Table 1 which was also seen in other hydrogenations
with Rh-NP/IL systems [19,40]. This is probably due to a slow sur-
face restructuring and not due to the rapid formation of Rh-hydride
or Rh-heterocyclic carbene (NHC) [41] surface species [42].

Activities for cyclohexene hydrogenations with Rh-NP@stirring
bar were 5-10 times higher than for other supported Ru-, Rh-,
Pd- or Pt-NP catalysts in ILs [19,43-45] or on supports [46-50]
(Table S1 in Supplementary data). For benzene hydrogenation
the activity was higher than for most M-NP literature systems
[16,43,46,51,52] and only surpassed by Rh-NP/carbon nanofibers
[53] (Table S2 in Supplementary data). The lower hydrogenation
activities of Ru- and Rh-NPs in ILs are traced to the IL diffusion bar-
rier for Hy and the substrate. For the supported Rh-NP catalysts
the average nanoparticle size deposited here on the stirring bar
was found to be considerably smaller (2.1 £ 0.5 nm) than the size
given for other supports (2.8-5nm) [46-48] (Table S1 in Supple-
mentary data).

In general in M-NP catalysis the active species can be either
“heterogeneous” M-NPs in a dispersion or on a surface or
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Table 1
Hydrogenation of cyclohexene or benzene to cyclohexane with Rh-NP@stirring bar.?
Entry Substrate and run Conversion [%] Time [min] Activity (TOF) [mol prod-
uct x (molRh)~! x h~1]
1 Cyclohexene® >99 88 14.9 x 10°
2 2nd run >99 49 26.8 x 10°
3 3rd run >99 40 32.8x10°
4 4th run >99 48 273 x 103
5 5th run >99 68 19.3 x 10°
6 6th run >99 132 9.9x 103
7 7th run 874 139 8.2x103
8 8th run >99 139 9.4 %103
9 9th run >99 161 8.1x10°
10 10th run 804 160 6.6 x 103
11 Benzene® 85d 1474 750
12 2nd run 90 1607 730
13 3rd run 90 2553 460
14 Cyclohexene® 78 1440
15 Cyclohexene® 20 1440
16 Cyclohexene® 53 1440

2 Conditions: Rh metal 32 pg, 3.1 x 10~7 mol.

b Cyclohexene 0.69 mL, 6.8 mmol, 75 °C, 4 bar H,.
¢ benzene 0.6 mL, 6.8 mmol; 90°C, 20 bar Hj.

d Conversion ceased.

¢ See Section 2.4.4 for further details.

Fig. 2. SEM-pictures of Rh-NPs on a Teflon-coated magnetic stirring bar (Rh-NP@stirring bar) (a) and after 10 hydrogenation runs (b) in comparison to the blank Teflon
surface (c). TEM of Teflon flakes from the stirring bar coating for Rh-NP size analysis before catalysis (d, e) and after the 10th catalytic hydrogenation run of cyclohexene (f).
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Fig. 3. Experiments to attest the abrasion or leaching from Rh-NPs@stirring bar
(carried out twice to ensure reproducibility within experimental error). (a) (Entry
14, Table 1) Stirring of Rh-NP@stirring bar in the empty glass inlay at 75°C for 12h
under N3, followed by removal of the stirring bar, addition of a new (unused) stir-
ring bar, cyclohexene and H,. A conversion of 78% is reached after 24 h (cf.>99%
with Rh-NP@stirring bar in 1-2 h, entry 1-5) and indicates some, but little mechan-
ical abrasion of the Rh-NPs from the PTFE surface. (b) (Entry 15, Table 1) Allowing
Rh-NP@stirring bar to stand in cyclohexene at 75°C for 12 h under N, followed by
removal of the stirring bar, addition of a new stirring bar and H,. A conversion of only
20% after 24 hindicates little leaching from the stirring bar into the cyclohexene sub-
strate. (c) (Entry 16, Table 1) Cyclohexene hydrogenation was run to 25% conversion
(within 12 min, monitored by gas uptake). Then, Rh-NP@stirring bar was removed,
the cyclohexene/cyclohexane mixture filtered under argon into a new glass inlay,
equipped with a new stirring bar and re-pressurized. Conversion proceeded very
slowly to 53% in 24 h, attesting little leaching even under the reaction conditions.

“homogeneous” atoms or small clusters which leach from the M-NP
into the solution [25]. Hence, we cannot exclude, that the Rh-
NP@stirring bar functions as a reservoir of such “homogeneous”
active atoms or clusters. There is only a minor amount of mechan-
ical abrasion or of leaching of Rh-NPs from the stirring bar during
each catalytic run as was attested by three reproducible experi-
ments outlined in Fig. 3. Abrasion onto the glass surface appears
to be more prominent than simple leaching when comparing the
resulting activities from stirred (Fig. 3a, entry 14 in Table 1) versus
non-stirred preparations (Fig. 3b, entry 15 in Table 1) before apply-
ing the hydrogen pressure. Sizeable conversion can be attested from
the abrasion, albeit at prolonged reaction times (24 h, entry 14)
when compared to the conversion versus time of Rh-NP@stirring
bar under otherwise identical conditions (entry 1-10). If one would
want to avoid abrasion the stirring bar could be loaded into con-
tainments of a mechanical stirrer, such as designed by Mouljin, van
Leeuwen et al. for loading catalyst-impregnated monolith blocks
to give an immobilized homogeneous rotating catalyst (ROTACAT)
[54,55].

4. Conclusions

Metal nanoparticle traces can easily be deposited - intentional
or un-intentional - on the PTFE surface of magnetic stirring bars.
Activating or desactivating effects can derive from un-intentional
deposits when such stirring bars are employed in catalytic reac-
tions. At the same time we show that a lab commodity such as
a Teflon-coated magnetic stirring bar can be easily turned into a

re-usable, smoothly handable and magnetically removable cata-
lyst system. “Traces” of 32 g or less of Rh-nanoparticles on the
stirring bar surface exert very high hydrogenation activities for
cyclohexene or benzene under mild conditions.
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An overview with more than 160 references on the synthesis and stabilization of metal nanoparticles
(M-NPs) from metal carbonyls, metal salts in ionic liquids (ILs) and in particular from metal carbonyls
in ionic liquids is given. The synthesis of M-NPs can proceed by chemical reduction, thermolysis, pho-
tochemical decomposition, electroreduction, microwave and sonochemical irradiation. Commercially
available metal carbonyls M,(CO), are elegant precursors as they contain the metal atoms already in
the zero-valent oxidation state needed for M-NPs. No extra reducing agent is necessary. The side prod-
uct CO is largely given off to the gas phase and removed from the dispersion. The microwave induced
thermal decomposition of metal carbonyls M,(CO), in ILs provides an especially rapid and energy-saving
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Synthesis access to M-NPs because of the ILs significant absorption efficiency for microwave energy due to their
Stabilization high ionic charge, high polarity and high dielectric constant. The electrostatic and steric properties of
Catalysis ionic liquids allow for the stabilization of M-NPs without the need of additional stabilizers, surfactants

or capping ligands and are highlighted by pointing to the DLVO (Derjaugin-Landau-Verwey-Overbeek)
and extra-DLVO theory. Examples for the direct use of M-NP/IL dispersions in hydrogenation catalysis of

cyclohexene and benzene are given.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Metal nanoparticles (M-NPs) are of significant interest for tech-
nological applications in several areas of science and industry,
especially in catalysis due to their high activity. The controlled
and reproducible synthesis of defined and stable M-NPs with a
small size distribution is very important for a range of appli-
cations [1-5]. Note that through the years metal nanoparticles

* Corresponding author. Tel.: +49 211 81 12286.
E-mail address: janiak@uni-duesseldorf.de (C. Janiak).

0010-8545/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
d0i:10.1016/j.ccr.2011.03.005

were also referred to as nanophase metal clusters, metal nanocrys-
tals and metal colloids. In the following we primarily use the
term (metal) nanoparticles for simplicity. Small (< 5 nm) M-NPs
are only kinetically stable and will combine to thermodynami-
cally favored larger metal particles via agglomeration. This M-NP
tendency for aggregation is due to the high surface energy
and the large surface area. To avoid this agglomeration, M-NPs
need to be stabilized with strongly coordinating protective lig-
and layers which provide electrostatic and/or steric protection
like polymers and surfactants [6-8]. Ionic liquids (ILs) can be an
alternative to such ligand layers (Scheme 1). ILs may be seen
to act as a “novel nanosynthetic template” [9] that stabilize
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Scheme 1. Stabilization of metal nanoparticles (M-NP) through protective ligand
stabilizers or in ionic liquids (IL). For the use of color in this graphic the reader is
referred to the web version of the article.

M-NPs on the basis of their ionic nature [10], high polarity, high
dielectric constant and supramolecular network (see Section 2)
without the need of additional protective ligands (cf. Scheme 3)
[11-15].

In the absence of strongly coordinating protective ligand layers,
M-NPs in ILs should be effective catalysts. The IL network contains
only weakly coordinating cations and anions (see Scheme 2) that
bind less strongly to the metal surface and, hence, are less deacti-
vating, than the commonly employed capping or protective ligands.
The combination of M-NPs and ILs can be considered a green cat-
alytic system because it can avoid the use of organic solvents. ILs are
interesting in the context of green catalysis [16] which requires that
catalysts be designed for easy product separation from the reaction
products and multi-time efficient reuse/recycling [17-19]. Firstly,
the very low vapor pressure of the IL and designable low misci-
bility of ILs with organic substrates allows for a facile separation
of volatile products by distillation or removal in vacuum. Secondly,
theILis able to retain the M-NPs for catalyst reuse and recycling. For
example, Dupont and coworkers recycled a M-NP/IL system quite
easily and reused it several times without any significant changes in
catalytic activity [11]. In recent reports of Rh- or Ru-NP/IL in hydro-
genation reactions, the catalytic activity did not decrease upon
repeated reuse [20,21]. A sizable number of catalytic reactions have
successfully been carried out in ILs [22]. Generally, the catalytic
properties (activity and selectivity) of dispersed M-NPs indicate

Scheme 2. Typical cations and anions of most common commercially available ILs.
BMIm* is also abbreviated as BMI in the literature.

that they possess pronounced surface-like (multi-site) rather than
single-site-like character [23,24].

In the following we give a brief introduction into the relevant
properties of ionic liquids (Section 2) followed by an overview on
the use of metal carbonyls for the synthesis of metal nanoparticles
(Section 3). We then combine the synthesis of metal nanoparticles
by various methods with ionic liquids as the matrix or medium for
their preparation (Section 4). The theory for the treatment of parti-
cle dispersions, the DLVO (Derjaugin-Landau-Verwey-Overbeek)
theory is then briefly discribed in Section 5.

2. lonic liquids (ILs)

Ionic liquids are salts which are composed of charged inor-
ganic and organic ion pairs. By definition their melting point
is below 100°C, more typically ILs are liquid at room tempera-
ture [18,25]. Such room temperature ionic liquids are occasionally
abbreviated as RTILs [26]. ILs are liquid under standard ambient
conditions because the liquid state is thermodynamically favor-
able, due to the large size and conformational flexibility of the
ions involved, which leads to small lattice enthalpies and large
entropy changes that favor melting [27]. ILs are characterized
and set apart from other solvents by their physical properties
like high charge density, high polarity, high dielectric constant
and supramolecular network formation (Scheme 3) [14]. Typical
IL cations include 1-alkyl-3-methylimidazolium, tetraalkylammo-
nium, 1-alkylpyridinium and oxazolium. Typical anions for ILs
are halide anions, tetrafluoroborate BF,~, hexafluorophosphate
PFg~, tetrahalogenidoaluminate AlX4~, trifluoromethylsulfonate
(triflate) CF3SO3~ (TfO~) or bis(trifluoromethylsulfonyl)amide
[also named N-bis(trifluoromethanesulfonyl)imide, (CF3SO;),N—,
Tf;N~] (Scheme 2) [22,28].

The desired properties of the IL can be designed through
judicious combination of anions and cations which presents
an advantage over other solvent systems for the various envi-
sioned IL applications. For instance: ILs containing Tf,N~ offer
low viscosity and high electrochemical and thermal stabil-
ity [29]. If bis(trifluoromethylsulfonyl)amide TfyN~- is replaced
by bis(methylsulfonyl)amide, viscosity increases and stability
decreases [30]. This variety leads to a high interest towards ILs
as new green reusable reaction media, especially in the field of
catalysis [23].

Scattering experiments on ILs provided important information
on the structure of ionic liquids which are not liquids in the con-
ventional sense, but may rather be considered as mesophases
[15]. Strictly speaking, however, ILs are not mesophases since
they are isotropic liquids and just posses mesophases when
they are liquid crystals. ILs are a class of substances that have
an organizational behavior intermediate between isotropic lig-
uids and liquid crystals. ILs have an intrinsic “nanostructure”
which is caused by electrostatic, hydrogen bonding and van
der Waals interactions [12,25]. The mesoscopic structure of imi-
dazolium ionic liquids in particular can be described in part
as a supramolecular three-dimensional hydrogen-bonded net-
work (Scheme 3a) [12,14,15]. Pure 1,3-dialkylimidazolium ionic
liquids can be described as a hydrogen-bonded [12,14,15] poly-
meric supramolecular network of the type {[(RR'Im)x(A)x_n]™
[(RRIm)x—_n(A)]" }n where RR'Im is the 1,3-dialkylimidazolium
cation and A the anion. This structural pattern is not only seen
in the solid phase but is also maintained to a great extent in
the liquid phase. The introduction of other molecules and macro-
molecules proceeds with a disruption of the hydrogen bonding
network and in some cases can generate nano-structures with polar
and non-polar regions where inclusion-type compounds can be
formed [11,12]. When mixed with other molecules or M-NPs, ILs
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(a) Electrostatic and H-bonded network in
imidazolium salts

A

4 R,
-0°0°9°0°0%¢
‘80 9 9 0 0"
‘< 0°0 0 9 0"
a,@.d,@,@’e,~
3’@’&’$’@,@.

:
@ = imidazolium cation

nanoparticle ‘

(=) = anion
hydrogen bond

(cation)C—H---anion
metal

(b) with metal nanoparticles included

= stabilizing anion layer around
the metal nanoparticle

Scheme 3. (a) Schematic network structure in 1,3-dialkylimidazolium-based ionic
liquids. (b) The inclusion of metal nanoparticles (M-NPs) in the supramolecular
IL network with electrostatic and steric (=electrosteric) stabilization is indicated
through the formation of the suggested primary anion layer forming around the
M-NPs. For the use of color in this graphic the reader is referred to the web version
of the article.

become nanostructured materials with polar and nonpolar regions
[31-33].

Ionic liquids are nanostructural liquid media [34]. Nanometer-
scale structuring in room-temperature ILs was observed by
molecular simulation for ionic liquids belonging to the 1-alkyl-
3-methylimidazolium family with hexafluorophosphate or with
bis(trifluoromethylsulfonyl)amide as the anions. For ionic liquids
with alkyl side chains longer than or equal to C4, aggregation of
the alkyl chains in nonpolar domains was observed. These domains

permeate a three-dimensional network of charged or polar ionic
channels formed by anions and by the imidazolium rings of the
cations (cf. Scheme 3(a)). As the length of the alkyl chain increases,
the nonpolar domains become larger and more connected and
cause swelling of the ionic network, in a manner analogous to
systems exhibiting microphase separation [34]. In other words,
ILs are nanostructurally organized with nonpolar regions arising
from clustering of the alkyl chains and ionic networks arising from
charge ordering of the anions and imidazolium rings of the cations
[26]. The combination of undirected Coulomb forces and directed
hydrogen bonds leads to a high attraction of the IL building units.
This is the basis for their (high) viscosity, negligible vapor pres-
sure and three-dimensional constitution. The IL network properties
should be well suited for the synthesis of defined nano-scaled metal
colloid structures (see Scheme 3) [11-13].

3. Synthesis of metal nanoparticles (M-NPs) from metal
carbonyls

The use of binary metal carbonyls for the synthesis of metal
nanoparticles is sensible and logical. Metal carbonyls are com-
mercially available (Table 1). Fe(CO)s and Ni(CO), are industrially
produced on a multi-ton scale [35]. Compounds My(CO)y are eas-
ily purifyable and handable, even if care should be exerted for the
possible liberation of poisonous CO. The metal carbonyls contain
the metal atoms already in the zero-valent oxidation state needed
for M-NPs. No reducing agent is necessary. The side product CO is
largely given off to the gas phase and removed from the disper-
sion. Contamination from by- or decomposition products, which
are otherwise generated during the M-NP synthesis (see Section
4), are greatly reduced. Thus, metal carbonyls were used early on
for the preparation of M-NPs. It will be evident from the follow-
ing examples (see also Table 2) that all these metal nanoparticles
which were prepared in the condensed phase needed stabilization
through additional ligands, like dispersants, surfactants or through
passivation with a metal-oxide shell. Also the majority of the work
uses the metal carbonyls Fe(CO)s and Co,(CO)g. The following
excerpts from the literature are roughly arranged in chronologi-
cal order according to the year of publication (see also Table 2 for
further examples). Much of the work on Fe- or Co-NPs at large is
devoted to their magnetism [36].

In early reports Hess and Parker [37] and Thomas [38] described
processes for preparing metallic cobalt particles of uniform
size in the 10-1000A range (0.1-100nm). Dicobalt octacarbonyl
Coy(CO)g was thermally decomposed in typically toluene solu-
tions of dispersant polymers, such as methyl methacrylate-ethyl
acrylate-vinylpyrrolidone terpolymers, high-purity polystyrene,
styrene-acrylonitrile polymers, polyacrylonitril, chloropolyethy-
lene sulfonamide, polyester and polyether urethanes to form stable
colloids of discrete particles which are separated by polymer coat-
ings. Variation of polymer composition, molecular weight and
solvent result in a variation of particle size and colloid stability.
Preparation of single-domain ferromagnetic cobalt particles with
good magnetic properties was possible through a balance between
dispersant polymer, solvent, and the growing metal particle [37].

Papirer et al. prepared a stable suspension of metallic cobalt
particles in an organic solvent (ferrofluid) by decomposition of
Co,(CO)g [39,40]. The cobalt particles originate from the thermoly-
sis of the dicobalt octacarbonyl solution in the presence of a chosen
surface active agent. The reaction temperature, the nature of the
solvent and of the surfactant, the weight ratio of carbonyl and sur-
factant, and the initial concentration of the cobalt carbonyl solution
were varied. Spherical particles, of a narrow size distribution, are
obtained when the decomposition of Co,(CO)g is carried out in
an aromatic solvent above 110°C and in the presence of a sur-
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Table 1
Binary metal carbonyls.?
Group 5 6 8 9 10
Metal V, Nb, Ta Cr, Mo, W Mn, Tc, Re Fe, Ru, Os Co, Rh, Ir Ni, Pd, Pt
Mononuclear complexes V(CO)s Cr(CO)s Fe(CO)s Ni(CO)4
Mo(CO)s Ru(CO)s
W(CO0)s 0s(CO)s
Polynuclear complexes Mn;(C0)10 Fez(CO)y Co(CO)s
Fe3(CO)12 Co4(CO)12
Tca(CO)1o Ru,(CO)g Rhy4(CO)2
Ru3(CO)12 Rhg(CO)16
Rez(C0)10 0s2(CO)y Irg(CO12)
0s3(CO)12

2 Metal carbonyls given in bold were confirmed to be commercially available, e.g., from Aldrich, ABCR or Acros.

factant possessing a long hydrocarbon chain and a strong ionic
group (sulfonate). The decomposition in toluene, in which ethyl
(2-hexyl) sodium sulfo-succinate is dissolved, leads to particles of
about 70 A in diameter. When a ferrofluid is being formed, an ini-
tial and rapid evolution of CO corresponding to the formation of
Co4(C0O)q5 is recorded. Part of this compound is insoluble in the
reaction medium and appears to be aregulating intermediate. After
this short initial stage the rate of decomposition of Co4(CO);; slows
down and becomes practically constant. Later the CO formation is
accelerated again and finally it decreases as the reaction goes to
completion. This S-shaped curve which describes the decomposi-
tion of Co,(CO)g is always observed when a ferrofluid is in progress
of formation [39]. The diameters of the particles, and the number of
growing particles have been measured using also small-angle X-ray
scattering and magnetic methods. The presence of microreactors in
the reaction medium and a diffusion controlled growth mechanism
are seen as the responsible two factors for the formation of particles
of very narrow size distribution [40].

Lee et al. produced nanoparticles of iron, chromium, molybde-
num and tungsten by laser decomposition of the corresponding
metal carbonyls with a 10.6 wm CO; laser in the presence of Ar
and SFg [41]. Argon helped to increase the purity of the metal

clusters by suppressing the formation of (M)x(CO)y for M=Fe, Cr,
Mo, W. SFg acted as an infrared photosensitizer, which initially
absorbed the 10.6 wm IR photons from the CO, laser and trans-
ferred its energy to a metal carbonyl via collisions. The M-NP size
distributions were narrow and the average diameter was 6, 3.5, 2
and ~1nm for Fe, Cr, Mo and W clusters, respectively, as deter-
mined by TEM. The structure is body-centered cubic (bcc) for both
Fe and Cr clusters, face-centered cubic (fcc) for Mo clusters, and
amorphous for W clusters as determined from the X-ray diffrac-
tion patterns (note that all the bulk metals have bcc structure). The
cluster size (n) in one cluster of average diameter was estimated
by assuming a spherical shape such that n = (cluster volume/atomic
volume) x packing fraction = (r/rg)3f, with r the cluster radius, ro the
atomic radius and f the packing fraction (0.68 for bcc and 0.74 for
fcc). Considering the cluster sizes (n=9630, 1870, 230 and ~30 for
Fe-, Cr-,Mo-and W-NPs, respectively) estimated from their average
diameters, it was found likely that there exists a structural transi-
tion from fcc to bulk bcc with increasing cluster size in these metal
clusters [41].

Giersig and Hilgendorff prepared cobalt nanoparticles by ther-
molysis of Co,(CO)g in Ar-saturated toluene as an organic carrier at
110°Cin the presence of two different surfactants. The surfactants

Table 2
Additional examples for M-NP syntheses from metal carbonyls.
Metal Metal carbonyl Solvent M-NP size: range or Remarks, stabilizer Reference
average diameter
(standard deviation) [nm]
Fe Fe(CO)s Octanol or hexadecane 3-8 (amorphous) Sonochemical decomposition; [75]
stabilized by polyvinylpyrrolidone
(PVP) or oleic acid
Fe Fe(CO)s Trioctylphosphine 2 (monodisperse, Thermal decomposition, rod-shaped [76]
oxide (TOPO) spherical) particles stabilized by TOPO;
rod-shaped Fe-NPs from the controlled
growth of the monodisperse spherical
NPs
Fe Fe(CO)s Decalin 2-10 (variation by the Stabilized by modified polyisobutylene [77]
Fe(CO)s/PIB ratio) (PIB); NP characterization also by
magnetic measurements (fastoxidation
in air); linear structures of the larger
particles (by cryo-TEM) because of
magnetic interaction
Co Co,(CO)s Toluene or THF 3-5 Thermal decompostition, stabilized by [78]
polystyrene(PS)-poly-4-vinyl-pyridine
(PVP)
Co Co,(CO)s Trioctylphosphine 20 Thermal decomposition, stabilized by [79]
oxide TOPO; new structure of elemental
cobalt (e-cobalt)
CoPts Co,(CO)s, Pt(hfac), Hot toluene or nonane 1.8(1) Thermal decomposition, stabilized by [80]
oleic acid or dodecane isocyanide;
alloy nanoparticles
FeCo Co,(CO)s, Fe(CO)s 1,2-Dichlorobenzene 1-11 FeCo-alloyed nanoparticles, thermal [81,82]

decomposition, stabilized by oleic acid
and trioctyl-phosphane oxide
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used were sodium bis 2-(ethyl-hexyl)sulfosuccinate and oleoyl-
sarcosine. The magnetic nanoparticles were then ordered into a
two-dimensional array using a magnetophoretic technique. The
quality of the ordering was observed by electron microscopy and
the lattice constants determined by electron diffraction. Cobalt par-
ticles condense into a hexagonal close packed array [42]. These
arrays of monodisperse colloidal 11.4nm Co nanoparticles were
investigated by multifrequency ferromagnetic resonance and X-
ray magnetic circular dichroism (XMCD) to determine the ratio
of orbital-to-spin magnetic moment as pu/ugf =0.24 £ 0.06 by
XMCD [43].

Van Wonterghem, Mgrup et al. [44,45], Pathmamanoharan et al.
[46], Gossens et al. [47] and Butter, Philipse et al. [48] formed iron
nanoparticles by thermolysis of Fe(CO)s in decalin with modified
polyisobutene and oleic acid as stabilizers. The magnetic Fe-NPs are
fairly monodisperse even for particle radii below 10 nm. The parti-
cle size can be increased by seeded growth, and the particle shape
can be changed by using a mercaptan stabilizer, which leads to rod-
like iron colloids. The thermal decomposition of iron pentacarbonyl
in a mixture of decalin and sarkosyl-O (n-oleyoyl sarcosine) has
been studied by Moessbauer spectroscopy. With the X-ray diffrac-
tion it was shown that the sample contained small particles of a
metallic glass (amorphous material). Annealing of the particles at
523 K resulted in crystallization of the particles into a mixture of
o-Fe and FesC, [44]. Fe2* was found in all samples. After some time
of reaction, a new iron carbonyl complex appeared. During the final
stages of the reaction, this intermediate carbonyl complex decom-
posed, and ultrafine particles of an amorphous Fe1gg_xCx alloy were
formed [45]. Moessbauer spectroscopy also showed that the Fe-
NPs with r=5.3, 6.9 and 8.2 nm are dominated by the broadened
sextuplet with Heg =262 kOe similar to that found in the sarcosyl
and oleic acid stabilized colloids. This hyperfine field character-
izes Feq_xCx species with x~0.25 by comparison with sputtered
amorphous Feq_,Cx films [49]. In addition, a small contribution of a
sextuplet with Heg = 496 kOe characterizing an Fe(III) oxidic contri-
bution is visible in the spectra of the Fe-NPs with r=5.3 and 6.9 nm.
This Fe(Ill) oxidic contribution is absent for the largest NP with
r=38.2 nm, while the spectrum of the NPs with the smallest radius
(r=2.1nm) turned out to be completely oxidic [47].

Huh et al. combined a thermal decomposition of metal carbonyls
with a collision induced clustering. Metal carbonyls Fe(CO)s; and
Mo(CO)g were thermally decomposed with a hot filament and the
resultant bare metal atoms underwent collisions to produce high
purity Fe, Mo, and alloy Fe/Mo nanometer size metal particles [50].

By thermal decomposition of Fe(CO)s with simultaneous reduc-
tion of platinum acetylacetonate Pt(acac); in the presence of oleic
acid and oleyl amine Sun, Murray et al. synthesized monodisperse
iron-platinum nanoparticles [51]. Chen and Nikles used this pro-
cedure for the preparation of FePd and FeCoPt alloy nanoparticles
with very narrow size distribution, using Fe(CO)s, Pd(acac), or
Pt(acac); and Co(acac); [52,53].

Puntes et al. reported the synthesis of monodisperse &-Co
nanoparticles with spherical shapes and sizes ranging from 3 to
17 nm by the rapid pyrolysis of a dicobalt octacarbonyl solution in
dichlorobenzene in the presence of a surfactant mixture composed
of oleic acid, lauric acid and trioctylphosphine. The size distribu-
tion and the shape of the nanocrystals were controlled by varying
the surfactant (oleic acid, phosphonic oxides and acids, etc.) its
concentration, and the reaction temperature [54].

Hyeon et al. utilized a high-temperature (300°C) aging of an
iron-oleic acid metal complex, which was in turn prepared by the
thermal decomposition of iron pentacarbonyl in the presence of
oleic acid at 100°C to generate monodisperse iron nanoparticles.
The Fe-NP particle size ranged from 4 to 20 nm. The resulting iron
nanoparticles were then transformed to monodisperse y-Fe;03
nanocrystallites by controlled oxidation using trimethylamine

1. Thermolysis at 110 °C, 4h

- Q

Co,(CO)g + ARy
2. smooth air oxidation

at 20 °C, 6 h Co-NPs
R NP diameter
CHj 3-4.5nm
C,Hs  6.5-8.5nm

n-C3H17 8.5-10.5 nm

Scheme 4. Thermolysis of Co,(CO)g in the presence of aluminium alkyls to Co-NPs
and smooth air oxidation for surface passivation.

oxide as a mild oxidant [55]. With a similar procedure Kim, Hyeon
et al. prepared cobalt nanoparticles from Co,(CO)g, oleic acid, tri-
octylphosphine and dioctyl ether under reflux. The Co-NPs were
applied as recyclable catalysts for Pauson-Khand reactions, which
involve the cycloaddition of alkynes, alkenes and carbon monoxide
to cyclopentenones [56].

Burke et al. prepared polymer-coated iron nanoparticles by the
thermal decomposition of Fe(CO)s in the presence of ammonia and
polymeric dispersants [57]. The dispersants consist of polyisobuty-
lene (PIB), polyethylene, or polystyrene chains functionalized
with tetraethylenepentamine, a short polyethyleneimine chain.
Inorganic-organic core-shell nanoparticles were formed with all
three types of dispersants. With the PIB dispersants, the parti-
cle size is determined, in part, by the iron pentacarbonyl loading,
increasing from 8+ 1nm for a 1:1 Fe(CO)s/dispersant ratio to
20+4nm for a 5.5:1 ratio [57].

Rutnakornpituk et al. use copolymers as micelles in toluene to
serve as nanoreactors for the thermal decomposition of Co,(CO)g
to superparamagnetic Co-NP dispersions. The steric stabiliz-
ers are poly[dimethylsiloxane-b-(3-cyanopropyl)methylsiloxane-
b-dimethylsiloxane] (PDMS-PCPMS-PDMS) triblock copolymers in
poly(dimethylsiloxane) carrier fluids. The nitrile groups on the
PCPMS central blocks are thought to adsorb onto the particle
surface. The Co-NP size could be controlled by adjusting the Co-to-
copolymer ratio. TEM showed non-aggregated Co-NPs with narrow
size distributions and evenly surrounded by the copolymer sheaths
[58].

Diana et al. synthesized cobalt nanoparticles within inverse
micelles of polystyrene-block-poly(2-vinylpyridine) copolymer in
toluene by the pyrolysis of Co;(CO)g at 115°C [59]. The nanopar-
ticle structure at different reaction times was investigated using
transmission electron microscopy and Fourier transform infrared
spectroscopy (FT-IR). At early reaction stages, the nanoparticles
were noncrystalline from TEM; and FT-IR showed that the precur-
sor was only partially decomposed. After 15 min of reaction, the
nanoparticles became crystalline, forming chains due to magnetic
interactions. The noncrystalline nanoparticles could be crystallized
upon heating to 420 °C on grids in the transmission electron micro-
scope. This produced nearly monodisperse single nanocrystals
inside each micelle, with limited aggregation, but such annealing
led to the degradation of the polymer [59].

Bonnemann et al. obtained monodisperse Co, Fe, and FeCo
nanoparticles through thermal decomposition of the metal car-
bonyls Co,(CO)g, Fe(CO)s or Fe(CO)5/Co,(CO)g in the presence of
aluminium alkyls (AIR3), as air-stable magnetic metal nanopar-
ticles after surface passivation [60-63]. After decomposition the
metal particles were treated with synthetic air through a thin cap-
illary (smooth oxidation) (Scheme 4) to yield particles stable in air
under ambient conditions for over 1 year, as confirmed by magnetic
measurements.

The aluminium alkyl acts as a catalyst, activating the ther-
mal decomposition of the metal carbonyl as well as the surface
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passivation during the smooth oxidation. The resulting particles
strongly depend on the alkyl chain length R of the aluminium
alkyl and the Co,(CO)g to AlR3 ratio. Monodisperse Co nanopar-
ticles, 3-4.5, 6.5-8.5 and 8.5-10.5 nm in diameter, were obtained
for Al(CH3)s3, Al(CoHs5)3 and Al(CgHqy7)s, respectively. The par-
ticles were characterized by electron microscopy (SEM, TEM),
electron spectroscopy (MIES, UPS, and XPS) and X-ray absorp-
tion spectroscopy (EXAFS). EXAFS measurements showed that this
preparation pathway provides long-term stable zerovalent mag-
netic cobalt particles [62]. The chemical nature of the surfactant
used exerts a significant influence on the stability and the local
electronic and geometric structure of the analyzed nanoparticles
[61]. With the help of surfactants, for instance oleic acid or cashew
nut shell liquid, the metal particles can be peptized in organic sol-
vents like toluene or kerosene, resulting in magnetic fluids. The
saturation of magnetization, Ms, of the fluids was determined by
specific magnetization. The sizes and structure of the particles were
investigated by transmission electron microscopy, and Moessbauer
analysis showed that the core of the particles was metallic or
alloyed, respectively. The particle surface termination was stud-
ied by X-ray photoelectron and Auger electron spectroscopy [61].
The particles were also peptized by surfactants to form stable
magnetic fluids in various organic media and water, exhibiting
a high volume concentration and a high saturation magnetiza-
tion. In view of potential biomedical applications of the particles,
several procedures for surface modification are possible, includ-
ing peptization by functional organic molecules, silanization, and
in situ polymerization [62]. Other procedures for surface mod-
ification of these pre-stabilized, metallic Co-NPs include direct
anchoring of surface-active functional groups and biocompatible
dextran layers as well as silica and polymer coatings. As a result,
individually coated nanoparticles as well as microspheres can be
obtained [63].

Yin et al. (2004) formed a Pt@CoO yolk-shell nanostructure in
which a platinum nanocrystal of a few nanometers was encap-
sulated in a CoO shell [64]. This was achieved by first reducing
platinum acetylacetonate with a longchain polyol to form uniform
platinum nanoparticles in the presence of surfactants such as oleic
acid, oleylamine, and trioctylphosphine. The size of the platinum
particles was tuned from 1 to 10 nm, depending on the concentra-
tion of surfactants. Co,(CO)g was then injected into the hot solution
and decomposed to form a conformal coating on the platinum
nanocrystals. Oxidation of the Pt@Co nanocrystals was performed
a few minutes after introduction of the cobalt carbonyl by blowing
a stream of O, /Ar mixture into the colloidal solution at 455 K [64].

Zubris et al. describe the synthesis of iron and cobalt alloy
nanoparticles by the co-decomposition of iron and cobalt car-
bonyl precursors in the presence of polystyrene as a surface
stabilizing agent [65]. The decomposition kinetics of Fe(CO)s and
Co,(CO)g were established and controlled. The results suggest that
Fe(CO)s decomposition is a higher-order process (not first-order
as previously assumed), with a complicated intermediate mech-
anism. Equal initial concentrations of both precursors generated
nanoalloys with a crystalline core-shell dense morphology, while
precursor concentrations corresponding to initial equal rates of
decomposition generated polycrystalline nanoalloys with a diffuse
morphology [65].

Korth et al. synthesized polystyrene (PS)-coated cobalt nanopar-
ticles by the thermolysis of Co,(CO)g in the presence of end-
functional polymeric surfactants in refluxing 1,2-dichlorobenzene
[66]. A mixture of amine and phosphine oxide PS surfactants
(4:1 wt ratio) was used in the thermolysis of Co,(CO)g to prepare
polymer-coated cobalt nanoparticles, where the ligating end group
passivated the colloidal surface. The combination of both amine
and phosphine oxide ligands on the PS chain was necessary to yield
uniform ferromagnetic nanoparticles. These polymer-coated cobalt

nanoparticles (PS-Co) were then characterized using TEM, atomic
force microscopy (AFM), and magnetic force microscopy (MFM) to
determine particle size and morphology of magnetic colloids and
nanoparticle chains [66].

It is obvious that the use of metal carbonyls for M-NP prepa-
ration will also be noted in the patent literature. An example is
given by Mercuri, describing “a process for producing nano-scale
metal particles which includes feeding at least one metal carbonyl
into a reactor vessel; exposing the metal carbonyl to a source
of energy sufficient to decompose the metal carbonyl to produce
nano-scale metal particles; and depositing or collecting the metal
nanoparticles. Oxygen is fed into the reactor vessel to partially
oxidize the nanoscale metal particles produced by decomposition
of the decomposable moiety. The nanoscale metal particles are
then brought onto an end-use substrate which are intended to be
employed, such as the aluminium oxide or other components of an
automotive catalytic converter, or the electrode or membrane of a
fuel cell or electrolysis cell” [67,68].

Gergely et al. describe “a process for preparing superparam-
agnetic transition metal nanoparticles by introducing into a gas
stream a hydrocarbon and a transition metal carboxyl wherein
the transition metal carbonyl is introduced downstream from the
hydrocarbon; wherein at the point of introduction of the hydro-
carbon the gas stream is as a plasma, and wherein at the point of
introduction of the transition metal carbonyl the gas stream is at a
temperature of at least 1000 °C, followed by quenching to form C-
coated transition metal nanoparticles; and wherein the gas stream
consists essentially of at least one inert gas and H” [69].

Giirler et al. showed that hydroxyfunctional cobalt nanoparti-
cles can be obtained in a single step by thermal decomposition of
Co,(CO)g in the presence of ricinolic acid as a functional surfactant.
The chemisorbed ricinolic acid through the carboxylic acid group
served to introduce hydroxyl groups that serve as an initiator for the
ring-opening polymerization of 3-caprolactone to give the desired
hybrid cobalt/polycaprolactone brush particles [70].

Doan et al. investigated the oxidation of Co nanoparticles sta-
bilized with various ligands in an autoclave [71]. Tridodecylamine
stabilized Co nanoparticles with different sizes (8, 22 and 36 nm)
were prepared by thermal decomposition of Co,(CO)g in dodecane.
The oxidation of the particles was studied by introducing oxygen
into the autoclave and following the oxygen consumption with a
pressure meter. Tridodecylamine capped particles were initially
oxidized at a high rate, however, the oxidation layer quickly inhib-
ited further oxidation. The thickness of the oxide layer estimated
from the oxygen consumption was 0.8 nm for all three particle
sizes showing that the oxidation is size independent in the stud-
ied particle size range. The tridodecylamine ligand was exchanged
for various long chain carboxylic acids followed by subsequent oxi-
dation. With the carboxylic acids the formed oxide layer does not
inhibit further oxidation as effectively as in the case of tridode-
cylamine. TEM studies show that tridodecylamine capping leads to
particles with a metal core surrounded by an oxide layer, while par-
ticles capped with long chain carboxylic acids form hollow cobalt
oxide shells [71].

Howard and coworkers used a carbonyl metallate Na,Fe(CO)4
(Collman'’s reagent) and Pt(acac), to synthesize bimetallic fcc and
face-centered tetragonal (fct) FePt nanoparticles in hydrocarbon
solvents with the size of 3 nm stabilized by oleic acid [72].

Another way to generate bimetallic FePt nanoparticles is the
decomposition of the bimetallic cluster Pt3Fe3(CO);5 by sonication
in toluene, oleic acid and oleylamine. The resulting nanoparticles
had a size of 2 nm [73].

Robinson et al. used the bimetallic carbonyl metallate clus-
ter anions [FeCos3(CO)2]~, [FesPt3(C0O)i5]2~, [FeNis(CO);3]%~ and
[Fe4Pt(CO)16]%~ as precursors and obtained the bimetallic FeCos,
FePt, FeNi5 and Fe4Pt, respectively, particles by thermal decompo-
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sition in 1,2-dichlorobenzene with the average diameters of 7.0,
4.4,2.6 and 3.2 nm, respectively. The size variation is due to the use
of different stabilizers like oleic acid, myristic acid or hexadecyl
amine [74].

The aforementioned examples together with reviews on the
chemical synthesis of metal nanoparticles [36] illustrate the wide
applicability of commercial Fe(CO)s and Co,(CO)g for the prepa-
ration of iron- and cobalt-containing nanoparticles (additional
examples are given in Table 2). Yet, it is also evident that the utiliza-
tion of metal carbonyls in nanoparticle synthesis is largely limited
to these two carbonyl compounds. This may in part be due to the
strong interest in magnetic M-NPs. It also becomes clear that the
prepared M-NPs need a protecting layer to prevent aggregation to
larger particles or oxidation.

4. Synthesis of metal nanoparticles (M-NPs) in ionic liquids
(ILs)

Metal nanoparticles can be synthesized in ionic liquids [83]
through chemical reduction [21,84-89] or decomposition [90-93],
by means of photochemical reduction [94,95] or electro-reduction
[96-98] of metal salts where the metal atom is in a formally posi-
tive oxidation state and by decomposition of metal carbonyls with
zero-valent metal atoms [9,20,21,99] without the need of extra
stabilizing molecules or organic solvents [6,11,13,100,101].

A myriad of M-NPs have been prepared in ILs from compounds
with the metal in a formally positive oxidation state M™. Such
M-NPs then include, for example, the main-group metals and met-
alloids Al [102], Te [103], and the transition metals Ru [104], Rh
[87], Ir [105], Pt [106], Ag [84,107], Au [108] (cf. Table 3).

The inclusion of metal nanoparticles in the supramolecularionic
liquid network brings with it the needed electrostatic and steric
(=electrosteric) stabilization through the formation of an ion layer
forming around the M-NPs. The type of this ion layer, hence, the
mode of stabilization of metal nanoparticles in ILs is still a mat-
ter of some discussion [13,109]. Aside from the special case of
thiol-, ether-, carboxylic acid-, amino-, hydroxyl- and other func-
tionalized ILs (see Scheme 5 and accompanying text) one could
decide between IL-cation or -anion coordination to the NP surface.
Schrekker and co-workers proposed electrostatic stabilization of
a negatively charged surface of Au-NPs by parallel coordination
mode of the imidazolium cation on the basis of surface-enhanced
Raman spectroscopy (SERS) studies [110]. This proposal was sup-
ported by Alvarez-Puebla and co-workers who found a negative
zeta potential of M-NPs prepared by chemical reduction processes
which indicated a negative charge of such NPs in aqueous solutions
[111].

According to DLVO (Derjaugin-Landau-Verwey-Overbeek)
theory (see Section 5) [112], ILs provide an electrostatic protection
in the form of a “protective shell” for M-NPs [100,113-117]. DLVO
theory predicts that the first inner shell must be anionic and the
anion charges should be the primary source of stabilization for the
electrophilic metal nanocluster [112]. DLVO theory treats anions as
ideal point charges. Real-life anions with a molecular volume would
be better classified as “electrosteric stabilizers” meaning to com-
bine both the electrostatic and the steric stabilization. However, the
term “electrosteric” is contentious and ill-defined [118]. The sta-
bilization of metal nanoclusters in ILs could, thus, be attributed to
“extra-DLVO” forces [118] which include effects from the network
properties of ILs such as hydrogen bonding, the hydrophobicity and
steric interactions [2,119].

Density functional theory (DFT) calculations in a gas phase
model favor interactions between IL anions, such as BF4~, instead of
imidazolium cations and Au, clusters (n=1, 2,3, 6,19, 20). This sug-
gests a Au- - -F interaction and anionic Au, stabilization in fluorous

Scheme 5. Examples of functionalized imidazolium-ILs [108-110,124-126].

ILs. A small and Au-concentration dependent !°F NMR chemical
shift difference (not seen in !'B- or '"H NMR) for Au-NP/BMIm™*BF,~
supports the notion of a BF,~-fluorine- - -Au-NP contact seen as cru-
cial for the NP stabilization in dynamic ILs [120]. The DFT study used
the binding energy (BE) of different IL-ions, free bases and the Cl~
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 Auj clusters to the energy of their adduct
(Eq. (1)) [120,121].

BE = E(anion) + E(Au,) — E(anion adduct to Auy) (1)

Fig. 1 shows the Au,-IL anion binding configurations and
the variation of the BE with cluster size n. Fig. 2 illustrates
Aup-substrate binding configurations and the variation of the BE
with cluster size n for BF4~ in comparison with other common sub-
strate ligands. The BE of BMIm* is very weak and not shown here
(see in Refs. [120,121]). BE comparison with chloride, citrate, PH3
and H,O0 illustrates the critical influence of the ionic charge and
electron delocalization from the ligand to Au, (Fig. 2). The softer
the anion or ligand, that is, the more charge transfer or electron
delocalization (according to Pearsons hard-soft concept and the
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Table 3
Examples of M-NPs prepared in ILs by chemical reduction.
Metal Metal salt precursor Reducing agent L2 M-NP size, average Reference
diameter (standard
deviation) [nm]
Ru Ru(COD)(COT)P H, BMIm*Tf,N—— 09-2.4 [85]
Ru(COD)(COT)P H, BMIm*BF,~, BMIm*PFg~, BMIm*TfO~  2.6(4) [104]
Rh RhCl3-3H,0 H, BMIm*PFs~ 2.0-2.5 [87]
[Rh(COD)-p-Cl]," H, +laser radiation BMIm*PFg~ 7.2(1.3) [127]
Ir [Ir(COD)Cl],P H, BMIm*BF4~, BMIm*PFg~, BMIm*TfO~ 2-3 [128]
[Ir(COD), |BF4, [Ir(COD)Cl],? H, 1-alkyl-3-methyl-Im*BF4~ Irregular 1.9(4), 3.6(9) [89]
Pd H,PdCly NaBH4 HSCO,Im*Cl—¢ Nanowires [125]
PdCl, H, +laser radiation BMIm*PFg~ 4.2(8) [127]
Pd(acac); H, BMIm*PFg~ 10(2) [91]
Pt Na,Pt(OH)s NaBH4 HSIm*A~ or HOIm*A-¢ 3.2(1.1),2.2(2),2.0(1) [124]
H,PtClg NaBH4 CMMIm*Cl-¢, AEMIm*Br—f 2.5 [109]
PtO, H, BMIm*BF4~, BMIm*PFg~ 2-3 [129]
Ag AgBF,4 H, BMIm*BF,~ 2.8 [85]
BMIm*PFg~ 44 [85]
BMIm*TfO~ 8.7 [85]
BtMA*Tf,N~ 26.1 [85]
Au KAuCly SnCl, BMIm*BF4~ 2.6-200 [121]
HAuCly Nascitrate/NaBH,4 EMIm*EtSO4~ 9.4 [131]
Nascitrate EMIm*EtSO4~ 3.9 [131]
Ascorbic acid EMIm*EtSO4~ Nanorods [131]
HAuCls-3H,0 H2NNH;-H, 0 (hydrazine monohydrate) TriMIm*MeSO3 8 ~7.5 [110]
HAuCly NaBH,4 ShexMIm*Cl-P 5.0 [108]
HAuCly NaBH4 HSIm*A~ or HOIm*A-¢ 3.5(7),3.1(5),2.0(1) [124]
HAuCly NaBH4 CMMIm*Cl-¢, AEMIm*Br—f 35 [109]
HAuCly Nascitrate CMMIm*Cl-¢, AEMIm*Br—f 23-98 [109]
HAuCly Cellulose BMIm*Cl~ 300-800 [88]

3 Common ILs: BMIm*BF4~, BMIm*PFs~, BMIm*TfO~ = 1-n-butyl-3-methylimidazolium tetrafluoroborate, hexafluorophosphate, trifluoromethylsulfonate, BtMA*Tf, N~
n-butyl-trimethylammonium bis(trifluoromethylsulfonyl)amide (cf. Scheme 2); EMIm*EtSO4~ = 1-ethyl-3-methylimidazolium ethylsulfate.

b COD=1,5-cyclooctadiene, COT =1,3,5-cyclooctatriene.

¢ HSCO,Im*Cl- = 1-methyl-3-(2’-mercaptoacetoxyethyl)imidazolium chloride (cf. Scheme 5).
4 HSIm*A- =thiol-functionalized imidazolium ILs, e.g., 1-(2’,3'-dimercaptoacetoxypropyl)-3-methylimidazolium, HOIm* A~ = hydroxy-functionalized imidazolium ILs, e.g.,
1-(2',3’-dihydroxypropyl)-3-methylimidazolium, A~ = CI~ or HS-(CH; )3-SO3~ (cf. Scheme 5).

¢ CMMIm*Cl- = 1-carboxymethyl-3-methylimidazolium chloride (cf. Scheme 5).
f AEMIm*Br- = 1-aminoethyl-3-methylimidazolium bromide (cf. Scheme 5).

& TriMIm*MeSOs; ~ = 1-triethylene glycol monomethyl ether-3-methylimidazolium methylsulfonate (cf. Scheme 5).
b ShexMIm*Cl- =3.3'-[disulfanylbis(hexane-1,6-diyl)]-bis(1-methylimidazolium) dichloride.

nephelauxetic series) [122] to Au, is possible, the better the sta-
bilizing 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(1 1 1) surface found in recent DFT simulations [123].

The DFT calculations also indicate a weak covalent part in this
Au. - -F interaction. 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 BMIm* or MIm* imidazolium cations is found. These find-
ings support the model of preferred interaction between anions
and Au-NPs, but also confirm the importance to consider a possible
presence of ClI~ anions in the ionic liquid solution [120,121].

Compared with the non-functionalized imidazolium-ILs (cf.
Scheme 2), functionalized imidazolium-ILs stabilize aqueous
dispersed metal NPs much more efficiently because of the
special functional group. Thiol-functionalized [108,124,125],
ether-functionalized [110], carboxylic acid-functionalized [109],
amino-functionalized [109,126], and hydroxyl-functionalized
[124] imidazolium-ILs (Scheme 5) have been used to synthesize
aqueous dispersed noble, primarily gold metal NPs.

4.1. Chemical reduction

The reduction of metal salts is the most utilized method to gen-
erate NPs in solution and also in ILs in general. Many different types
of reducing agents are used, like gases (H,), organic (citrate, ascor-

bic acid, imidazolium cation of IL) and inorganic (NaBHy, SnCl;)
agents (Table 3).

Molecular hydrogen (H,) is often taken as clean reductant.
Dupont et al. used RhCl3-3H,0 as a precursor in BMIm*PFg~ for
the formation of Rh-NPs. For Ir-NPs the precursor [Ir(COD)CI],
(COD =1,5-cyclooctadiene) was reduced with H,. The formation
to M-NPs was carried out at 75°C and 4bar hydrogen pres-
sure. Transmission electron microscopy (TEM) analysis showed
the particle sizes of 2.0-2.5nm [87]. Redel et al. used hydro-
gen and AgBF, for the synthesis of Ag-NPs in different ILs. A
correlation between the IL-anion molecular volume and the NP
size was noted. The larger the volume of the IL-anion the larger
is the size of the Ag-NPs. Thereby it was possible to form Ag-
NPs in sizes from 2.8 to 26.1 nm with a narrow size distribution
[84].

Different researchers used hydrogen as a reagent not to reduce
the metal but to reduce (hydrogenate) the ligands COD and
COT (COT=1,3,5-cyclooctatriene) of an Ru(0) organometallic pre-
cursor [85,104]. They dissolved Ru(COD)(COT) in imidazolium
based ILs and heated the mixture under 4bar of hydrogen
under different conditions. Both organic ligands were reduced to
cyclooctane and thereby dissociate from the already zero-valent
metal atom. Cyclooctane can then be removed under reduced
pressure.

It is also possible to use less-noble metals for the reduction of
noble metals. The reduction of KAuCl4 by SnCl, leads to the forma-
tion of Au-NPs [121]. By variation of the molar Au(III):Sn(II) ratio
it was possible to synthesize Au-NPs in different sizes in a stop-
and-go, stepwise and “ligand-free” nucleation, nanocrystal growth
process which can be stopped and resumed at different color steps
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Fig. 1. Relaxed configurations of Aug bound to (a) Cl-, (b) TfO—, (c) 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). Increasing the cluster size to n=20 does not change the
BE substantially anymore, i.e., the BE is already saturated for Au,. The chloride anion
shows the largest BE of all anions and can, hence, be expected to be bound to the
clusters if it is present in the dispersion [120].

and Au-NP sizes from 2.6 to 200 nm. This stepwise Au-NP forma-
tion was possible because the IL apparently acted as a kinetically
stabilizing, dynamic molecular network in which the reduced Au®
atoms and clusters can move by diffusion and cluster together, as
verified by TEM analysis [121].

A well-known method to generate Au-NPs was already estab-
lished by Turkevich et al. in 1951 [130]. The reducing agent
was citrate. Bockstaller and coworkers used this method and
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carried out the reduction in the imidazolium-based IL 1-ethyl-
3-methylimidazolium ethyl-sulfate (EMIm*EtSO,4 ™). Afterwards it
was possible to give these particles different shapes by adding Ag(I)
[131].

Taubert et al. reacted HAuCl, with cellulose [88]. Thereby cel-
lulose has two roles: first, cellulose is the reducing agent for
Au(IIl). Second, cellulose acts as a morphology- and size-directing
agent, which drives the crystallization towards polyhedral particles
or thick plates. The gold particle morphologies and sizes mainly
depend on the reaction temperature. With this route it was possi-
ble to synthesize plates with a thickness from 300 nm at 110°C to
800 nm at 200°C.

Gold nanoparticles of 1-4nm size could be prepared by sput-
ter deposition of the metal onto the surface of the ionic liquid
BMIm*BF,~ to generate nanoparticles in the liquid with no addi-
tional stabilizing agents [132]. Likewise, Au-NPs were prepared
by sputter deposition of Au metal in BMIm*PFs~. The size of
Au nanoparticles was increased from 2.6 to 4.8nm by heat
treatment at 373K [133]. Sputter deposition of indium in the
ionic liquids BMIm*BF,~, EMIm*BF4~, (1-allyl)MIm*BF4~ and (1-
allyl)(3-ethyl)Im*BF4~ could produce stable In metal nanoparticles
whose surface was covered by an amorphous In;03 layer to form
In/In, 03 core/shell particles. The size of the In core was tunable
from ca. 8 to 20 nm by selecting the IL [134].

Mudring and coworkers evaporated elemental Cu powder under
high vacuum (106 torr) into the IL 1-butyl-3-methylimidazolium
hexafluorophosphate and generated Cu nanoparticles with the
size of 3nm. Au nanoparticles were prepared with the same
evaporation method. Depending on the different ILs which
were used, nanoparticles from 4 to 50 nm were generated. This
method made it also possible to produce Cu/ZnO nanocomposites
[135].

Dupont et al. prepared Au-NPs with the size of 3-5 nm from gold
foil by sputtering deposition onto several imidazolium-based ILs.
[136].

In the presence of imidazolium-based ILs Pd-NPs from pal-
ladium(II) salts could be synthesized without the need for an
additional reducing agent. It is suggested that formation of N-
heterocyclic Pd-carbene complexes takes place as an intermediate
preceding the formation of Pd-NPs (Scheme 6) which can then
catalyze Suzuki C-C coupling reactions [92,137]. Pd-carbene com-
plexes are able to catalyze the Heck reaction [138,139].

Deshmukh et al. used Pd(OAc), or PdCl, in the imidazolium-
based ILs BBImBr or BBImBF, to irradiate the mixtures with
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Fig. 2. (a) Binding energies (BE) and Au-atom addition energies depending on the cluster size. (b-f) Relaxed configurations of Aus bound to (b) Cl-, (c) citrate- (CsH;07 ),
(d) PH3, (e) BF4~ and (f) H,O0. (g) Relaxed configuration of Au;. The bond lengths are given in A [121].
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Scheme 6. Reduction of Pd(Il)-species with an imidazolium-based IL through inter-
mediate formation of Pd-carbene complexes. Decomplexation and reduction occurs
during heating.

ultrasound for 1 h. The Pd-NPs were nearly spherical and a size of
20 nm was observed [92].

Anderson, Marr et al. formed Pd-NPs with a diameter of ~1 nm
from Pd(OAc), in BMIm*Tf; N~ simply by heating to 80°C in the
presence of PPhs [93].

Ruta et al. synthesized monodisperse Pd nanoparticles
of 5 and 10nm through reduction of Pd(acac), dissolved
in the hydroxyl-functionalized butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide IL HOBMIm*Tf,N— by simple
heating in the absence of an additional reducing agent [91].

D/H exchange reactions at C2, C4 and C5 of the imidazolium
cation in catalytic hydrogenation reactions promoted by classical
Ir(I) colloid precursors and Ir-NPs in deuterated imidazolium ILs
supported the participation of carbene species in this media [140].

Also by thermal decomposition, albeit from an Ni(0) source,
Ni nanoparticles with 4.9(9) to 5.9(1.4) nm average diam-
eter (standard deviation) were prepared from the bis(1,5-
cyclooctadiene)nickel(0) organometallic precursor dissolved in
1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide
ionic liquids [90].

Carboxylic acid- and amino-functionalized ionic liquids
CMMIm*Cl~ = 1-carboxylmethyl-3-methylimidazolium chloride
and AEMIm*Br— =1-aminoethyl-3-methylimidazolium bromide
(cf. Scheme 5) were used as the stabilizer for the synthesis of
gold and platinum metal nanoparticles in aqueous solution.
Smaller Au-NPs (3.5 nm) and Pt-NPs (2.5 nm) were prepared with
NaBH4 as the reductant. Larger gold nanospheres (23, 42, and
98 nm) were synthesized using different quantities of trisodium
citrate reductant. The morphology and the surface state of the
metal nanoparticles were characterized by high-resolution trans-
mission electron microscopy, UV-vis spectroscopy, and X-ray
photoelectron. X-ray photoelectron spectra indicated that binding
energies of C 1s and N 1s from ionic liquids on the surface of metal
nanoparticles shifted negatively compared with that from pure
ionic liquids. The mechanism of stabilization is proposed to be due
to the interactions between imidazolium ions/functional groups
in ionic liquids and metal atoms. The imidazolium ring moiety
of ionic liquids might interact with the m-electronic nanotube
surface by virtue of cation-m and/or w- interactions, and the
functionalized group moiety of ionic liquids might interact with
the metal NPs surface [109].

4.2. Photochemical reduction

Photochemical methods for the synthesis of M-NPs present a
rather clean procedure because contaminations by reducing agents
are excluded.

Zhu et al. used HAuCl4-4H,0 in a mixed solution of BMIm*BF4~
and acetone (ratio 10:1) and irradiated the salt for 8 h with a UV
light at a wavelength of 254 nm. The UV light turns the acetone
into a free radical, which then reduces the cationic Au(IIl) to Au-
NPs. The obtained Au nanosheets were about 4 wum long and 60 nm
thick [94].

Firestone et al. used this route to form Au-NPs from HAuCl, in
the IL 1-decyl-3-methyl-imidazolium chloride in water. The irra-
diation was carried out with 254 nm UV light for 30-70 min. The
obtained Au-NPs were analyzed by scanning electron microscopy
(SEM). The nanorods had different shapes and morphologies. The
sizes varied between 100 and 1000 nm [95].

Harada et al. used a high-pressure mercury lamp to irradiate
AgClO4 in a mixture of an IL, water and Tween 20 (polyoxyethylene
sorbitan monolaurate). Benzoin was used as photoactivator. The
average diameters of Ag-NPs prepared in water/BMIm*BF,~ and
water/OMIm*BF,~ (1-octyl-3-methylimidazolium) microemul-
sions were 8.9 and 4.9 nm, respectively [141].

4.3. Electroreduction

Another clean route to prepare nanoparticles is electro-
reduction as only electrons are used as the reducing agent. It should
be noted, however, that the size of the metal nanoparticles from
electroreduction is often above the 100nm definition limit for
nanoparticles.

Imanishi et al. used a low-energy electron beam irradiation
to synthesize Au-NPs from a NaAuCly-2H,0 precursor in the IL
BMIm*Tf,N~. The obtained particles had a large size of 122 nm
[142].

It is also possible to deposit particles on supporting material.
Roy et al. prepared Ag-NPs from AgBF, in BMIm*BF4~ on TiO,. The
electroreduction was performed in the high vacuum chamber of
a SEM. The resulting Ag-NPs arranged themselves in a dendritic
network structure [143].

Fu et al. reduced graphene oxide (GO) and HAuCl, simultane-
ously in BMIm*PF4~ at a potential of —2.0V. The obtained Au-NPs
on the electrochemical reduced graphene had a size of 10 nm [144].

El Abedin and Endres used Ag(TfO) as a source of silver.
The precursor was electrochemically reduced in 1-ethyl-3-
methylimidazolium trifluoromethylsulfonate, EMIm*TfO~. The
prepared Ag nanowires were 3 wm long and 200 nm wide [145].

CuCl as precursor was used by Lu et al. and reduced in a cavity
microelectrode in BMIm*PFg~. The electrode potential was varied.
The smallest particles had a size of 10 nm and were obtained at an
electrode potential of —1.8V [146].

4.4. Metal carbonyl precursors for metal nanoparticles in ILs

As pointed out in Section 3 metal carbonyls contain the metal
atoms already in the zero-valent oxidation state needed for the
metal nanoparticles. No reducing agent is necessary. The side prod-
uct CO is largely given off to the gas phase and removed from
the M-NP/IL dispersion. The M-NP synthesis in IL from My(CO)y
is generally carried out without any additional stabilizers, surfac-
tants or capping molecules which is different from the use of metal
carbonyls for the M-NP syntheses described in Section 3. Metal
carbonyls can be decomposed to metal nanoparticles in ILs by con-
ventional thermal heating, UV-photolysis or microwave irradiation
(MWI) (Fig. 3a-c).

ILs are an especially attractive media for microwave reactions
and have significant absorption efficiency for microwave energy
because of their high ionic charge, high polarity and high dielectric
constant [18]. Microwave heating is extremely rapid. Microwaves
are a low-frequency energy source that is remarkably adaptable
to many types of chemical reactions [147]. Microwave radiation
can interact directly with the reaction components: the reactant
mixture absorbs the microwave energy and localized superheat-
ing occurs resulting in a fast and efficient heating time [148,149].
Using microwaves is a fast way to heat reactants compared with
conventional thermal heating. Any presumptions about abnormal
“microwave effects” [150-152] have been proven wrong in the
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microwave irradiation: 10 W, 3 min
photolysis: 200-400 nm, 1000 W, 15 min
conventional heating: 90-230 °C, 6-12 h
reaction medium: ILs

-y CO

- Q

M-nanoparticles
M = Cr, Mo, W

Fig. 3. (a) Setup for conventional thermal heating of M,(CO),/IL dispersions under argon, (b) UV reactor, (c) commercial laboratory microwave reactor.

meantime [153,154]. Moreover, microwave reactions are also an
“instant on/instant off” energy source, significantly reducing the
risk of overheating reactions [147,148].

Metal nanoparticles (M-NPs) were reproducibly obtained by
easy, rapid (3min) and energy-saving 10 Watt microwave irra-
diation (MWI) under an argon atmosphere from their metal
carbonyl precursors My(CO)y in ILs. This MWI synthesis was com-
pared to UV-photolytic (1000 W, 15 min) or conventional thermal
decomposition (180-250°C, 6-12h) of My(CO)y in ILs. The MWI-
obtained nanoparticles have a very small (<5 nm) and uniform size
and are prepared without any additional stabilizers or capping
molecules as long-term stable M-NP/IL dispersions [characteri-
zation by transmission electron microscopy (TEM), transmission
electron diffraction (TED) and dynamic light scattering (DLS)].

Stable chromium, molybdenum and tungsten nanoparticles
could be obtained reproducibly by thermal or photolytic decom-
position under argon from their mononuclear metal carbonyl
precursors M(CO)g (M= Cr, Mo, W) suspended in the ionic liquids
BMIm*BF,~, BMIm*TfO~ and BtMA*Tf;N~ (Scheme 7) [99]. Later
an even more rapid and energy-saving decomposition could be
achieved with a 10 W microwave irradiation for 3 min of 0.4ml
(0.48 g) of a BMIm*BF4~ sample with a 0.5 wt.% M/IL-dispersion
[21]. The resulting Cr-, Mo- and W-NPs were of very small and uni-
form size of 1-1.5 nm in BMIm*BF,4~ (Table 4) which increases with
the molecular volume of the ionic liquid anion to ~30-100 nm in
BtMA*Tf,N~ (Fig. 4). Characterization was done by TEM, dynamic
light scattering (DLS) and transmission electron diffraction (TED)
analysis [99].

Complete M(CO)s decomposition from the short, 3 min
microwave irradiation was verified by Raman spectroscopy with
no (metal-)carbonyl bands between 1750 and 2000cm~! being
observed any more after the microwave treatment (Fig. 5) [21].

Stable manganese and rhenium metal nanoparticles were repro-
ducibly obtained by microwave irradiation or UV photolysis

microwave irradiation: 10 W, 3 min
photolysis: 200-400 nm, 1000 W, 15 min

Cr(CO)g conventional heating: 90-230 °C, 6-12 h
or reaction medium: ILs
MO(CO)G > Q
or -6 CO
W(CO)g M-nanoparticles

M =Cr, Mo, W

Scheme 7. Formation of Cr, Mo and W nanoparticles by microwave, photolytic
or thermal decomposition of metal carbonyls M(CO)s under argon in ionic liquids
[21,99].

from their metal carbonyl precursors M,(CO);g in the ionic lig-
uid 1-butyl-3-methylimidazolium tetrafluoroborate (BMIm*BF,~)
(Scheme 8, Fig. 6, Table 4) [21].

Complete M,(CO);9 decomposition from the short, 3 min
microwave irradiation was verified by Raman spectroscopy with
no (metal-)carbonyl bands between 1750 and 2000cm~! being
observed any more after the microwave treatment (Fig. 7) [21].

Stable iron, ruthenium and osmium nanoparticles are obtained
reproducibly by microwave irradiation, photolytic or conventional
thermal decomposition under argon atmosphere from Fe,(CO)g,
Ru3(CO)q, or Os3(CO)q>, dissolved in the ionic liquid BMIm*BF4~
and with a very small and uniform size for Ru and Os nanoparticles
of about 1.5-2.5 nm without any additional stabilizers or capping
molecules (Scheme 9, Figs. 8-10, Table 4) [9,21].

Complete My(CO), (M=Fe, Ru, Os) decomposition from the
short, 3 min microwave irradiation was verified by Raman spec-
troscopy with no (metal-)carbonyl bands between 1750 and
2000 cm~! being observed any more after the microwave treat-
ment (Fig. 10) [21].

The Ru-NP/BMIm*BF4~ and other M-NP/IL dispersions were
active catalysts in the biphasic liquid-liquid hydrogenation of
cyclohexene or benzene to cyclohexane. Even a remarkable partial
hydrogenation of benzene to cyclohexene could be achieved with
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Fig. 4. Correlation between the molecular volume of the ionic liquid anion
(Vi) and the observed W nanoparticle size with standard deviations as error
bars (from TEM and dynamic light scattering). IL anions range from BF;~
(smallest) over trifluoromethylsulfonate (triflate, CF3SO3~, TfO~) to the largest
bis(trifluoromethylsulfonyl)amide [(CF3S0;),N—, TfN~] [99].
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1e other metal carbonyls which came as fine powders. Also upon grinding in a mortar, Mn,(CO);o could not be as finely powdered as the other metal carbonyls.

the microwave and photolytic decomposition of Fe,(CO)y show the presence of iron oxide, Fe;03. Because of the experimental setup rigorous air exclusion is more difficult during
orkup.

s with 10 W for 10 min.
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Fig. 5. Raman-FT spectra. Top: pure Cr(CO)s and Cr(CO)s in BMIm*BF4~; bottom:
Cr(CO)s in BMIm*BF,4~ before and after 3 min 10 W microwave irradiation (MWI).
Red boxes highlight the indicative chromium carbonyl bands [21].

Ru-NP/BMIm*PFg~ dispersions [105]. The low miscibility of sub-
strates and products with the IL phase allows for easy separation
by simple decantation of the hydrophobic phase [19]. The hydro-
genation reaction of cyclohexene was run at 90°C and 10bar Hj
to 95% conversion where the reaction was intentionally stopped as
thereafter the decrease in cyclohexene concentration lowered the
reaction rate (Fig. 11) [21].

Silva, Dupont et al. have prepared cobalt nanoparticles with a
size of around 7.7 nm by the decomposition of Co,(CO)g in 1-alkyl-
3-methylimidazolium Tf; N~ ionic liquids at 150 °C. These Co-NPs
were effective catalysts for the Fischer-Tropsch (FT) synthesis,

microwave irradiation: 10 W, 3 min
photolysis: 200-400 nm, 1000 W, 15 min

Mno(CO)4q reaction medium: BMImBF,
or > Q
REQ(CO)ﬁ] -10 CO

M-nanoparticles
M = Mn, Re

Scheme 8. Formation of Mn and Re nanoparticles by microwave, photolytic or
thermal decomposition of the metal carbonyls M,(CO)ip under argon in the IL
BMIm*BF,~ [21].
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Fig. 6. TEM photograph of Re-NPs from Re,(CO);9 by MWI (@ 2.4 (+£0.9) nm, entry
5in Table 4) [21].
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(MWI). Red boxes highlight the indicative manganese carbonyl bands [21].
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microwave irradiation: 10 W, 3 min
photolysis: 200-400 nm, 1000 W, 15 min
Fe,(CO)g conventional heating: 90-250 °C, 6-12 h

or reaction medium: ILs
Ru3(C0O)42
or -90r12CO
Os3(C0O)q; M-nanoparticles

M = Fe, Ru, Os

Scheme 9. Formation of Fe, Ru and Os nanoparticles by microwave, photolytic
or thermal decomposition of metal carbonyls My(CO), under argon in the IL
BMIm*BF4~ [9,21].

Fig. 8. TEM photograph of Ru-NPs from Rus3(CO);> by photolytic decomposition
(0.08 wt.% Ru in BMIm*BFy4) (@ 2.0 (+0.5) nm, entry 7 in Table 4) [9].

Fig.9. TEM photograph of Os-NPs from Os3(CO);2 by conventional thermal decom-
position (0.2 wt.% Os in BMIm*BF4~) (@ 2.5 (+0.4) nm, entry 8 in Table 4) [9].
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Fig. 10. Raman-FT spectra. Top: pure Os3(CO);2 and Os3(CO);2 in BMIm*BF;~; bot-
tom: Os3(CO);, in BMIm*BF4~ before and after 3 min 10 W microwave irradiation
(MWI). Red boxes highlight the indicative osmium carbonyl bands [21].

yielding olefins, oxygenates, and paraffins (C;-C3g) and could be
reused at least three times if they were not exposed to air [155].

The decomposition of Co,(CO)g dispersed in 1-n-decyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)amide
(DMIm*Tf,N—) at 150°C over 1h afforded a black solution
containing Co-NPs with a cubic shape (53 £+ 22 nm), together with
Co-NPs of irregular shape [156].

Stable cobalt, rhodium and iridium nanoparticles were obtained
reproducibly by thermal decomposition under argon from
Co,(CO)g, Rhg(CO)16 and Iry(CO)q; dissolved in the ionic liquids
BMIm*BF,~, BMIm*TfO~ and BtMA*Tf,N~ (Scheme 10, Fig. 12,
Table 4) [20]. Later an even more rapid and energy-saving decom-
position could be achieved with a 10 W microwave irradiation for
3min of 0.4ml (0.48g) of a BMIm*BF,~ sample with a 0.5wt.%
M,(CO)y/IL-dispersion to yield the M-NP/IL-dispersion [21]. The
very small and uniform nanoparticle size of about 1-3nm for
the Co-, Rh- or Ir-NPs in BMIm*BF4~ (Table 4) increases with
the molecular volume of the ionic liquid anion in BMIm*TfO~
and BtMA*Tf,N— (Fig. 13). Characterization of the nanoparti-
cles was done by TEM, transmission electron diffraction (TED),
X-ray powder diffraction (XRPD) and dynamic light scattering
(DLS). The rhodium or iridium nanoparticle/IL systems func-
tion as highly effective and recyclable catalysts in the biphasic
liquid-liquid hydrogenation of cyclohexene to cyclohexane with
activities of up to 1900 mol cyclohexane x (mollr)~! x h=! and
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Fig. 11. Activity for seven runs of the hydrogenation of cyclohexene with the same
Ru-NP/BMIm*BF,~ catalyst at 90°C, 10 bar H, pressure, run to 95% conversion and
H, uptake over time for the 1st, 3rd, 5th and 7th hydrogenation run. An H, uptake
of 0.38 g corresponds to 95% conversion (100% are 0.2 mol or 0.4g H,) [21].

microwave irradiation: 10 W, 3 min
photolysis: 200-400 nm, 1000 W, 15 min
Co,(CO)g conventional heating: 180-230 °C, 3.5-12 h

or reaction medium: ILs
Rhg(CO)1g el O
or -8,16 or12CO
Iry(CO)y2 M-nanoparticles

M = Co, Rh, Ir

Scheme 10. Formation of Co, Rh and Ir nanoparticles by microwave, photolytic or
thermal decomposition of metal carbonyls M,(CO), under argon in ionic liquids
[20,21].

380 mol cyclohexane x (molRh)~! x h~! for quantitative conver-
sion at 4 bar H;, pressure and 75 °C (Fig. 14).

Stable ruthenium or rhodium metal nanoparticles could be sup-
ported on chemically derived graphene (CDG) surfaces with small
and uniform particle sizes (Ru 2.2 +£0.4nm and Rh 2.8 +0.5nm)
by decomposition of their metal carbonyl precursors Rus(CO)i2
and Rhg(CO)qg, respectively, by rapid microwave irradiation in

a suspension of CDG in BMIm*BF;~ (Scheme 11, Fig. 15). The
obtained hybrid nanomaterials Rh-NP/CDG and Ru-NP/CDG were
- without further treatment - catalytically active in hydrogena-
tion reactions yielding complete conversion of cyclohexene or
benzene to cyclohexane under organic-solvent-free and mild
conditions (50-75°C, 4bar H,) with reproducible turnover fre-
quencies of 1570 mol cyclohexane x (molRu)~! x h~1 and 310 mol
benzene x (molRh)~! x h~1. The catalytically active M-NP/CDG-
nanocomposite material could be recycled and used for several runs
without any loss of activity. (Scheme 11, Fig. 16) [157].

5. DLVO theory

This section gives a brief overview on the theory for the treat-
ment of particle dispersions.

The classic theory for interaction of two particles in a dispersion
is the DLVO (Derjaugin-Landau-Verwey-Overbeek) theory, devel-
oped by the research groups of Derjaugin and Landau in the USSR
and the group of Vervey and Overbeek in the Netherlands nearly
simultaneously in the 1940s. This basic and most commonly theory
is considered as a combination of the repulsive Coulomb and the
attraction van der Waals forces. Hence DLVO potential is the sum
of an effective electrostatic term and a direct van der Waals term.

Some simplifications and assumptions are involved in this the-
ory: the surfaces of the particles are flat. The charge density
is homogeneous and remains homogenous, even when particles
approach each other. Also there is no change of the concentration
of the counter ions which cause the electric potential. The solvent
itself has only an influence through its dielectric constant.

It is quite clear that the surface of a particle is not flat and the
charge density changes when two particles approach each other. It
is evident that the theory can only approximate the real-life inter-
actions of two particles. DLVO theory works very well and is the
best predictor of the stability of lyophobic colloids. This theory is
fundamental for chemists working on and with colloids [158].

It should be pointed out that there are two main types of stabi-
lizers for NPs: Electrostatic or “DLVO-type” stabilizers which are
considered as point charge stabilizers and “classical” steric sta-
bilizers. Small anions like halides seem to be the closest real-life
electrostatic stabilizers.

Concerning nanoparticles and their interactions, the anion is
the main focus because anions will bind to the unsaturated sur-
face of the electrophilic NP [159]. Thus, the NPs with their anion
layer assume a negative charge and turn into a large multi-negative
anion. The repulsion between two such negatively charged NPs is
the Coulomb part of the DLVO theory.

9

or

®

MWI, 20 W, 6 min

CDG/IL
-COo

Ru3(C0)2
Rhg(CO)4¢

Ao P=E=5=""chemically derived
graphene (CDG)

Scheme 11. The use of microwave irradiation for the easy synthesis of transition
metal nanoparticles supported on chemically derived graphene (CDG) in ILs. The
hybrid nanomaterials Ru-NP/CDG and Rh-NP/CDG were active hydrogenation cata-
lysts [157].
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J"e, & <y

Fig.12. TEM photographs. Left: Rh-NPs from Rhg(CO);6 (0.5 wt.% Rhin BMIm*BF,~, @ 3.5 (+0.8) nm, entry 10 in Table 4); right: Ir-NPs from Ir4(CO);, (0.5 wt. % Irin BMIm*BF, ~,
18 h, @ 1.3 (+0.2) nm,, entry 11b in Table 4), both by conventional thermal decomposition [20].

The stability of colloids is a balance between Coulomb forces
and van der Waals attraction. A measure of the stability of a colloid
is the thickness of the Debye layer, which is the sum of the layers of
counterions surrounding the particle. The thicker the Debye layer
the more stable is the particle because the distance to the next
particle is greater and the van der Waals attraction is reduced. Finke
et al. studied the stability of colloids in different solvents and found
that the higher the dielectric constant of the medium the better is
the stabilization of the colloid [160].

The DLVO theory has its limits. It can only be applied to dilute
systems (<5 x 10~2mol/l). It does not work for higher concen-
trations. It cannot be applied to ions with multiple charge and
sterically stabilized systems [161]. Nowadays the DLVO theory
has been supplemented with “extra-DLVO” forces which include
effects such as hydrogen bonding, the hydrophobicity and steric
interactions.
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Fig. 13. Correlation between the molecular volume of the ionic liquid anion
(ViL-anion) and the observed Rh nanoparticle size with standard deviations as error
bars (from TEM). IL anions range from BF,~ (smallest) over trifluoromethylsul-
fonate (triflate, CF3SO3~, TfO~) to the largest bis(trifluoromethylsulfonyl)amide
[(CF3502)2N7. Tf2N7] [20]

The van der Waals term is calculated as an integral of inter-
atomic dispersion interactions over the volume of both particles
(Eq. (2)) [162].

exp(kay) exp(kay) exp(—«r)
(1 +kaq)(1 +«ay) r

PMFZ,0(r)

Wl A%

(2)

where PMF is the potential of mean force, Lg the Bjerrum length
(Lg =(e?/4msreq)k,T), k1 the Debye length, k2 = 47TLBZ,'2=1 piZ2, pi
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Fig. 14. Activity over seven catalytic runs for the hydrogenation of cyclo-
hexene with the same Rh-NP/BMIm*BF,~ catalyst at 75°C, 4bar H, pressure
and 2.5h reaction time. An activity of 350 mol product x (molRh)~! x h=' cor-
responds to 88% and an activity of 400 to quantitative (100%) conversion.
With the homologous Ir-NP/BMIm*BF,~ catalyst even higher activities up to
1900 mol cyclohexane x (molIr)~! x h~! could be obtained under the same condi-
tions, also due a shorter reaction time of 1 h for near quantitative conversion [20].
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Fig. 15. TEM and TED pictures. Top row: Ru-NP supported on chemically derived graphene (CDG), bottom row: Rh-NP on CDG, from microwave irradiation of Ru3(CO);, and

Rhg(CO)y6, respectively, in CDG/BMIm*BF,~ [158].
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Fig. 16. Activities for the hydrogenation of cyclohexene to cyclohexane with the
same M-NP/CDG catalyst in 10 consecutive runs [157].

the concentration of microion i, Z; the charge of the colloids 1 and
2, a; the radius of the colloids, and r is the distance between the
colloids.

This term is neglected within the basic model, but it is important
for large colloidal particles. To compute the effective electrostatic
component, microions are described by point charges and two
approximations are made, the Poisson-Boltzmann (PB) approx-
imation (that is, a mean-field treatment of micro ions), and an
expansion of the charge density to linear order in the electrostatic
potential.

Despite its success, the DLVO theory fails to predict some experi-
mental behaviors. The attraction between equally charged particles
in the presence of multivalent counterions is the most surpris-
ing one [163]. Numerical simulations within the basic model have
remarkably contributed to understand such failure. It has been
proven that Poisson-Boltzmann theory cannot predict an attrac-
tion, while the PMF computed by simulations can be attractive.
Therefore, the attraction can be explained by the correlations
between microions, missed within the mean field PB treatment,
but present in the simulations. The review by Dijkstra devoted to
the simulations of charged colloids summarizes work on this issue
[163].
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6. Conclusions

In this review is shown that ionic liquids (ILs) are remark-
able and excellent media for the synthesis and stabilization of
metal nanoparticles (M-NPs) without the need of additional sta-
bilizers, surfactants or capping ligands. ILs can be regarded as
a supramolecular three-dimensional electrostatic and hydrogen-
bonded network. The stabilization of metal nanoparticles in ILs can,
thus, be attributed to “extra-DLVO” forces which include effects
from the network properties of ILs such as hydrogen bonding, the
hydrophobicity and steric interactions to prevent M-NPs agglomer-
ation. Various chemical synthesis methods of metal nanoparticles
in ILs allow for the design of a variety of M-NP shapes and
sizes. The synthesis of M-NPs can proceed by chemical reduc-
tion, thermolysis, photochemical decomposition, electroreduction,
microwave and sonochemical irradiation. A microwave induced
thermal decomposition of metal carbonyls My(CO)y in ILs provides
an especially rapid and energy-saving access to M-NPs because of
the ILs significant absorption efficiency for microwave energy due
to their high ionic charge, high polarity and high dielectric con-
stant. Metal carbonyls Mx(CO), present attractive synthons as they
are readily commercially available and contain the metal atoms
already in the zero-valent oxidation state needed for M-NPs. No
extra reducing agent is necessary and the only side product CO is
given off to the gas phase and removed from the dispersion, thereby
largely avoiding contaminations of the M-NP/IL dispersion.
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Stable ruthenium or rhodium metal nanoparticles were supported on chemically derived
graphene (CDG) surfaces with small and uniform particle sizes (Ru 2.2 + 0.4 nm and Rh
2.8 £ 0.5 nm) by decomposition of their metal carbonyl precursors by rapid microwave irra-
diation in a suspension of CDG in the ionic liquid 1-butyl-3-methylimidazolium tetrafluo-

roborate. The graphene-supported hybrid nanoparticles were shown to be active and could

be re-used at least 10 times as catalysts for the hydrogenation of cyclohexene and benzene

under organic-solvent-free conditions with constant activities up to 1570 mol cyclohex-
ane x (mol metal) *xh™' at 4 bar and 75 °C.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Metal nanoparticles (M-NPs) are of high interest in catalysis
[1]. M-NPs can be synthesized in ionic liquids (ILs) [2] by ther-
mal decomposition of their metal carbonyls [3-5] in a rapid
(min) and low-energy (10-20 W) procedure using microwave
irradiation (MWI) [1,6]. ILs are an ideal media for microwave
reactions with a significant absorption efficiency for micro-
wave energy and also for the stabilization of M-NPs, both be-
cause of their high ionic charge, high polarity and high
dielectric constant [1,7-9]. An efficient M-NP stabilization is
also possible on solid surfaces [10,11] including graphenes
[12-17].

During the last few years, chemically derived graphene
(CDG) [16-20], also called thermally reduced graphite oxide
[21-23] or simply graphene, has been rediscovered as an ex-
tremely versatile carbon material [14,17,24]. Because of the

* Corresponding author:
E-mail address: janiak@uni-freiburg.de (C. Janiak).

functional groups present in CDG (Fig. S1b in Supporting
information), the sorption of ions and molecules is possible
[14]. This and the high specific surface area of CDG of
400 m? g~ up to 1500 m? g™}, make them promising materials
for catalytic applications [14]. Metal-nanoparticles on carbon
materials are of recent interest [25-31]. Pt-, Ru- or Pd-NPs on
exfoliated graphene sheets were produced from heating
graphite oxide (GO) with the metal complexes [Pt(NH3)4]Cly-
H,0, [Ru(NH;)|Cl, or [Pd(NH3)4]Cl,'H,O under an N, atmo-
sphere [32]. Graphene supported M-NPs are composite
materials [33] that may find applications as chemical sensors
[34], electrodes for fuel cells [35-37], catalysis [38—41] or hydro-
gen storage [42].

Here we show that Ru- and Rh-NPs can easily be deposited
on CDG-surfaces by decomposition of their metal carbonyls
Ru3(CO);2 and Rhg(CO)q6, respectively, through low-energy
and rapid microwave irradiation (20 W, 6 min) in suspensions

0008-6223/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
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of CDG in BMImBF,. The resulting M-NP/CDG composites are
active hydrogenation catalysts.

2. Experimental

2.1. Materials and instrumentation

Ru;3(CO)4, and Rhg(CO)y6 Were obtained from ABCR, benzene
(p-A.) from Merck, cyclohexene (p.A., purity >99.5%) from Ac-
ros Organics and Sigma-Aldrich and used without further puri-
fication. CDG was prepared in a two step oxidation/thermal
reduction process using natural graphite (type KFL 99.5 from
Kropfmiihl AG, Passau, Germany) as raw material. The graph-
ite oxidation process of Hummers and Offeman [43] was em-
ployed (see Supporting information). The ionic liquid (IL) 1-
butyl-3-methylimidazolium tetrafluoroborate, BMImBF, was
received from IoLiTec (Denzlingen, Germany, www.iolitec.de)
(H,O content «100 ppm; Cl~ content «50 ppm). The IL was
dried under high vacuum (103 mbar) for several days.

All synthesis experiments were done using Schlenk tech-
niques or a glove box under argon since the metal carbonyls
are hygroscopic and air sensitive. The microwave reactions
were carried out in the laboratory microwave system Discover
by CEM.

Transmission electron microscopy (TEM) photographs
were taken at room temperature from a 200 pm carbon-
coated copper grid on a Zeiss LEO 912 transmission electron
microscope operating at an accelerating voltage of 120 kV.
The particle size was determined by measuring manually at
least 100 particles from different images using iTEM software
tools for manual measurements by OlympusSIS. Completely
automatic measurements, which can be easily performed
for well separated particles, fail in the case of heavily clus-
tered particles. For a better comparison of the samples also
particles which would have allowed automatic detection were
measured manually.

Metal analyses were performed by flame atomic absorp-
tion spectroscopy (AAS) on a Vario 6 from Analytik Jena.

Gas chromatographic analyses were done on a Perkin-El-
mer 8500 with an HS-6B inlet (HS headspace), equipped with
a DB 5 column (60 m x 0.32 mm, film thickness 25 pm, oven
temperature 60°C) for cyclohexene or a PEG column
(25m x0.32 mm, film thickness 1.0 um, oven temperature
40 °C) for benzene (both at an N, carrier flow of 120 L/min)
and flame ionization detector (FID, 250 °C detector tempera-
ture). Probe injection occurred through the headspace sam-
pler thermostated for 20min to 50°C. The benzene or
cyclohexene to cyclohexane conversion was analyzed by
putting a drop of the mixture into a GC sample vial with
1 ml of distilled water. The addition of water as a non-electro-
lyte can enlarge the activity coefficient of organic compo-
nents, thereby increase their detection sensitivity through
the increase in peak area. The FID does not detect the water
[44] itself. The vial was closed with aluminum crimp caps
(with butyl rubber septum), placed into the headspace sam-
pler of the GC-headspace. After the thermostatization time
a sample was automatically drawn from the gas phase in
the vial. The product was analyzed by the GC retention time
versus authentic samples of benzene or cyclohexene and
cyclohexane. Hydrogenation conversion (%) was calculated

from the obtained cyclohexane-to-benzene or -cyclohexene
peak area, respectively, and compared to a calibration curve
from different ratios of given benzene or cyclohexene/cyclo-
hexane mixtures which had been measured under identical
headspace conditions.

2.2.  Synthesis of chemically derived graphene
(“graphene”)-supported transition metal-nanoparticles (M-
NP/CDG)

In a typical experiment chemically derived graphene (CDG,
48mg, 0.2wt.% related to 2.4mg IL) was dissolved/sus-
pended in the dried and degassed (desoxygenated) ionic li-
quid BMImBF,; (2.0ml, 24g p=12g/mlL) at
temperature with magnetic stirring for 20 h in a microwave-
reaction vial. The solid metal carbonyl powders M,(CO),
[50.6 mg Ru3(CO)1p, 0.230mmol Ru or 62.5mg Rhg(CO)s,
0.235 mmol Rh, see Table Sla, Supporting information] were
added to the CDG slurry in BMImBF, (1 wt.% metal, related
to 2.4 g BMImBF,) and suspended with magnetic stirring for
18 h under argon atmosphere. Then, the stirring bars were re-
moved and the mixture was subjected to microwave irradia-
tion (6 min, 20 W) under argon atmosphere.

For workup the slurry was degassed from CO in vacuo. Dis-
tilled water (6 ml) was added to remove the ionic liquid from
the M-NP/CDG system. The black slurry was centrifuged
(2 x 15 min, 2000 rpm, Hettich Rotina 46) and the supernatant
liquid H,O/IL phase decanted and discarded. The addition of
H,0, centrifugation and decantation was repeated three
times. At last, the residue was again dispersed in water, fil-
tered and dried under vacuum. The dry black-greyish residue
formed flakes which could easily be removed from the filter to
yield 25.0 mg (83%) Ru-NP/CDG and 15.7 mg (54%) Rh-NP/CDG.

The primary characterization of the M-NP/CDG composite
was carried out by transmission electron microscopy (TEM).

The Ru or Rh metal content of the M-NP/CDG samples was
determined with AAS by digestion of the sample (15 mg) in
hot aqua regia [30 ml, HCI (37%)/HNO; (65%) 3:1]. After the
aqua regia was boiled down, the residue was re-dissolved in
HCI (30 ml, 37%) and boiled down again. The residue was re-
solved in conc. HCl (37%) and the solution was filtered to re-
move particles. Aqua regia was added to a total volume of
25 ml followed by AAS analysis. Ru and Rh contents of the
M-NP/CDG samples were 17.4 and 17.0 wt.%, respectively.

room

2.3.  Hydrogenation of cyclohexene

The hydrogenation reactions of cyclohexene with graphene-
supported Ru and Rh-nanoparticles were carried out in stain-
less steel autoclaves. The autoclave was conditioned by evac-
uation and re-filling with argon. All autoclave loading was
carried out under argon. Each autoclave was equipped with
a glass inlay, to eliminate any catalytic influence of the stain-
less steel surface on the reaction process, into which the cat-
alyst (Ru-NP/CDG 1l1mg containing 17.4wt% Ru or
1.89 x 107> mol Ru; Rh-NP/CDG, 11 mg, containing 17.0 wt.%
Rh or 1.82x107°>mol Rh) and the cyclohexene substrate
(1.0 ml, density 0.811g/ml, M =82.14 g/mol, 0.01 mol) were
loaded. The autoclave was heated to 75°C and pressurized
to 4 bar of H, which was kept constant over the reaction time.
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The reaction mixture was stirred for an optimized set time of
1.5 h or 20 min. After this time the reactor was depressurized,
and the volatile organic components condensed under vac-
uum (15 min) into a clean cold trap (liquid nitrogen cooled).
Decanting of the organic layer from solid M-NP/CDG was
not feasible because the later formed a fine dispersion which
did not settle even after a prolonged time. The M-NP/CDG cat-
alyst is left behind in the autoclave and was re-used by adding
fresh cyclohexene. Organic substrate workup and catalyst
recycling was done 10 times for Ru or Rh. The cyclohexene
to cyclohexane conversions were investigated by GC [Per-
kin-Elmer, DB 5 column (60 m x 0.32 mm)].

2.4. Hydrogenation of benzene

The hydrogenation reactions of benzene with graphene-sup-
ported Ru and Rh-nanoparticles were carried out in stainless
steel autoclaves. The autoclave was conditioned by evacua-
tion and re-filling with argon. All autoclave loading was car-
ried out under argon. Each autoclave was equipped with a
glass inlay, to eliminate any catalytic influence of the stain-
less steel surface on the reaction process, into which the cat-
alyst (Rh-NP/CDG, 5mg, containing 17.0wt% Rh or
8.26x10°mol Rh) and the benzene substrate (0.92 ml,
0.81 g, 10.36 mmol) were loaded. The autoclave was heated
to the desired temperature (25, 50 or 75 °C) and pressurized
to 4 bar of H, which was kept constant over the reaction time.
The reaction mixture was stirred for a set time of 4 h. After
this time the reactor was depressurized, and the volatile or-
ganic components condensed under vacuum (15 min) into a
clean cold trap (liquid nitrogen cooled). Decanting of the or-
ganic layer from solid M-NP/CDG was not feasible because
the later formed a fine dispersion which did not settle even
after a prolonged time. The M-NP/CDG catalyst is left behind
in the autoclave and was re-used by adding fresh benzene.
The benzene to cyclohexane conversions were investigated
by GC [Perkin-Elmer, PEG column (25 m x 0.32 mm)].

3. Results and discussion

The fluffy CDG powder (Fig. 1, synthesis according to Fig. 2)
can be suspended in the IL 1-butyl-3-methylimidazolium tet-
rafluoroborate (BMImBF,) to form a stable dispersion of single

graphite
NaNO3;, KMnO,
H,S04

chemically
derived
graphene (CDG)

graphite
oxide (GO)

M,(CO),/ IL (BMIMBF 4)
microwave irradiation
6 min, 20 W (Ar)

‘ M-NP/CDG
M =Ru, Rh

Fig. 2 - Synthesis from natural graphite over GO (Hummers
and Offeman [42]) to CDG (thermal reduction process [22])
and M-NP/CDG. GO bearing epoxy, hydroxyl, carbonyl and
carboxyl groups was heated up to 560 °C and CO, CO, and
H,0 were eliminated under enormous expansion of the CDG
volume. The graphene sheets with mainly hydroxyl,
carbonyl groups [21,22,47] are exfoliated by the gas release
and the specific surface area becomes 510 m?/g in the CDG
used here (Fig. 1); for further details see Supporting
information.

graphene sheets. Stable dispersions of graphene sheets were
shown to be obtainable in ILs without the need of additional
surfactants/stabilizers [45,46]. The subsequent TEM pictures
with M-NPs show single graphene sheets (cf. Fig. 3) which

Fig. 1 - Scanning electron microscope (SEM) images of CDG from thermally reduced GO, showing the exfoliated sheets at the

larger magnification at the right.
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Ru/CDG

C (Graphit) P63/mmc
a=0.246 nm, c = 0,6711 nm
Ru Fm-3m

a =0.2708 nm

ICSD # 76767 / ICSD # 41515

C (002)
C (101)
Ru (111)
Ru (200)
Ru (220)

Rh/CDG

C Graphit P63/mmc
a=0.246, c = 0.671

Rh Fm-3m

a=0.383nm

ICSD # 76767 / ICSD # 41516

¢ (002)
C (101)
Rh (200)

Rh (220)

Fig. 3 - TEM and TED of Ru- (top row) and Rh-NP (bottom row) supported on CDG from MWI of Ru3(CO),» and Rhg(CO)4¢ in CDG/
BMImMBF,. The black bar in the TED is the beam stopper. The d-values match with the d-spacing of Rh metal and graphite.
Additional TEM pictures of Ru-NP/CDG and Rh-NP/CDG in Figs. S2 and S3, Supporting information.

suggest that the CDG is dispersed into individual flakes in
the IL.

The solid metal carbonyl powders M,(CO), (M = Ru, Rh) were
added to the CDG slurry in BMImBF, and suspended under ar-
gon atmosphere. The mixture was subjected to microwave
irradiation (6 min, 20 W) under argon atmosphere. The M-NP/
CDG materials (M = Ru, Rh) can be separated from the IL and
unsupported M-NPF/IL by centrifugation of the slurry, washing
with water and drying in air. Black-grayish flake-like solids of
M-NP/CDG were obtained in good yield. Defined and small
Ru- and Rh-NPs with narrow size distributions (2.2 + 0.4 nm
[standard deviation o] for Ru, 2.8 +0.5nm for Rh, see also
Table S1b in Supporting information) can be seen on the almost
transparent CDG surfaces in the TEM image of the Ru- and
Rh-NP/CDG hybrid structures (Fig. 3).

In a proof-of-principle, the M-NP/CDG materials (M =Rh,
Ru) are shown to be catalysts in hydrogenation reactions of
cyclohexene and benzene to cyclohexane (Fig. 4). The ben-
zene hydrogenation to cyclohexane is a multi-million ton
(IFP - Institute Francais du Petrol) process with the subse-
quent oxidation to adipic acid and caprolactam as building
blocks for Nylon 6.6 and Nylon 6 [48-53].

The M-NP/CDG catalyst (M = Ru, Rh) was suspended in the
substrate cyclohexene or benzene without any additional sol-
vent. The hydrogenation reaction times with Ru- and Rh-NP/
CDG were optimized for near quantitative conversion. For

H,, 4 bar, <75 °C

Fig. 4 - Hydrogenation of cyclohexene or benzene to
cyloclohexane with Ru- or Rh-NP/CDG under organic-
solvent-free conditions.

work-up after each catalytic run the organic phase was re-
moved under reduced pressure and condensed in a cold trap
for GC analysis. It was possible to re-use the remaining catalyst
for 10 repeated runs each with quantitative conversion and a
constant activity of 1570 mol product x (mol metal) *xh*
for Ru-NP/CDG and 360 mol product x (mol metal)"* xh~? for
Rh-NP/CDG (Fig. 5, Table S2b in Supporting information). The
pressure-normalized cyclohexene hydrogenation activities of
Ru-NP/CDG at 4 bar (390 mol product x (mol metal)~*xh~*x
bar 1) at quantitative conversions are higher by about one
order of magnitude than the activities of similar Ru-NP/IL
systems at 10bar H, pressure (30-53 mol productx (mol
metal)~? x h~? x bar?) [6]. With rhodium the normalized activ-
ities of 90 mol product x (mol metal) * x h~* x bar ! were com-
parable to those of a Rh-attapulgite (Atta-IL-Rh) catalyst which
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Fig. 5 - Activities for the hydrogenation of cyclohexene with
the same M-NP/CDG catalyst in 10 consecutive runs (entry
1-10 for Rh and entry 11-20 for Ru in Table S2b, Supporting
information). A lower reaction time of 15 min for M = Ru
gave only 94.5% conversion (Table S2a).

was prepared by an ionic liquid-assisted immobilization of Rh
from complexes, such as Rh(PPh)**, Rh(COD)(PPhs)**, and
[Rh(COD)(PPhs),]BF, (COD 1,5-cyclooctadiene) on the natural
mineral attapulgite. The pressure-normalized activities of
Atta-IL-Rh at 30bar reached ~90mol productx (mol
metal) > xh ' xbar ! for >99% conversion in 5.5h [54]. Rh-
NPs immobilized on silica-coated magnetite nanoparticles
gave high cyclohexene hydrogenation activities between
2500 and 6600 mol product x (mol metal) > xh *xbar™? (at
6 bar, 75 °C, >99% conversion) for up to 20 consecutive runs
[55]. TEM/TED pictures of Rh-NP/CDG after five or ten consec-
utive catalytic runs do not show marked changes in Rh-NP size
but somewhat higher crystallinity is apparent from TED (Fig. 6
and S7). The metal-NP size distributions of 2.4+0.4 and
3.0 + 1.0 nm after five runs for Ru and Rh, respectively and of
2.7 +0.7 and 2.8 + 0.8 nm after 10 runs for Ru and Rh, respec-
tively, (referring to Table S2b in Supporting information) were
very similar to those of the starting samples (2.2+0.4nm
for Ru, 2.8 + 0.5 nm for Rh). While there seems to be a slight

able 1 - Hydrogenation of benzene with Rh-NP/CDG
catalyst.

Entry Temp. Conversion Activity
(°C) (%) (mol product x
(mol Rh)*xh™?
1 25 72.8 228
2 50 98.8 310
3 75 94.8 297

@ The reactions were carried out in steel autoclaves, equipped with
glass inlays to eliminate any catalytic influence of the metal surface
on the reaction. General conditions 4 bar H,, time 4 h, benzene 0.81 g
(0.92 ml, 10.36 mmol), Rh-NP/CDG 5 mg, 17.0 wt.%, 8.26 x 10~° mol
Rh, benzene/Rh ratio = 1255.

increase in the Ru-NP size with prolonged catalytic use, the
average size of the Rh-NPs stays invariant within experimental
error.

Benzene could be hydrogenated under similar mild condi-
tions to cyclohexane with essentially complete conversion at
a temperature of 50 °C, 4 h and 4 bar (Table 1) and a pressure-
normalized activities of Rh-NP/CDG of ~78mol prod-
uct x (mol Rh) ' xh ' xbar*. This is a much higher activity
(TOF) than for other M-NP/IL systems [56-58] albeit lower than
for Rh-NPs immobilized on silica-coated magnetite nanopar-
ticles. The latter gave high benzene hydrogenation activities
between 100 and 180 mol product x (mol Rh)™*xh™'xbar*
(at 6bar, 75°C, >99% conversion) for up to 20 consecutive
runs.

4, Conclusions

We describe here a simple, rapid and low-energy strategy to
deposit small 2-3 nm metal nanoparticles of Ru and Rh with
uniform sizes on CDG surfaces, by decomposition of their me-
tal carbonyls under MWI in the IL BMImBF,. Microwave irradi-
ation provides a very simple and reproducible way for the
rapid (6 min) and energy-saving (20 W power) synthesis of de-
fined and very small M-NPs from their binary metal carbonyl
complexes in ILs. This method should be extendable to other
metals with the microwave-induced binary metal carbonyl

Rh/CDG nach Katalyse

C (Graphit) P6/3mmc

a =0.246 nm, c = 0,671 nm
Rh Fm-3m

a=0.2709

_ € (002)
€ (001)

Rh (220)

Fig. 6 - TEM and TED of Rh-NP/CDG after 10 consecutive catalytic hydrogenation runs of cyclohexene (after entry 10 of

Table S2b, Supporting information).
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M,(CO), decomposition and subsequent M-NP deposition on
CDG. The obtained hybrid nanomaterials (Rh-NP/CDG and
Ru-NP/CDG) were shown — without further treatment - to be
catalytically active in hydrogenation reactions yielding com-
plete conversion of cyclohexene or benzene to cyclohexane
under organic-solvent-free and mild conditions (50-75 °C,
4 bar H,) with reproducible activities of 1570 mol cyclohex-
ane x (mol Ru)"*xh™! and 310 mol benzene x (mol Rh) *x
h~. The catalytically active M-NP/CDG-nanocomposite mate-
rial could be recycled and used for several runs without any
loss of activity.
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