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Abstract During the last years ionic liquids (ILs) were increasingly used and

investigated as reaction media, hydrogen sources, catalysts, templating agents and

stabilizers for the synthesis of (monometallic and bimetallic) metal nanoparticles

(M-NPs). Especially ILs with 1,3-dialkyl-imidazolium cations featured prominently

in the formation and stabilization of M-NPs. This chapter summarizes studies which

focused on the interdependencies of the IL with the metal nanoparticle and tried to

elucidate, for example, influences of the IL-cation, -anion and alkyl chain length.

Qualitatively, the size of M-NPs was found to increase with the size of the IL-anion.

The influence of the size of imidazolium-cation is less clear. The M-NP size was

both found to increase and to decrease with increasing chain lengths of the 1,3-

dialkyl-imidazolium cation. It is evident from such reports on cation and anion

effects of ILs that the interaction between an IL and a (growing) metal nanoparticle

is far from understood. Factors like IL-viscosity, hydrogen-bonding capability and

the relative ratio of polar and non-polar domains of ILs may also influence the

stability of nanoparticles in ionic liquids and an improved understanding of the IL-

nanoparticle interaction would be needed for a more rational design of nanomate-

rials in ILs. Furthermore, thiol-, ether-, carboxylic acid-, amino- and hydroxyl-

functionalized ILs add to the complexity by acting also as coordinating capping

ligands. In addition imidazolium cations are precursors to N-heterocyclic carbenes,

NHCs which form from imidazolium-based ionic liquids by in situ deprotonation at

the acidic C2-H ring position as intermediate species during the nanoparticle
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seeding and growth process or as surface coordinating ligand for the stabilization of

the metal nanoparticle.

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

1 Introduction

Already in the nineteenth century the first research efforts were seen on the

synthesis of nanoparticles and the study of their properties [1–6]. Michael Faraday

found in 1857 that nano-alloys can be synthesized by chemical reduction of noble-

metal compounds and placed solutions of metal salt precursors with Au, Pt and Ag

in a reducing atmosphere of ‘‘sulphured hydrogen’’ [7]. Over the last decades the

evolvement of imaging methods like electron and scanning microscopies together

with the application oriented interest in their properties has led to an exponential

growth of metal nanoparticle (M-NP) research [8–10]. M-NPs have become

significant for applications in medicine [11, 12], optics [13, 14], electronics [15],

luminescence [16] and catalysis [17–19].

The synthesis of metal nanoparticles can be commonly carried out by chemical

reduction [20–22], electrochemical reduction [23] and thermal decomposition [24]

also induced by microwave heating [25–27]. Through the synthetic methodology, it

is possible to vary the morphology, size and size distribution of M-NPs. Strong

reducing agents such as sodium hydride seldom control the size and shape of M-NPs

but mild reducing agents such as sodium citrate and ascorbic acid [28] which

simultaneously act as coordinating capping ligands can control the size and shape of

metal NPs. The size of metal nanoparticles could also be controlled by varying the

concentration of metal salt precursors, reducing agents, pH, and temperature [28].

Depending on the application, e.g., in catalysis a small nanoparticle size of for

example less than 5 nm may be desirable. At the same time, agglomeration of such

small nanoparticles in the process of Ostwald-ripening needs to be avoided (Fig. 1).

To avoid agglomeration the nanoparticles have to be stabilized sterically or

electrostatically (see also Sect. 4). For this, M-NPs are typically surrounded by

coordinating (capping) ligands, by surfactants (electrostatic stabilization) or organic

polymers (steric stabilization) (Fig. 2) [30]. Examples for common capping ligands

are thiols, organic acids, alcohols or amines. Protic ligands like thiols and organic

acids become deprotonated upon surface coordination and bind to the surface metal

atoms as thiolates and carboxylates. In turn, the metal surface layer can be assumed

to become cationic [31, 32]. The mean size of dodecanethiolate-stabilized Au

nanoclusters can be finely adjusted by the Au:dodecanethiolate ratio and the

temperature and rate at which the reduction is conducted to vary between diameters

of 1.5 and 5.2 nm (*110–4800 Au atoms/core) [31]. Phosphine-stabilized gold

nanoparticles can be easily prepared from HAuCl4 trihydrate and sodium

borohydride in the presence of triphenylphosphine in a water/toluene mixture

where tetraoctylammonium bromide transferred the reactants into the organic phase.

The biphasic synthesis can be carried out quickly under ambient conditions, permits
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Fig. 2 Examples of typical classic stabilizers for metal nanoparticles

Fig. 1 Schematic presentation of (metal) nanoparticle growth and stabilization [29]
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the use of a variety of phosphines as passivating ligands, and provides control over

particle core size to produce 1.5-nm nanoparticles [33]. Phosphine-stabilized

nanoparticles are precursors to other functionalized nanoparticle building blocks

where nearly any functional group can be introduced into the ligand shell, and the

metal core size can be tuned from 1.4 to 10 nm in diameter through ligand exchange

reactions [34]. Further, non-agglomerated Ru- and Pt-NPs with a diameter of

2 ± 1 nm were prepared in ethylene glycol with acetate as coordination and

stabilizing ligand [35], small Ru-NPs with a diameter of 2–3 nm were stabilized

with alkylamines and alkylthiols [36].

Examples for surfactants used in the stabilization of metal nanoparticles are

sodium dodecylsulfate (SDS) for Pd-NPs [37], gemini surfactants (cf. Figure 2) for

Au-NPs, Ag-NPs, Au/Ag-alloy-NPs, Pd-NPs and Pt-NPs [38–42] or cetyltrimethy-

lammonium bromide (CTAB) [42].

Examples for stabilizing polymers (cf. Figure 2) are poly(ethylene glycol),

poly(acrylonitrile) and poly(vinylpyrrolidone). Poly(ethylene glycol) (PEG) can be

used to control the formation and stability of Ag-NPs [43]. With poly(acrylonitrile)

(PAN) it is possible to stabilize Pd-NPs with a nanoparticle diameter of 10–60 nm

[44] and poly(vinylpyrrolidone) (PVP) can be used as stabilizer for Ag-NP in hybrid

latex mini-emulsion at higher temperatures above 150 �C [45]. Gold and silver

nanoparticles can be prepared from HAuCl4 and AgNO3, respectively, by using

polysaccharides as reducing/stabilizing agents to obtain positively charged chitosan-

stabilized gold nanoparticles and negatively charged heparin-stabilized silver

nanoparticles inside the nanoscopic polysaccharide templates. The morphology and

size distribution of prepared gold and silver nanoparticles varied with the

concentration of both the polysaccharides and the precursor metal salts [46].

At the same time, the stabilization of M-NPs by the aforementioned coordinating

capping ligands, surfactants or polymers results in a change of the surface properties

and the surface accessibility of the nanoparticles particularly with regard to

applications in catalysis [47].

2 Ionic Liquids

An alternative way for stabilizing metal nanoparticles can be the use of ionic liquids

(ILs). By definition ionic liquids are molten organic or inorganic salts with a melting

point below 100 �C [48–51], for practical purposes ILs are preferably already liquid

at room temperature (RTILs). The low melting point of the ionic liquids is due to

their low lattice energy, which in turn is a consequence of having weakly

coordinating cations and anions. The weakly coordinating ion character derives

from having large and mostly only single-charged ions so that the charge is

delocalized over a large surface area. Consequently, the Coulomb attraction

between ions with an effectively low surface charge density is weak. Examples of

typical non-functionalized IL cations and anions are shown in Fig. 3. ILs have a

very low vapor pressure which makes them easy to handle solvents [52], albeit

problematic to recycle and purify by distillation. The thermal stability of typical ILs

usually extends to 200 �C and even above [53–57]. Further, their physical properties
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like high polarity, high charge density and high dielectric constant [58] together

with the formation of supramolecular mesoscopic networks [59] sets them apart

from conventional organic solvents.

The well-established and probably most studied ILs contain an imidazolium

cation (e.g. 1-ethyl-3-methylimidazolium [C2C1Im]? or 1-butyl-3-methylimida-

zolium [C4C1Im]?) [60] and weakly-coordinating anions (WCAs) such as

tetrafluoroborate [BF4]
-, hexafluorophosphate [PF6]

- and trifluoromethylsulfonate

(triflate) [CF3SO3]
- ([OTf]-) or bis(trifluoromethylsulfonyl)imide (triflimide)

[(CF3SO2)2N]
- ([NTf2]

-) [61, 62]. ILs with the 1-n-butyl-3-methylimidazolium

[C4C1Im]? cation and the relatively weakly coordinating anions tetrafluoroborate,

hexafluorophosphate and trifluoromethanesulfonate, are liquids over a large range of

temperatures (down to -80 �C), possess high thermal and chemical stability, a large

electrochemical window, high ion density, relatively low viscosity, and negligible

vapor pressure [63].

Variation of the side chain R, R1, R3 (cf. Figure 3) of the cation or variation of the

anion results in a change of the physicochemical properties of the IL like thermal

behavior, viscosity and density. The viscosity increases with the length of the side

chain of the imidazolium cation from [C2C1Im][(CF3SO2)2N] to [C8C1Im][(CF3-
SO2)2N] whereas the ionic conductivity decreases [64].

3 Metal Nanoparticles in Ionic Liquids

In the last years many different M-NPs (monometallic and bimetallic) in ILs were

obtained. The activities in this field have already been summarized in reviews which

provide an overview of available metal nanoparticles in ionic liquids with their

precursor, size and size dispersion. ‘‘A short review on stable metal nanoparticles

using ionic liquids, supported ionic liquids and poly(ionic liquids)’’ focused on

supported IL-like phases and on different types of poly(ionic liquids) [P(ILs)] and

Fig. 3 Typical cations and anions of common non-functionalized ILs
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polyelectrolytes as stabilizing agents for the synthesis of M-NPs. P(ILs) are an

emerging class of cationic polymers with a poly(vinyl) backbone, e.g., from the

polymerization of 1-vinyl-3-alkyl-imidazolium salts. P(ILs) possess properties of

polymers as well as ILs with tunable properties through the anion and varying

imidazolium alkyl chain length [8]. The main focus of the review ‘‘On the structural

and surface properties of transition-metal nanoparticles in ionic liquids’’ [65] is on

the different synthesis methods of transition-metal nanoparticles in ILs, the polar

and non-polar regions in the M-NP/IL dispersion and steric and electronic protective

layer formation against aggregation or agglomeration of the M-NPs. Further this

review discusses the use of stable transition-metal NPs in ILs as green catalysts for

several reactions and also as novel materials for chemical sensors. Particular

attention is also paid to the stabilization models proposed to explain the stability and

properties of the M-NP/IL dispersion [65]. The reviews entitled ‘‘naked metal

nanoparticles from metal carbonyls in ionic liquids: Easy synthesis and stabiliza-

tion’’ [47] and ‘‘synthesis and application of metal nanoparticle catalysts in ionic

liquid media using metal carbonyl complexes as precursors’’ [66] inter alia

summarize work on the synthesis of metal nanoparticles in ionic liquids from metal

carbonyls. Commercially available binary metal carbonyls Mx(CO)y are unique

precursors as they contain the metal atoms already in the zero-valent oxidation state

needed for M-NPs. Thus, no reduction process is necessary and the only side-

product CO is easily given off to the gas phase and removed from the reaction

mixture. The microwave induced thermal decomposition of metal carbonyls in ILs

provides an especially rapid and energy-saving procedure because of the ILs

significant absorption efficiency for microwave energy. Examples for the direct use

of M-NP/IL dispersions in hydrogenation catalysis of cyclohexene and benzene,

Fischer–Tropsch reaction, and dehydration catalysis are also given in these reviews

[47, 66]. The synthesis of metal nanoparticles from bulk metals, metal salts, metal

complexes and metal carbonyls in ILs was reviewed in [30, 67, 68]. The synthesis of

M-NPs in ILs can be carried out by chemical or electroreduction, thermolysis and

photochemical methods including decomposition by microwave or sono-/ultrasound

irradiation. Gas-phase syntheses can use sputtering, plasma/glow-discharge elec-

trolysis and physical vapor deposition or electron beam and c-irradiation. The in situ
deposition of the M-NPs on supports, such as graphene-type materials was also

addressed as was the use of M-NP/IL dispersions or on supports as catalysts for C–C

coupling or hydrogenation catalysis [30, 67, 68]. The minireview ‘‘ionic liquids for

the convenient synthesis of functional nanoparticles and other inorganic nanostruc-

tures’’ focusses on ionic liquids in the synthesis of crystalline nanoparticles at

ambient temperatures and self-assembled, highly organized hybrid nanostructures

[69].

The scope of this review here is the stabilization of metal nanoparticles in ionic

liquids and the elucidation of the different factors which play a role in the

stabilization and control the metal nanoparticle formation.

Briefly, metal nanoparticles of Rh, Pd, Pt, Ir, Fe, Ru, Co, Au, Ag, Cu and Ni were

obtained from RhCl3�3H2O, PdCl2, Pt2(dba)3 (dba = dibenzylidene acetone),

[Ir(COD)Cl]2, Fe2(CO)9, Ru(COD)(COT), Co2(CO)8, KAuCl4, AgBF4, Cu(NO3)2
and Ni(COD)2. Metal nanoparticles have been synthesized mostly in the ionic
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liquids [C4C1Im][PF6], [C4C1Im][BF4], [C4C1Im][CF3SO3], [C10C1Im][NTf2],

[C4C1Im][NTf2] by hydrogenation, chemical reduction and thermal decomposition.

Sizes of M-NPs in ILs were found from 2.3 nm (Rh) [70], 4.2 ± 0.8 nm (Pd) [71],

2.8–3.3 nm (Pt) [116], 2–3 nm (Ir) [76], 5.2 nm (Fe) [72], 2.6 ± 0.4 nm (Ru) [73],

14 nm (Co) [164], 2.6-200 nm (Au) [74], 3–5 nm (Ag) [75], 3.5–9.5 nm (Cu) [76]

and 5.1–5.9 nm for Ni [137]. Imidazolium ILs feature prominently in the formation

and stabilization of M-NPs [77]. Imidazolium ILs are air, water and electrochem-

ically stable with a wide liquidus range.

1-Alkyl-3-alkyl’-imidazolium ILs simultaneously act as reaction media, hydro-

gen sources, catalysts, templating agents and stabilizers for the synthesis of metal

nanoparticles. It should be clear, however, that there are ILs which (i) have a strong

influence on particle formation, (ii) which are good nucleation aids, but poor

stabilizers, (iii) which are good nucleation aids and good stabilizers, and (iv) are

none of this [78].

Examples of recent M-NP syntheses are given in Table 1. The examples show

that metal nanoparticle synthesis occurs often by reduction of metal salts with added

reducing agents such as H2 or NaBH4. Alternatively, the IL imidazolium cation with

its protic C2-H or salt anions such as acetate, acetylacetonate, 1-(dimethy-

lamino)propan-2-olate (-OCH(Me)CH2NMe2) or amidinate (MeC(NiPr)2
-) act as

internal or intramolecular reductants. The entries in Table 1 also show that

microwave induced heating features prominently because of the very high

absorption efficiency of ILs for microwave energy.

4 Stabilization of Metal Nanoparticles

Generally, the stabilization of M-NPs occurs through (I) electrostatic or (II) steric

stabilization or (III) a combination of both electrostatic and steric stabilization [91].

The effect of stabilizing agents for nanoparticles is to build up a repulsive force

between the particles [92], or at least to decrease any attractive van der Waals

forces. Stabilizing agents surround NPs to prevent the agglomeration. The

mechanism of stabilization has first been described in the Derjaguin–Landau–

Verwey–Overbeek theory [93, 94].

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

The classic and most commonly used theory of a ‘‘mechanism of stabilization’’ was

put forward by Derjaguin and Landau in 1940 as a quantitative theory [95] and later

by Verwey and Overbeek in 1948 [96]. Both descriptions referred to colloidal

materials. This basic theory combines repulsive Coulomb and attractive van der

Waals (vdW) forces through the sum of an effective electrostatic term and a van der

Waals term for the stabilization of these materials. Van der Waals forces originate

from correlations between electron motions leading to non-spherical electron

distributions in two adjacent particles or molecules. VdW forces are short-range,

unidirectional and relatively weak compared to other intermolecular interactions.
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Table 1 Recent mono and bimetallic NP synthesis in imidazolium ILs

Ionic liquid Precursor Conditions,

reducing agent

NP with

particle

diameter

References

Monometallic

M-NPs

[C4C1Im][PF6] RhCl3�3H2O H2 Rh

3.5 nm

[79]

[C4C1Im][BF4] CoCl2�6H2O NaBH4

Ultrasound

Co

30 ± 5 nm

[80]

Cu[OCH(Me)CH2NMe2]2 Microwave heating,

intramolecular red. or

IL

Cu

3.3 ± 0.9 m

[81]

Cu(OAc)2�H2O Cu2O

nanocubes

43 ± 15 nm

Cu(I)-amidinate

Zn(II)-amidinate

[Cu{MeC(NiPr)2}]2

[Zn{MeC(NiPr)2}]

Microwave heating,

intramolecular red. or

IL

Cu

11 ± 6 nm

Zn

3 ± 1 nm

[82]

Ir4(CO)12 Microwave heating, Ir

1.0 ± 0.4 m

[83]

electron beam 2.7 ± 0.7 nm

[C4C1Im][NTf2] (NH4)6Mo7O24�4H2O NaBH4 Mo

10–50 nm

[84]

Bimetallic

M-NPs

[C4C1Im][BF4] Fe2(CO)9

Ru3(CO)12

Thermal decomposition FeRu

1.65 ± 0.3 nm

[85]

Cu(I)-amidinate

Zn(II)-amidinate

[Cu{MeC(NiPr)2}]2

[Zn{MeC(NiPr)2}]

Microwave heating,

intramolecular red. or

IL

b-CuZn

51 ± 29 nm

c-Cu3Zn

48 ± 12 nm

[82]

Ni(COD)2

Ga(C5Me5)

H2 NiGa

14 ± 5 nm

[86]

Triple-decker

ruthenocene,

Anionic ruthenocene

Microwave heating,

intramolecular red. or

IL

RuSn

4.3 ± 1.5 nm

[87]

[C4C1Im][NTf2] Co(acac)3

Pt(acac)2

Thermal decomposition,

intramolecular red. or

IL

CoPt-nanorods

8 nm

[88]

[Ru(COD)(COT)]

[CuMes]

H2 RuCu

1.9–2.8 nm

[89]

[C4C1Im][PF6] HAuCl4

K2PdCl4

NaHB4

H2

PdAu

5.3 ± 3.0 nm

[90]
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Electrostatic and van der Waals interactions are present in nearly all colloidal and

nanoparticular systems [97]. DLVO theory assumes flat surfaces of the particles and

a homogeneous charge density, even upon approach of the particles. The

concentration of the counter-ions, which cause the electric potential, is taken as

constant. DLVO theory treats anions as ideal point charges. The influence of the

solvent is considered only through its dielectric constant. DLVO theory is

fundamental for colloids and predicts very well the stability of lyophobic colloids

[98].

Ionic components as in surfactants or ionic liquids will generate an ionic double

or Debye layer around the NPs (Fig. 3) resulting in electrostatic repulsion between

equally surrounded NPs which will prevent the aggregation of the NPs in the

dispersion. The effectiveness of such an electrostatic stabilization depends on

parameters like pH, temperature, and concentration [92, 99]. Electrostatic repulsion

is an important contribution for the stabilization of NPs using ionic compounds. The

outer part of the ionic double layer may be formed by the bulky and less surface-

coordinating alkyl ammonium, sulfonium, phosphonium, and imidazolium moieties

which then add a steric stabilization (see below) [8].

For metal nanoparticles the anion of an original metal salt precursor has to be

taken into account as electrostatic stabilizer. Small halide anions come closest to the

‘‘DLVO-type’’ point charge electrostatic stabilizers. DLVO theory predicts that the

anion charges should be the primary source of stabilization for the unsaturated,

electrophilic and possibly positively charged metal nanoparticles [100, 101]. The

metal nanoparticles and their anion layer on the surface form then an overall

negatively charged particle and are subject to Coulomb repulsion within the DLVO

theory [47].

The stability of a colloid increases with the thickness of the Debye layer, which is

the sum of the layers of counter-ions surrounding the particle. A thicker Debye layer

stabilizes the particles by increasing the distance between them and reducing their

van der Waals attraction. Also, the stability of colloids increases with the dielectric

constant of the medium [102].

Limits of the DLVO theory are that it can only be applied to dilute systems

(\5 9 10-2 mol/L) and cannot be applied to multiply charged ions or to sterically

stabilized systems [103]. DLVO theory needs to be extended for effects such as

hydrogen bonding, the hydrophobicity and steric interactions.

4.2 Steric Stabilization

Another important contribution in preventing aggregation of metal NPs is steric

stabilization. Coordinating capping ligands like thiols, carboxylates, alcohols, long-

alkyl-chain surfactants or polymers/oligomers act more or less through this type of

stabilization [8].

When two nanoparticles enclosed by polymers or surrounded by long alkyl

chains of ligands adsorbed on their surface approach each other, the polymer or

alkyl chain layers will be compressed which results in a strong repulsion which is

termed steric stabilization [104]. Steric repulsion derives from combination of

entropic and osmotic contributions. The entropic part stems from a volume
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restriction effect that decreases the number of possible configurations in the

compressed region. The osmotic effect is due to an increase in concentration of the

adsorbed polymers or ligand in the region between the two nanoparticles surfaces as

they approach closer. Steric interactions in colloidal dispersions in molecular

solvents have been extensively studied [104–108].

4.3 Combination of Both Electrostatic and Steric Stabilization

Compounds which stabilize both through electrostatic and steric effects are, for

example, surfactants with long alkyl chains, such as cetyltrimethylammonium

bromide (CTAB) or its gemini derivatives (cf. Fig. 2) [38–42], polymers containing

ionic charges such as carboxyl-terminated poly(ethylene glycol) [93] or ionic

liquids (see below). From theoretical and experimental studies, it became evident

that the effectiveness of electrostatic stabilization increases with increasing particle

size, whereas the effectiveness of steric stabilization increases with decreasing

particle size [109]. The combination of electrostatic and steric stabilization is also

referred to as electrosteric stabilization.

5 Stabilization of Metal Nanoparticles in Ionic Liquids

5.1 Electrostatic and Steric 5 Electrosteric Stabilization

ILs offer an interesting potential for stabilizing materials in the synthetic process.

Their low interface energy is favorable for stabilizing small particles. ILs consist of

cations and anions, which can act as electrostatic stabilizing agents. The IL ions or

ion clusters are attracted to the nanoparticle surface by electrostatic forces [110].

The nature of the immediate ion layer around metal nanoparticles in ILs is still a

matter of debate. DLVO theory predicts that the anion charges should be the

primary source of stabilization for the unsaturated, electrophilic and probably

positively charged metal nanoparticles [100, 101]. The metal nanoparticles and their

anion layer on the surface would then form an overall negatively charged particle

and are subject to Coulomb repulsion within the DLVO theory [47]. On the other

hand, there are statements that the ionic liquid cations are attracted to the surface of

a negatively charged nanoparticle to form a positive ion layer, and then counter-

anions form a second layer on the nanoparticle surface by electrostatic attraction

[111–113].

Palladium nanoparticles, which were grown onto multiwalled carbon nanotubes

modified with imidazolium groups were claimed to be stabilized by the electrostatic

interaction occurring between the imidazolium cations and the nanoparticle surface

due to a coordination involving the imidazolium cation [114]. Upon exchange of the

imidazolium counter-anion from Br- and [SbF6]
- to [NTf2]

- no change in the

material structure was noticed, i.e. no separation of the nanoparticles from the

multiwalled carbon nanotubes [114]. Also, results from an X-ray photoelectron

spectroscopy (XPS) investigation of functionalized imidazolium ILs with gold or

platinum nanoparticles were seen to support this cationic coordination mode. Three
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possible interactions, involving either the functional group and/or the imidazolium

ring were proposed (Fig. 4) [115].

On the other hand, an XPS and an extended X-ray fine structure spectroscopy

study (EXAFS) of iridium or platinum nanoparticles in the imidazolium ILs

[C4C1Im][BF4], [C4C1Im][PF6] and [C4C1Im][OTf] showed interactions of the ionic

liquid with the metal surface and the formation of an ionic liquid protective layer

surrounding the metal particles [116, 117]. With small-angle X-ray scattering

(SAXS) a variation in the protective layer length, from 2.8 to 4 nm, was evidenced

depending on the type of anion. Moreover, the XPS analyses proved that the

interaction between the metal surface and the IL occurs through F-, when the anion

is [BF4]
- of [PF6]

- or through O with the triflate, [CF3SO3]
- anion [116, 117].

Consequently, one would assume that the ionic multilayer is composed of anions

located immediately adjacent to the nanoparticle surface (Fig. 5) [166].

Density functional theory (DFT) binding energy (BE) calculations in a gas phase

model favor interactions of Aun clusters (n = 1, 2, 3, 6, 19, 20) between IL anions,

such as [BF4]
-, instead of imidazolium cations. This suggests an Au���F interaction

and anionic Aun stabilization in fluorous IL-anions [119]. Free imidazole bases (e.g.

1-methylimidazole) show similar binding energies. The Cl- anions have the highest

binding energy and can therefore be expected to bind to the NP if present in the

solution. At the same time no significant binding of the [C4C1Im]? or [HC1Im]?

imidazolium cations was found. These findings support the model of preferred

interaction between anions and Au-NPs, but also confirm the importance to consider

a possible presence of Cl- anions in the ionic liquid solution [74, 119].

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 Aun clusters to the energy of their adduct (Eq. 1)

[74, 119].

BE ¼ E substrate, i:e:; anion, free base or cationð Þ þ E Mnwith M ¼ Au, Pdð Þ
� E substrate adduct to Mnð Þ:

ð1Þ

Figure 6 shows the Aun–IL anion binding configurations and the variation of the

BE with cluster size n. Figure 7 illustrates other substrate–Aun binding configu-

rations and the variation of the BE with cluster size n for [BF4]
- in comparison with

other common substrate ligands. The BE of [C4C1Im]? is very weak and not

included here [74, 119]. The BE of [C4C1Im]? is only 0.35 eV towards Au6 or

Fig. 4 Schematic proposed
stabilization possibilities
between metal nanoparticles and
functionalized imidazolium
cations [115]
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0.43 eV towards Au19 while the BE of [BF4]
- towards Au6 and Au19 is 1.08 and

1.2 eV, respectively (1 eV = 23.06 kcal/mol). The BE comparison with chloride,

citrate, PH3 and H2O illustrates the critical influence of the ionic charge and electron

delocalization from the ligand to Aun (Fig. 7). The softer the anion or ligand, that is,

the more charge transfer or electron delocalization (according to Pearson’s hard-soft

concept and the nephelauxetic series) [120] to Aun is possible, the better the

stabilizing effect. H2O as a hard and neutral ligand offers the least stabilization,

hence, reduction of gold salts by SnCl2 in water led immediately to the red purple

solution (known as the Purple of Cassius). Remarkably, the relatively soft chloride

anion shows the largest BE in agreement with the strong covalent binding of

chloride ions to the Au(111) surface found in recent DFT simulations [121].

Fig. 5 Schematic depiction of proposed interactions between immediate IL anions, shown here for
[BF4]

- anions and the metal nanoparticle surface with the IL-cations forming the second shell of the ionic
double layer around a metal nanoparticle [118]
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A later combined DFT/vibrational spectroscopy approach found that palladium

nanoparticles interact more strongly with the [BF4]
- anions than with the 1,3-

dimethylimidazolium ([C1C1Im]?) and 1-ethyl-3-methylimidazolium ([C2C1Im]?)

cations of the considered ILs. This suggested an important role of the anions in Pd-

NP formation and stabilization in ILs. At the same time, the binding between

isolated Pd atoms and the C atoms of the 1,3-dimethylimidazolium cation is

stronger than Pd–[BF4]
- binding [122].

A similar DFT binding energy (BE) calculation with the 1-(20-hydroxylethyl)-3-
methylimidazolium cation [HOC2C1Im]? and a Pd5 cluster pointed to the

interaction of Pd5 lying above the plane of the imidazolium ring and being in

short contacts with C4 and C5 atoms of the imidazolium moiety and the oxygen

atom of the hydroxyl group [123]. Yet, even with the added interaction of the

functional hydroxyl group the binding energy is ca. 11 kcal/mol smaller than the BE

of [BF4]
- anion to the Pd5 cluster, suggesting a less important role of the cations

with respect to stabilization of Pd-NPs relative to the role of the anions. This is in

agreement with the above BE results, obtained earlier, for the Aun clusters [119].

Fig. 6 Relaxed configurations of Au6 bound to a Cl-, b [OTf]-, c [BF4]
- and d [PF6]

-. The bond
lengths are given in Å. 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 Au2 (n = 2), therefrom is stays rather
invariant with increasing the cluster size to n = 20, i.e., the BE is already saturated for Au2. The chloride
anion shows the largest BE of all anions and can be expected to bind to the clusters if it is present in the
dispersion. Reprinted with permission from the author of Ref. [119]. Copyright Wiley–VCH 2009
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The order of the calculated BEs was obtained for interaction energies between a Pd5
cluster and the anions was [CF3CO2]

- (*47 kcal/mol)[ [BF4]
-

(*41 kcal/mol)[ [OTf]- (*34 kcal/mol)[ [PF6]
- (*31 kcal/mol) % [NTf2]

-

(*31 kcal/mol) [124].

For further examples of cation and anion effects on the formation of metal

nanoparticles in ILs, see also the separate section on ‘‘cation and anion effects’’

below.

The IL-cations with alkyl chains can further contribute to the steric stabilization

of nanoparticles. If the ionic liquid cation contains a long alkyl side chain, e.g., from

imidazolium- or pyrazolium-based cations, the cations on or near the nanoparticle

surface can provide steric forces by stretching out their bulky side-chains, thus

hindering the nanoparticles from approaching each other (cf. Figure 5) [125]. ILs

can also be designed with functional coordinating groups primarily in the alkyl

chains of the cations, which thereby act as coordinating capping ligands (see Sect. 6

with Fig. 12 below) [126].

As noted above for stabilizing ionic components the cations and anions of ionic

liquids, possibly as charged ion clusters, will surround the nanoparticle surface to

build an electric double-layer, thus providing an electrostatic force to keep the

nanoparticles apart from each other [65]. The role of electrostatics in stabilizing the

nanoparticles in ionic liquids has been well recognized [115, 127–133].

The interaction energies of ILs with different cations and anions to Ru-NPs were

compared by titration calorimetry and by molecular simulation. Structural

information from the molecular simulation suggests that the charged parts of both

the IL cation and the anion are in contact with the surface of the nanoparticle, with

only small charge separation at the interface. The results of this study suggest an IL-

dependent balance between electrostatic, van der Waals, and H-bond forces for the

stabilization of metal nanoparticles [128].

Fig. 7 a Binding energies (BE) and Au-atom addition energies depending on the cluster size. b–
f Relaxed configurations of Au6 bound to b Cl-, c citrate- (C6H7O7

-), d PH3, e BF4
- and (f) H2O.

g Relaxed configuration of Au7. The bond lengths are in Å [74]. Reproduced from Ref. [74] with
permission, copyright 2010 The Royal Society of Chemistry
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For nanoparticles in ionic liquids, steric stabilization can emerge from bulky

groups in the IL cation (or anion) and/or from the addition of macromolecules, both

of which hinder nanoparticles from contacting each other and from aggregation

[125]. When only small amounts of polymer are added to the nanoparticle–ionic

liquid dispersion, the nanoparticle surfaces are partially covered by polymers and

polymer coils extend from one particle surface to another particle. Thereby, the

polymers chains can function as bridges between nanoparticles. As an excess of

polymer is added, the polymers can fully cover the nanoparticle surface to form an

adsorbed polymer layer [134]. Then steric repulsion and stabilization arises from the

adsorbed polymer layers of neighboring nanoparticles as noted above. Block

copolymers have been utilized to stabilize nanoparticle dispersion [105]. PEO–

PPO–PEO block copolymer Pluronic P123 (EO20PO70EO20) formed a lamellar

lyotropic liquid crystal structure in pyrrolidinium nitrate ([Pyrr][NO3]) ionic liquid

at the 58–82 wt% polymer concentration range. Gold nanoparticles were prepared

by reducing HAuCl4 in this lyotropic liquid crystal [135].

Various and also yet unknown factors influence the stability of nanoparticles in

ionic liquids and lead to nanoparticle size [136–139] and/or morphology [140–145]

changes during synthesis. Smaller diameter and narrower distributions of synthe-

sized nickel metal and zinc oxide nanoparticles were prepared in ionic liquids with

longer side chains [137, 141]. Larger size or varied morphologies of synthesized

nanoparticles can be caused by conglomeration of unstable primary nanoparticles,

which may result from smaller ionic liquid anions exhibiting stronger cation–anion

Coulomb attraction [145], or less coordinating anions of ionic liquids [116, 144] or

higher temperature decreasing the viscosity of the ionic liquid and increasing the

diffusive velocities of the nanoparticles [146, 147]. An improved understanding of

the stability of nanoparticle dispersions in ionic liquids is still needed to assist

efforts directed toward the synthesis of nanoparticles with controlled size and

morphology in ionic liquids [125].

5.2 Hydrogen Bonding Interactions

Imidazolium cations through their imidazolium-C–H groups can form hydrogen

bonds to the fluorine or oxygen atoms of the IL anions [148–150] that induce

structural directionality (IL effect). This is different from tetraalkylammonium ILs

that, by contrast, display charge-ordered structures. The ILs act as stabilizing media,

but importantly also display self-organization on the nanomolecular scale. The

imidazolium ILs form extended hydrogen-bond networks at the liquid state and

therefore are by definition ‘‘supramolecular’’ fluids. This structural organization of

ILs can be used as ‘‘entropic drivers’’ (the so-called ‘‘IL effect’’) for the

spontaneous, well-defined and extended ordering of nanoscale structures. The

properties of especially the imidazolium-based ILs are based on their formation of

aggregates rather than on their isolated cations and anions [151, 152]. The structures

of 1,3-dialkylimidazolium salts form an extended network of cations and anions

connected together by hydrogen bonds in the condensed phase, which is maintained

to a great extent in the gas phase [152].
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Thus, hydrogen bond interactions are present in imidazolium-based ionic liquid

nanoparticle dispersions in addition to electrostatic, van der Waals and steric

interactions [153, 154]. Metal nanoparticles can possess hydroxido and/or oxido

ligands on their surface, which can also hydrogen bond with ionic liquids [155].

Such metal-surface bound oxygen species can be derived from crystal water of the

metal salt precursor (cf. Table 1), from difficult to remove residual water in the IL

or from gaseous dioxygen (as impurity even when working under inert gas). The IL-

cation–anion hydrogen bond and NP–IL hydrogen bond compete with each other

and contribute to nanoparticle stabilization in ionic liquids, as shown in Fig. 8

[156, 157].

The interaction energies of ILs with an additional alkyl group in the C-2 position

of the imidazolium cation ([C4C1C1Im][NTf2] with 1-butyl-2,3-dimethylimida-

zolium) and a N-butyl-N-methylpyrrolidinium cation ([C4C1Pyrr][NTf2]) to Ru-NPs

were compared to other [CnC1Im]?-ILs by titration calorimetry and by molecular

simulation. Ionic liquids with cations which are less likely to form hydrogen bonds

such as [C4C1C1Im]? or [C4C1Pyrr]
? also interact less favorably with Ru-NPs

[113].

Qualitative direct comparison (for the same IL-anion) of an IL with the

[C4C1Im]?-cation which has hydrogen-bonding possibility and a cation with no

significant H-bond formation reveals the former to be better stabilizers for Au- or

Cu-NPs whereas in the latter ILs fast particle growth and agglomeration was

observed [156]. The stable time of the colloidal dispersion in [C4C1Im][N(CN)2]

and trihexyltetradecylphosphonium dicyanamide [P66614][N(CN)2] was 3 days

versus 1 day. In [C4C1Im][BF4] or [C4C1Im][NTf2] Au-NPs were stable for 1 week

while in N-butyl-N-methyl-pyrrolidinium, [C4C1Pyr][NTf2] or in N-butyl-pyri-

dinium[C4Py][NTf2] fast precipitation occurred due to fast particle growth and

agglomeration [156].

Fig. 8 Hydrogen bonds formed between the surface hydroxyl-groups of metal nanoparticles and ions of
ionic liquids and between cations and anions of ionic liquids
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5.3 Influence of Polar and Non-Polar Domains in ILs

The segregation of hydrophilic or hydrophobic regions, polar and non-polar

domains in imidazolium-based ILs is an important physicochemical property which

effects their solvation and interaction with dissolved species (Fig. 9) [158–160].

Expectedly polar substrates, like metal salts are preferentially dissolved in polar

domains and non-polar compounds like organometallic precursors in non-polar IL

regions [159, 161]. Consequently, the nature of the metal precursor—ionic or

neutral for instance—is also a key determinant of the size and shape of the prepared

metal NPs as the polarity and the volume of these IL nanoregions may modulate

this. The nanoparticle growth process is probably controlled by the local

concentration of the precursor and possibly limited to the size and shape of the

IL polar or non-polar domains (Fig. 9) [65].

5.4 Cation and Anion Effects

Nanoparticle preparation in ILs is often accompanied by heating to over 100 �C or

even 200 �C. Changing the anions or the cations can have a strong influence on the

thermal behavior, density, viscosity (see below), or conductivity [160]. For

example, the simple sum of the cationic and anionic self-diffusion coefficients

(Dcation ? Danion) for selected room temperature ILs follows the (anion) order

[C4C1Im][NTf2][ [C4C1Im][CF3CO2][ [C4C1Im][OTf][ [C4C1Im][BF4][ [C4-

C1Im][(F5C2SO2)2N][ [C4C1Im][PF6] at 30 �C. This order of the diffusion

coefficients is as expected the reverse of the order of the viscosity (see below).

The degree of ionic association can be estimated from the ratio of the molar

conductivity obtained from the impedance measurement (Kimp) and the molar

conductivity calculated from the ionic diffusivity (KNMR). For the anions at the

given [C4C1Im]? cation the degree of association increases according to

[PF6]
-\ [BF4]

-\ [(F5C2SO2)2N]
-\ [NTf2]

-\ [OTf]-\ [CF3CO2]
-. In the

order from [PF6]
- to [NTf2]

- electronegative fluorine atom and electron-

withdrawing perfluorosulfonyl groups contribute to the distribution of the anionic

Fig. 9 Simulation study of two imidazolium-based hexafluorophosphate ILs (each box contains 700
ions) showing polar (red) and non-polar (green) domains for a 1-ethyl-3-methylimidazolium, [C2C1Im]?

and b 1-methyl-3-n-octylimidazolium [C8C1Im]?. Reprinted with permission from Ref. [162]. Copyright
2006 American Chemical Society
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charge. Also, the surface coverage of the anion backbone by fluorine atoms may be

a significant factor for only weak interactions with the [C4C1Im]? cation. Whereas,

the relatively higher anionic charge localization in [OTf]- (=[CF3SO3]
- and

[CF3CO2]
-) leads to their stronger interaction with the [C4C1Im]? cation [160]. The

interaction energies of ILs with [C4C1Im]? and the anions [NTf2]
- or [PF6]

- were

compared by titration calorimetry and by molecular simulation to Ru-NPs. No

significant differentiating effect of the two anions was observed. Structural

information from the molecular simulation suggests that the charged parts of both

the IL cation and the anion are in contact with the surface of the nanoparticle, with

only small charge separation at the interface [128]. The relative order of anion

stabilities for ILs with the [C1C4Im]? cation was observed as [NTf2]
-[ [-

PF6]
-[ [BF4]

- � Cl- [163].

The size of M-NPs was found to increase with the molecular volume of the anion

of the IL. Metal nanoparticles synthesized in [C4C1Im]? ILs increased in size with

the size of the IL-anion from small [BF4]
- over [OTf]- to the large [NTf2]

- anion

[20, 164, 165]. The IL-anion molecular volume was taken as the size of the IL-

anion. The effect was shown for Rh- [164], Ag- [20] and W-NPs [165]. Figure 10

depicts the correlation between the nanoparticle size of W- and Rh-NPs and the

molecular volume of the anion.

The influence of the anion to metal nanoparticles was also observed by several

other research groups [116, 167–170]. 1-n-Butyl-methyl-imidazolium salts

[C4C1Im]? with weakly coordinating perfluorinated counter anions ([BF4]
-,

[PF6]
- or [NTf2]

-) were qualitatively found to be better stabilizers compared to

ILs with anions of higher coordination strength (dicyanamide, [N(CN)2]
-). In the

former ILs Au- or Cu-NPs were stable colloidal dispersions, that is, without

precipitation or aggregation for 1 week to several weeks. In [C4C1Im][N(CN)2] Au-

NPs were stable for only 3 days due to fast particle growth and agglomeration [156].

The IL-anion had an effect on the dissolution and reaction rate when fabricating

copper nanoparticles from Cu flakes (of 1–5 lm) in ILs [171]. When [C4C1-

Im][BF4], [C4C1Im][PF6] and [C2C1Im][BF4] were used, it took a relatively long

Fig. 10 Correlation between nanoparticle size of W- and Rh-NPs from TEM measurements and the IL
anion molecular volume with standard deviation (1r) as error bars [164, 165]. Left part is reproduced
from Ref. [165] with permission, copyright 2008 The Royal Society of Chemistry; right part is adapted
from Ref. [164] with permission, copyright 2009 Elsevier B.V.
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time, of 24 h to obtain the copper nanoparticles while in [C4C1Im][NO3]

dissociation of Cu flakes to Cu nanoparticles took place in about 5 min. It was

suggested that the favorable interaction between free nitrate anion of [C4C1-

Im][NO3] and the Cu metal surface caused the flakes to dissociate in the ionic

liquid, forming as much smaller nanoparticles than in the other ILs. From TEM the

average diameter of the obtained Cu-NPs in [C4C1Im][NO3] was 10 nm [171] while

the size range in [C4C1Im][BF4] was 50–100 nm [172] or 20–200 nm [124] and in

[C4C1Im][PF6] and [C2C1Im][BF4] it was 80–100 nm [172]. Overall, these results

suggested that the pristine micro-sized copper flakes were already clusters of

primary nanoparticles, which were dis-agglomerated to nanoparticles by introduc-

tion in ILs to a different extent.

Decomposition of Pd(OAc)2 in a series of hydroxyl-functionalized ionic liquids

(ILs) with the 1-(20-hydroxylethyl)-3-methylimidazolium cation [HOC2C1Im]? and

the anions [BF4]
-, [PF6]

-, [OTf]- [CF3CO2]
- ([ATf]-) or [NTf2]

- gave Pd-NPs

with slightly different medium diameters from 2.3 ± 0.4 nm in [HOC2C1Im][ATf]

or 2.4 ± 0.5 nm in [HOC2C1Im][OTf] to 4.0 ± 0.6 nm in [HOC2C1Im][BF4] [124].

Noteworthy from comparison with the non-functionalized IL, [C4C1Im][NTf2]

(medium diameter 6.2 ± 1.1 nm) significantly smaller nanoparticles were obtained.

More importantly, the ease of formation of the Pd-NPs in the [HOC2C1Im]?-based

ILs followed the order [NTf2]
-, [PF6]

-[ [BF4]
-[ [OTf]-[ [ATf]- based on the

residual unreacted amount of Pd(OAc)2 in the dispersion. This order does not relate

to the stability towards aggregation. For this, it could only be noted that in

[HOC2C1Im][PF6] a series of larger Pd-NPs over 8 nm (compared to the average

3.1 ± 0.7 nm) were also present and the Pd-NPs were least stable in this [PF6]
- IL.

From the ratio of metallic Pd to PdO observed in the XPS the relative resistance of

the Pd-NPs towards oxidation may be determined. The ability of the [HOC2C1Im]?-

ILs to prevent the Pd NPs from undergoing oxidation follows the trend [NTf2]
-[ [-

PF6]
-[ [ATf]-[ [OTf]-[ [BF4]

-. For example, only 12.6% of PdO was present

in the NPs isolated with the [NTf2]
--anion whereas nearly half the Pd amount was

oxidized to PdO in the case of the [BF4]
--anion. Studies for [PF6]

- and [NTf2]
-

showed that these are the least nucleophilic anions [173] and also the most

hydrophobic ones in the series while [BF4]
- is the least hydrophobic/most

hydrophilic one of the anions used in this comparison. Therefore, the oxidation-

protecting effect may be accounted for by the fact that water and oxygen are

repelled most by the [PF6]
- and [NTf2]

- anions [124].

Strong anion effects were seen on gold nanoparticle formation in ionic liquids of

[C2C1Im]? with ethyl sulfate ([EtSO4]
-), [OTf]- and methanesulfonate ([CH3-

SO3]
-) anions [78]. Face-centered cubic gold nanoparticles were grown by

reduction of HAuCl4�3H2O with glycerol at temperatures between 120 and 180 �C.
The [CH3SO3]

- anion yielded nanoparticles with diameters between 5 and 7 nm,

which increasingly aggregate at higher reaction temperatures but the primary

particle size is not affected. Thus, the [CH3SO3]
- anion or more accurate the anion-

cation ([C2C1Im]?) combination under the given reaction conditions is able to

efficiently trap very small gold nanoparticles. High temperatures like 180 �C do not

lead to a further growth of the particles, but rather to a controlled aggregation. From

[OTf]- also small 5–7 nm particles formed, but only at low temperatures whereas
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above ca. 160 �C, large, ill-defined and aggregated particles were obtained.

Apparently the [OTf]- anion is only partially able to stabilize small gold particles

and above a certain reaction temperature the stabilization exerted by the IL is

broken and led to larger aggregates. With the [EtSO4]
- anion polydisperse samples

formed at all temperatures except 160 �C. In the temperature window around

160 �C individual, controlled ca. 15–20 nm particles were grown from [C2C1-

Im][EtSO4] [78].

It is evident from many reports on cation and anion effects of ILs that the

interaction between an IL and a (growing) nanocrystal is far from understood but

that a detailed understanding of the IL–nanoparticle interaction, of the thermody-

namics and kinetics, and of the initial nucleation process would be needed for a

more rational design of nanomaterials in ILs [78].

5.5 Alkyl Chain Effects

The interaction energies of ILs with different alkyl chain lengths ([CnC1Im][NTf2]

(n = 2, 4, 6, 8, 10)), an additional alkyl group in the C-2 position of the

imidazolium cation ([C4C1C1Im][NTf2] with 1-butyl-2,3-dimethylimidazolium) and

a N-butyl-N-methylpyrrolidinium cation ([C4C1Pyrro][NTf2]) to Ru-NPs were

compared by titration calorimetry and by molecular simulation. The interaction

energy of [CnC1Im][NTf2] (n = 6, 8, 10) with Ru-NPs is larger than that of

[C4C1Im][NTf2] indicating that longer alkyl side chains enhance the interactions

with Ru-NPs. Here [C2C1Im][NTf2] also has stronger interactions with the

nanoparticles, but this deviation was explained by the cation not having a

significant nonpolar moiety. Structural information from the molecular simulation

suggests that the alkyl chains tend to point away from the surface but are still within

interaction range [128].

Trends for the influence of the alkyl chain length were invoked by many other

research groups [174–177] such that the alkyl chain length has an influence of the

particle size of M-NPs [21, 174]. In the well-designed series of mono- and di-

cationic imidazolium ILs with different alkyl chain length and [NTf2]
- as anion

(Fig. 11) Ni-NPs were synthesized by spontaneous decomposition of [bis(1,5-

cyclooctadiene)nickel(0)], Ni(COD)2. Well dispersed Ni-NPs with a small mean

size and narrow size distribution could be obtained. The Ni-NP size increased with

increasing chain lengths from 2.4 ± 0.8 nm in [C12C1Im][NTf2] over 2.9 ± 0.4 nm

in [C18C1Im][NTf2], 4.0 ± 0.5 nm in [C12C12Im][NTf2] about equal to

4.4 ± 0.7 nm in [C12C1C12Im][NTf2], 5.4 ± 1.6 nm in [C12Im-l-C6-ImC12][NTf2],

(200 nanoparticle were measured in the first four cases, 50 NPs in the last case).

When an ethereal oxygen donor atom was introduced in the functional IL [C12Im-l-
C2OC2-ImC12][NTf2] the particle size decreased to 3.4 ± 0.2 nm (based on 200

NPs). In addition, formation of regularly interspaced NP arrays was also observed in

such long chain ILs [174].

For Au-NPs in imidazolium-based ILs the particles diameter increases from 0.75

to 3.5 nm diameter for [C2C1Im]?, [C4C1Im]? and [C8C1Im]? cations and [BF4]
-

as counter ion [178, 179]. Further, decomposition of Ni(COD)2 in [CnC1Im][NTf2]

ILs gave Ni-NPs with an average diameter from 2.4 to 5.4 nm [174] or 4.9 to
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5.9 nm [180] with conflicting trends such that the particle diameter increased or

decreased with the cation size.

When interpreting such trends with seemingly small differences in nanoparticle

size, the standard deviation r of the size distribution must be considered, however.

The, at first sight, slightly larger nanoparticle size may still well be within 1r or

certainly within 3r of the average diameter of another size.

In another study, nickel nanoparticles were obtained by decomposition of

Ni(COD)2, again with different nanoparticle diameter, depending on the chain

length of the imidazolium cation with [NTf2]
- as anion. The results were

5.9 ± 1.4 nm for [C4C1Im]?, 5.6 ± 1.3 nm for [C8C1Im]?, 4.9 ± 0.9 nm for

[C10C1Im]?, 5.1 ± 0.9 nm for [C14C1Im]? and 5.5 ± 1.1 nm for [C16C1Im]?.

While it may appear that an increase of the alkyl chain (from n-butyl to n-

hexadecyl) induces the formation of nanoparticles with a smaller diameter and size-

distribution, all distributions are strongly overlapped within their 1r regions

already. The differences in diameter and size distribution are relatively small and

could be a TEM artefact (sample preparation and/or particle counting, for instance)

as the authors admit themselves [180].

Table 2 illustrates that a change in imidazolium cation or rather in 1-n-alkyl

chain length does not give a clear trend in the size of the Ni-NPs synthesized by

nickel(II)-bis(amidinate) or Ni(COD)2 precursor decomposition through microwave

assisted heating. The size distributions overlap considerably already within the 1r
standard deviation. Only in the case of the Ni(COD)2 precursor there is an indication

of Ni-NP size increase from n-butyl over n-octyl to n-dodecyl which is reverse from

the aforementioned trend [181].

In terms of stabilization, short alkyl-chain-methyl-imidazolium salts [C4C1Im]?

with weakly coordinating perfluorinated counter anions ([BF4]
-, [PF6]

- or [NTf2]
-)

Fig. 11 Series of ionic liquid cations with increasing chain length and [NTf2]
- as the common anion

used in the comparative synthesis of Ni-NPs from Ni(COD)2 to elucidate the chain-length effect on the
metal nanoparticle size [174]
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were qualitatively found to be better stabilizers compared to ILs with cations

bearing long alkyl chains (trihexyltetradecylphosphonium [P66614]
?, 1-octyl-3-

methylimidazolium [C8C1Im]?) and anions of higher coordination strength

(dicyanamide, [N(CN)2]
-) (see above). In [C4C1Im]? with [BF4]

-, [PF6]
- or

[NTf2]
- anions Au- or Cu-NPs were stable colloidal dispersions, that is, without

precipitation or aggregation for 1 week to several weeks. In [C4C1Im][N(CN)2] Au-

NPs were stable for 3 days. In comparison in [C8C1Im][PF6] or in [P66614][N(CN)2]

fast precipitation or stability for only 1 day, respectively, was observed due to fast

particle growth and agglomeration [156].

5.6 Viscosity

Viscosity of the reaction medium can be expected to have a crucial influence on the

growth and agglomeration of nanoparticles. Unfortunately, differences in viscosity

cannot be treated separately from concomitant changes in alkyl chain length or

anion. Thus, viscosity dependence for nanoparticle size and size distribution appears

to be seldom addressed [64].

For example, for [C4C1Im]?-ILs the viscosity at 30 �C follows the anion order

[PF6]
-[ [(F5C2SO2)2N]

-[ [BF4]
-[ [OTf]-[ [CF3CO2]

-[ [NTf2]
-, which is

as expected opposite to the order of the diffusion coefficients (see above).

For the [CnC1Im][BF4] (n = 2, 4, 6) [182], [CnC1Im][PF6] (n = 4–9) and

[CnC1Im][NTf2] (n = 2–10) series the viscosity increases with increasing the

number n of carbon atoms in the linear alkyl chain in the imidazolium cation.

However, the trends are quite different. An almost linear dependence of the

viscosity as a function of the alkyl chain length group is observed for the [NTf2]
-

ILs while the dependence for the [PF6]
- ILs is more like an exponential increase

with a local maximum at n = 7. Also, the [CnC1Im][PF6] ionic liquids are much

more viscous than their [NTf2]
- analogs [183].

Table 2 Ni-NP diameter and

distribution from different

precursors and in different ILs

a 1.0 wt. % Ni-NP/IL

dispersions obtained by

microwave-assisted heating with

100 W for 10 min at 220 �C
b The size distribution was

calculated from a manual

diameter determination over a

minimum of 50 isolated

particles
c Average diameter and

standard deviation

Ni-precursora,

IL

TEM Ø (1r) [nm]bc

[Ni(AMD)2]

[C4C1Im][BF4] 5 (±2)

[C12C1MIm][BF4] 7 (±2)

[C4C1Im][PF6] 7 (±4)

[C8C1Im][PF6] 7 (±1)

[C12C1Im][PF6] 9 (±3)

[C4C1Im][NTf2] 10 (±2)

[C8C1Im][NTf2] 10 (±3)

[C12C1Im][NTf2] 10 (±4)

Ni(COD)2

[C4C1Im][PF6] 8 (±3)

[C8C1Im][PF6] 10 (±2)

[C12C1Im][PF6] 15 (±2)
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6 Influence of Functional ILs to Metal Nanoparticles

Functionalized imidazolium ILs can be used to modify the surface of metal NPs

[184, 185], in particular to provide stable dispersion of NPs in water [113, 186],

which is important to many applications [187]. Thiol- [184, 188, 189], ether- [113],

carboxylic acid- [115], amino- [190] and hydroxyl-functionalized imidazolium ILs

are available (Fig. 12), for example, to prepare aqueous dispersions of noble metal

NPs.

From comparison of the decomposition of Pd(OAc)2 in a series of hydroxyl-

functionalized ionic liquids (ILs) with the 1-(20-hydroxylethyl)-3-methylimida-

zolium cation [HOC2C1Im or HOEMIm]? and the anions [BF4]
-, [PF6]

-, [OTf]-,

[CF3CO2]
- or [NTf2]

- and the non-functionalized IL, [C4C1Im][NTf2] it appeared

that the hydroxyl group accelerated the formation of the NPs, and also helped to

protect the NPs from oxidation once formed. Significantly smaller Pd-NPs were

obtained in the [HOEMIm or HOC2C1Im]?-ILs with average diameters from

2.3 ± 0.4 nm in the [CF3CO2]
- salt to 4.0 ± 0.6 nm in the [BF4]

- analog while in

non-functionalized [C4C1Im][NTf2] the average diameter was 6.2 ± 1.1 nm [124].

An X-ray photoelectron spectroscopic study of purified aminoethyl-methylim-

idazolium bromide, [H2NC2C1Im or AEMIm]Br-stabilized Au-NPs suggested that

both the imidazolium ring and the functional amino group were involved in the

interaction with the NP surface (cf. Figure 4) [115]. A shift in binding energies in

the peaks of the carbon and nitrogen atoms in the imidazolium ring and amino N

atom and a change in the width of the N1 s peak were observed. The XPS results

were interpreted as either an electrostatic interaction between the imidazolium

cation and the negatively charged metal surface, an interaction between the amino

group and surface metal atom or the simultaneous coordination of the imidazolium

cation and the functional group with the metal NPs. The electrostatic imidazolium-

metal interaction would change the positive charge density of the imidazole ring.

Amino group coordination to the metal NPs surface would induce a shift in N atom

binding energies in the peak of the amino group and a change in the width of the

N1 s peak [115].

Comparison between the closely related di-cationic ILs [C12Im-l-C6-ImC12][-

NTf2], and [C12Im-l-C2OC2-ImC12][NTf2] (cf. Figure 11) revealed a significant

decrease in Ni-NP size (obtained from spontaneous decomposition of Ni(COD)2)

from 5.4 ± 1.6 nm to 3.4 ± 0.2 nm when an ethereal oxygen donor atom was

introduced. This indicates a better templating and stabilization effect due to

coordination of the negatively polarized O-atom on the metal surface [174].

The synthesis of Co-NPs and Mn-NPs by microwave-heating induced decom-

position of the metal carbonyls Co2(CO)8 and Mn2(CO)10, respectively, yields

smaller and better separated particles in the functionalized IL 1-(3-carboxyethyl)-3-

methyl-imidazolium tetrafluoroborate [CEMIm or HO2CC2C1Im][BF4] (1.6 ± 0.3

and 4.3 ± 1.0 nm, respectively) than in the non-functionalized IL [C4C1Im][BF4].

The particles are stable in the absence of capping ligands (surfactants) for more than

6 months although some variation in particle size could be observed by TEM

(Fig. 13) [191].
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Fig. 12 Examples of functionalized imidazolium ILs. Graphical collection reprinted with permission
from the author of Ref. [30]. Copyright Wiley-VCH 2013
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A special type of functionalized ILs are gemini imidazolium amphiphiles (cf.

Figure 12) [192]. Gemini-type ILs based on imidazolium salts are investigated as

simultaneous nanoparticle stabilizers, surfactants and transfer agents into organic

media. Au-NPs with imidazolium ligands of the gemini-ILs 1�2Br to 4�2Br (cf.

Figure 12) that are stable in dispersion and where the IL plays a triple role: phase

transfer of the gold precursor salt H[AuCl4] from an aqueous phase to toluene

during the synthesis, stabilization of the gold colloid, and binding agent for an

ibuprofenate guest. The bis-imidazolium IL ions around the gold nanoparticles do

not exchange with thiolate ligands. When both species are present the gold surface

prefers the IL cation and anion to thioether ligands. The long alkyl chains in 3�2Br
(cf. Figure 12) could incorporate ibuprofenate, a model for carboxylate-containing

anionic drugs, and release it at a slower rate [192].

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

During the last 20 years N-heterocyclic carbenes (NHCs) established themselves as

a leading class of ligands in molecular organometallic chemistry [193]. NHCs are

neutral electron-rich r-donor ligands, which often form very strong metal ligand r-
bonds. These properties would also be very attractive for the stabilization and

reactivity modulation of metal NPs [194–197]. NHCs have been proven to bind

efficiently to the surfaces of Ru- [198–201], Ag- [202], Au- [202–205], Pd-

[205, 206] and Pt-NPs [207]. Furthermore, there is evidence that NHCs could be

intermediate species, by in situ deprotonation of the imidazolium cation at the acidic

C2-H position when NPs are formed and stabilized in imidazolium-based ionic

liquids for Au-NPs [208], Pd-NPs [208, 209], Rh-NPs [210], Ir-NPs [210, 211] and

Ni-NPs [212].

NHC-stabilization of Au- and Pd-NPs was promoted by deprotonation of the

bis(N,N’-n-hexyl)imidazolium cation [C6C6Im]? prior to reduction. This was

achieved by treating the imidazolium salt [C6C6Im]? n[MCl4]
n- with sodium

Fig. 13 TEM-images of Co-NPs in [CEMIm or HO2CC2C1Im][BF4] (cf. Figure 12) a 6 weeks after
synthesis; b 6 months after synthesis; c Co-NPs from Co2(CO)8 in [BMIm][BF4]. Reprinted with
permission. Copyright the Royal Society of Chemistry, 2011 [191]
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hydride in 1: 1 dichloromethane–toluene, before adding sodium borohydride to

reduce the tetrachloridoaurate(III) (n = 1) and dibromidodichloridopalladate(II)

(n = 2) metal precursor. The 1H NMR spectrum of the Au-NPs revealed the

disappearance of the acidic imidazolium C2 proton resonance, while broadening

and splitting was observed for the other peaks, which is typical of NP-coordinated

ligands. 13C NMR also failed to locate a peak for C2, which is probably due to

anisotropy resulting from the NHC to Au-NP surface coordination. Conversely, the

C2 1H peak was observed for the Pd-NPs produced without prior imidazolium

deprotonation. TEM analysis gave slightly larger sizes of 2.7 ± 0.9 nm for the

NHC-capped Pd-NPs than for the imidazolium halide surfactant stabilized Pd-NPs

with 1.8 ± 0.4 nm [208].

The Pd-NHC complex (C4C1Im-NHC)Pd(PPh3)X (X = Br, Cl) formed from

[Pd(Ar)Br(PPh3)2] and [PdCl2(PPh3)2] in [C4C1Im][BF4] when aqueous Na2CO3

was added for imidazolium deprotonation [209].

NHC complexes of rhodium and iridium were obtained in neat [C4C1Im][NTf2]

from metal complexes with basic anionic ligands, [M(COD)(PPh3)X], X = OEt,

MeCO2, which reacted with the imidazolium cation under deprotonation giving the

M-NHC moiety and the free protonated base HOEt, MeCO2H [210].

The synthesis of Ir nanoparticles by reduction of [(COD)Ir(CH3CN)2]BF4 with

H2 or D2 in the presence of Proton Sponge (PSTM) in acetone with set but variable

amounts of [C4C1Im][NTf2] gave evidence for the formation of at least transiently

surface-ligand-coordinated NHCs. When using D2 deuterium incorporation was

apparent from 2H NMR spectroscopy at the imidazolium C2-H, C4-H, C5-H, and

butyl –(CH2CH2)C8–H(CH3) positions of the [C4C1Im]? cation. Conversely, 1H

NMR spectra showed a decreased intensity of the 2-, 4-, 5-, and 8-H hydrogens in

the [C4C1Im]? cation. Without the presence of Ir-NPs no D incorporation into the

imidazolium cation occured. A sequence of N-heterocyclic carbene formation by

oxidative addition of the imidazolium cation, followed by H/D scrambling atop the

nanoparticle surface, then reductive elimination of a imidazolium-C-D bond is

suggested [211].

During the auto-decomposition of Ni(COD)2 in imidazolium ILs the formation of

bis(imidazolylidene)nickel complexes [(NHC)2NiH]
? was detected by mass

spectrometry [212].

8 Conclusion

In the last years many different M-NPs (monometallic and bimetallic) in ILs were

obtained. Especially ILs with imidazolium cations feature prominently in the

formation and stabilization of M-NPs. Such imidazolium ILs simultaneously act as

reaction media, hydrogen sources, catalysts, templating agents and stabilizers for

the synthesis of metal nanoparticles.

Various and also yet unknown factors influence the stability of nanoparticles in

ionic liquids and lead to nanoparticle size and/or morphology changes during

synthesis. An improved understanding of the stability of nanoparticle dispersions in
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ionic liquids is still needed to assist efforts directed toward the synthesis of

nanoparticles with controlled size and morphology in ionic liquids.

An influence of the anion to metal nanoparticles was also observed by several

other research groups. Qualitatively, the size of M-NPs was found to increase with

the molecular volume of the anion of the IL. Also, an influence of the imidazolium

alkyl-chain length on the particle size of M-NPs is often invoked, yet the unclear

direction. It is both found that the NP size increased with increasing chain lengths

whereas in other studies an increase of the alkyl chain gave nanoparticles with a

smaller diameter and size-distribution.

It is evident from many reports on cation and anion effects of ILs that the

interaction between an IL and a (growing) nanocrystal is far from understood but

that a detailed understanding of the IL–nanoparticle interaction would be needed for

a more rational design of nanomaterials in ILs.

Furthermore, thiol-, ether-, carboxylic acid-, amino- and hydroxyl-functionalized

ILs can be used to coordinate to the surface of metal NPs akin to the action of

coordinating capping ligands. Also, for imidazolium-based ionic liquids there is

evidence that N-heterocyclic carbenes, NHCs could be formed by in situ

deprotonation of the imidazolium cation at the acidic C2-H position, at least as

intermediate species, during the nanoparticle seeding and growth process.
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