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Introduction

Gold is a preferred metal in nanotechnology research for
most applications that involve colloidal metals.[1] The wealth
of size-, shape-, and environment-dependent optical proper-

ties of gold nanoparticles[2] contributes to the choice of gold
in nanotechnological applications in catalysis, chemical and
biological sensors, actuators, optical coatings and electronic
devices.[3–6] Colloidal gold has a much longer history than
that of any other metal. Systematic research started with
Faraday�s ground-breaking work in 1857 about colloidal
gold solutions which describes the “finely divided metallic
state” of gold.[7] The importance of gold in the field of nano-
science and nanotechnology stems from its unique stability
as a pure metal.[8] Most other metals are rapidly covered by
a passivating oxide film under ambient conditions,[9] which
makes them unsuitable for the fabrication of metallic nano-
structures, in which the majority of metal atoms are located
at the surface. Most colloidal gold or gold nanoparticles syn-
theses are carried out using the classical Turkevich citrate
reduction route[8,10] and its modifications[11,12, 24] in common
organic solvents. Thus, typically, HAuCl4 is reduced by citric
acid which simultaneously functions as a stabilizing agent or
is reduced by NaBH4 in the presence of thiol or carboxylic
acid stabilizers.
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The controlled and reproducible synthesis of defined and
stable metal nanoparticles (M-NPs) is of high importance
for various applications.[12–17] Recently, ionic liquids (ILs)
were demonstrated as a favorable template for the prepara-
tion of predictable chemical nanostructures.[28,38,39, 40,54, 86]

Ionic liquids stabilize metal nanoparticles due to their high
ionic charge, high polarity, high dielectric constant and the
ability to form supramolecular networks.[18–21] According to
the DLVO (Derjaugin–Landau–Verwey–Overbeek)
theory,[22,23] which treats the IL ions as point charges, ILs
should provide an electrostatic protection in the form of a
“protective shell” for M-NPs so that no extra stabilizing
molecules or organic solvents are needed.[24–26] Real-life
anions with a molecular volume would be classified as elec-
tronic and steric or “electrosteric” stabilizers.[27] The stabili-
zation of M-NPs in ionic liquids could, thus, be attributed to
“extra-DLVO” forces,[27] involving effects from the network
properties of ionic liquids like hydrogen bonding, hydropho-
bic effects and steric interactions. The IL network contains
weakly coordinating cations and anions that bind less
strongly and are less deactivating to the metal surface than
traditional stabilizers or capping ligands.[27,28, 39,40] Metal
nanoparticle synthesis in ionic liquids can be carried out
through thermal reduction[28–31] or decomposition[32] of metal
salts or metal complexes, photochemical[33,34]or electrochem-
ical reduction,[35–37] and recently also by thermal and photo-
chemical decomposition of metal carbonyls.[38–42] In addition,
a correlation was found between the molecular volume of
the anion in the ionic liquid and the size of the synthesized
metal nanoparticles.[28,38, 40] Yet, for most applications of
metal nanoparticles it is necessary to transfer them from the
IL synthesis medium to organic or aqueous solvents or onto
surfaces.[3–6] Also, films of metals, alloys or semiconductors
can be electrodeposited from ionic liquids.[43]

Here we report the preparation of gold nanoparticles
(Au-NPs) by thermal decomposition and reduction of
Au(CO)Cl or KAuCl4 in the presence of n-butylimidazole in
different fluorine-containing ILs. The Au-NPs can then be
transferred to polar and nonpolar organic solvents by intro-
ducing organic capping molecules or onto a polytetrafluoro-

ethylene (PTFE, Teflon) surface. The binding to and stabili-
zation of Au-NPs with the IL anions is confirmed by DFT
calculations and is found to be much stronger than the bind-
ing to the cations.

Results and Discussion

Au-NP syntheses : In a typical experiment, the gold precur-
sor was dissolved in the presence of n-butylimidazole under
an argon atmosphere in the carefully dried and deoxygenat-
ed ionic liquid (IL). The solution was heated under argon to
230 8C for several hours or treated by photolytic (hn) or mi-
crowave (MW) radiation for some minutes in the ionic liq-
uids n-butyltrimethylammonium N-bis(trifluoromethylsulfo-
nyl)imide (BtMA+NTf2

�), n-butylmethylimidazolium tetra-
fluoroborate (BMIm+BF4

�), or trifluoromethanesulfonate
(BMIm+OTf�) (Scheme 1). The compound Au(CO)Cl[44]

starts to decompose at �140 8C as evidenced by the gas evo-
lution.

Yellow-orange, red, or red-purple to brown Au-NP disper-
sions (Figure S45 in the Supporting Information) were re-
producibly obtained through decomposition and reduction
from their metal precursors in ILs (see Figures 1 and 2 and
Table 1). Upon exposure to air, the yellow-orange Au dis-

Scheme 1. Formation of Au nanoparticles by thermal decomposition and
reduction of different metal precursors in ILs. The formed HBIm+Cl�

was analyzed by elemental analysis and 1H NMR spectroscopy.

Table 1. Au-NPs from AuI and AuIII precursors with size and size distribution in different ionic liquids (ILs).

Entry Ionic liquid[a] Metal precursor
(1 wt % in IL)[a]

/decomposition time

TEM & HRTEM
median diameter [nm]
(standard deviation s)[b]

DLS median diameter [nm]
(standard deviation s)[c]

1a BMIm+BF4
� Au(CO)Cl/18 h 1.8 (�0.4) 3.6 (�1.3)

1b BMIm+BF4
� Au-NPs from 1a after 2 weeks under Ar 3.0 (�0.9) –

1c BMIm+BF4
� Au-NPs from 1a after 6 weeks under air 3.6 (�0.6) 7.3 (�1.4)

2 BMIm+BF4
� KAuCl4/18 h 1.1 (�0.2) 3.3 (�1.1)

3 BMIm+BF4
� Au(CO)Cl/MW 5 min 4.1 (�0.7) 8.0 (�2.2)

4 BMIm+BF4
� Au(CO)Cl/hn 3 min 61 (�43) 154 (�76)

5 BMIm+OTf� Au(CO)Cl/18 h 130 (�40) 280 (�140)
6 BtMA+NTf2

� Au(CO)Cl/18 h 350 (�180) 600 (�180)

[a] Solubility of metal carbonyl precursors in BMIm+BF4
� is limited to a maximum value of about 1–2 wt %. Anion volumes: BF4

� 0.073�0.009 nm3;
OTf� 0.131�0.015 nm3; NTf2

� 0.232�0.015 nm3.[50] [b] Statistical evaluation of the total sample pictures (see also Supporting Information). [c] Hydrody-
namic radius, median diameter from the first three measurements at 633 nm. The hydrodynamic radius is roughly 2–3 times the size of the pure kernel
cluster. For very small Au NPs (~1 nm) the size of the hydrodynamic radius can even increase to more than 3 times the Au NP radius. The resolution of
the DLS instrument is 0.6 nm.
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persion in BMIm+BF4
� forms a red-purple precipitate, indi-

cating particle aggregation (Figure 2). Without the presence
of n-butylimidazole the Au-NP/IL dispersion also quickly
turns red-purple, indicating an agglomeration process which
is caused by the generated free HCl acid. As for Pd-NPs, we
suggest here the formation of N-heterocyclic carbene
(NHC)–Au species as the origin of the formation of Au-NPs
(Scheme 2).[45, 46] We also suggest that the formation of these
Au-NHC intermediates slows down the aggregation process.
In the presence of n-butylimidazole, the released HCl is
bound as a new imidazolium salt, similar to the IL matrix.

Figure 1. Au-NPs from Au(CO)Cl (HRTEM, top) and from KAuCl4

(TEM, bottom), both in BMIm+BF4
� (Table 1, entries 1a and 2).

Scheme 2. Suggested Au-NP formation through the formation of an Au–
carbene intermediate.[45, 46]

Figure 2. Au-NP precipitate from Au(CO)Cl in BMIm+BF4
� after two

weeks under argon (TEM, top, Table 1, entry 1b) and after 6 weeks of ex-
posure to air (HRTEM, bottom, Table 1, entry 1c).
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This prevents the formation of an acidic reaction medium,
which would destabilize the Au-NPs and lead to clustering.
The Au-NPs with a size of less than 2 nm are unstable when
prepared without a scavenger in ILs. In the absence of the
n-butylimidazole (BIm) scavenger, the Au-NP size is larger
and their size distribution is broader (dynamic light scatter-
ing (DLS) �4.5 and 15 to 35 nm, Figure S2 in the Support-
ing Information). This can be reasoned by proton (H+/HCl)
incorporation in the IL dynamic matrix, weakening its stabi-
lizing effect so that larger nanoparticles and size distribu-
tions are obtained.[28] In addition, free 1-methylimidazole
can stabilize Au-NPs as a ligand in ILs (see DFT calcula-
tion).[47]

In BMIm+BF4
�, the average size of the gold nanoparticles

from Au(CO)Cl or KAuCl4 is about 1–2 nm with an ex-
tremely small and uniform, albeit not monodisperse, size
distribution (Figure 1). Currently, it is not trivial to routinely
and easily prepare uniform Au nanoparticles of such small
size (1–2 nm). No extra stabilizers or capping molecules are
needed to achieve this small particle size. Furthermore, we
observed that the ultra small nanoparticles (Table 1) ag-
glomerate in a controlled way by the fusion of two Au-NPs
with time and faster when they are exposed to air
(Figure 2). Thereby, the particle size doubles (see Figures 1
and 2, entries 1b and c in Table 1) with a still quite uniform
size distribution. The use of BMIm+OTf� and BtMA+NTf2

�

as ionic liquids results in much bigger Au nanoparticles with
a broad size distribution of about 130�40 and 350�180 nm,
respectively (Table 1, Figures S20 and S21 in the Supporting
Information), compared to BMIm+BF4

�. We have previously
shown that a larger NP size correlates with a larger volume
of the ionic liquid anion.[28,38, 40] Agglomeration to larger Au
nanoparticles in ionic liquids (ILs) is not prevented, because
the interaction of the IL species with the Au-NPs is only
weak and is driven by the known strong aurophilic Au�Au
interaction (Au cohesive energy 3.8 eV, �88 kcal mol�1).[48]

The use of strong heat sources in the microwave or photo-
lytic decomposition (microwave, 10 W, 250 8C or light
energy, 1000 W) accelerates the Au-NP agglomeration pro-
cess in the IL network. Microwave or light energy leads to
highly localized “hot spots“[49] through the energy absorp-
tion of the Au-NPs.

Such activated particles will be prone to agglomeration.
The diffraction patterns from transmission electron diffrac-
tion (TED) correspond to the Au metal lattices (Figure 3,
Table S1 in the Supporting Information) thereby proving
their metal character and the absence of significant oxida-
tion. The crystallinity increases with the size of the Au nano-
particles.[40]

Nanoparticles must be stabilized in order to prevent their
agglomeration or aggregation which eventually leads to the
formation of small bulk metal particles. Metal nanoparticles
(M-NPs, “core”) are considered stabilized in ILs by the for-
mation of “protective” anionic and cationic layers (“shells”)
around them in a “core-shell system”.[24,51–54] The first inner
shell is believed to be anionic,[22, 27,69] because then the IL
anion would have the strongest influence on the size and

electrostatic stabilization and the anion molecular volume
controls the range of the nanoparticle size. In addition, the
supramolecular imidazolium-anion clusters of ILs should be
taken into account.[28, 38,40] Pure ILs can be considered as
supramolecular polymeric structures with a high degree of
self-organization and weak interactions in an extended net-
work of cations and anions connected together by hydrogen

Figure 3. TED picture of 1–2 nm Au nanoparticles from Au(CO)Cl in
BMIm+BF4

� (top, Table 1, entry 1a), larger Au nanoparticles from
Au(CO)Cl in BMIm+OTf� (bottom, Table 1, entry 5). The black bar is
the beam stopper. The diffraction rings in the right picture at 2.36 (very
strong), 2.09 (strong), 1.48, 1.23 (strong), and 0.96 � (median) match
with the d-spacing of the Au-metal diffraction pattern (Table S1 in the
Supporting Information).[61]
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bonds.[19–21] When mixed with other molecules or M-NPs,
ionic liquids become nanostructured materials with polar
and nonpolar regions.[19–21,55–58] The ionic liquid represents an
excellent dynamic nano-environment for the formation of
M-NPs with, in most cases, a small size and a narrow size
distribution under mild reaction conditions.[28,38, 40] We sug-
gest that weak gold–fluorine (Au···F) interactions from the
IL anion to the Au nanoparticles may aid in the stabilization
(see DFT calculation). Also, such fluorous anion interac-
tions (M···F, M=electrophilic transition metals) in ionic liq-
uids are not limited to Au nanoparticles.

Au-NP surface functionalization : The addition of an organic
ligand to the bare M-NP surface is generally described as a
surface functionalization, albeit derivatization, coating, or
capping maybe better terms. The post synthetic introduction
of an organic capping ligand on the dispersed gold nanopar-
ticles in ILs was done by treating the gold dispersion with
an excess of mercaptopropionic acid (HS�ACHTUNGTRENNUNG(CH2)2�COOH),
thioglycolic acid (HS�CH2�COOH), n-decanethiol (HS�
C10H21), n-dodecanethiol (HS�C12H25), and n-tetradecane-
thiol (HS�C14H29) at room temperature (Scheme 3, Table 2).
The strong affinity between the thiol (�SH) group and the
gold nanoparticles replaces the ionic liquid protective layer.

Surface capping of gold nanoparticles dispersed in the
ionic liquid BMIm+BF4

� with a polar and soluble organic
thiol ligand leads to slightly larger thiol-capped gold nano-
particles (Figure 4 and Table 2, entries 1–2). The use of a
nonpolar and insoluble organic thiol ligand more than dou-
bles the size of the resulting thiol-capped gold nanoparticles
(Figure 5 and Table 2, entries 3–5). The aggregation is a
result of the introduction of the thiol ligands into the IL net-
work, which disrupts the hydrogen-bonding network. There-
fore, the stabilizing properties of the IL network towards
the Au-NPs is weakened and results in further Au-NP ag-
glomeration which is driven by the aurophilic Au�Au inter-
action (Figures 4 and 5 and Table 2).

The interaction with the thiol ligand results in a strong
Au�S chemisorption bond.[59] The addition of a thiol ligand
leads to larger Au-NPs based on a controlled aggregation of
the gold nanoparticles. The larger Au/thiol-covered nanopar-
ticles could be collected by centrifugation. The IL together
with the excess thiol ligand is decanted and the Au/thiol-

NPs were washed twice with a water-methanol solution fol-
lowed by methanol.[60] The thiol-capped Au nanoparticles
can then be re-dispersed in polar or nonpolar organic sol-
vents like ethanol or chloroform (Figures 4 and 5).

The thiol-capped Au/SR-NP (SR= thiol) dispersions in
ethanol and CHCl3 are stable for months. The particle size
does not change over time, even in air (Figures S9–S13 in
the Supporting Information). TED studies show that the
thiol-capped Au nanoparticles are not oxidized. The diffrac-
tion patterns from TED correspond to their metal lattices
(Figure S22 and Table S1 in the Supporting Information),[61]

thereby proving their metallic character and the absence of
significant oxidation.

Thiolation replaces the weakly bound BMIm+BF4
� coat-

ing from the dispersed Au-NPs, thereby leading to a struc-

Scheme 3. Stabilization and surface capping (functionalization, derivatiza-
tion) of Au nanoparticles from the ionic liquid network by hydrophobic
and hydrophilic thiols ligands.

Table 2. Thiol-capped Au/SR-NP from BMIm+BF4
� with size distribution in ethanol and chloroform.

Entry Organic solvent[a] Thiol ligand Au-NP
original size
HRTEM

TEM & HRTEM
median diameter [nm]
(standard deviation s)[a]

DLS median diameter [nm]
(standard deviation s)[b]

1 Ethanol HS�CH2�COOH 1.8 (�0.4) 2.0 (�0.4) 5.77 (�1.06)[c]

2 Ethanol HS�ACHTUNGTRENNUNG(CH2)2�COOH 1.8 (�0.4) – 6.97 (�1.25)[d]

3 CHCl3 HS�ACHTUNGTRENNUNG(CH2)9�CH3 1.8 (�0.4) 4.3 (�1) 9.53 (�3.07)
4 CHCl3 HS�ACHTUNGTRENNUNG(CH2)11�CH3 1.8 (�0.4) – 10.2 (�2.81)
5 CHCl3 HS�ACHTUNGTRENNUNG(CH2)13�CH3 1.8 (�0.4) – 11.3 (�2.95)

[a] Statistical evaluation of the total sample pictures (see Supporting Information). TEM and HRTEM show only the Au core cluster. [b] Hydrodynamic
radius, median diameter from the first three measurements at 633 nm. The hydrodynamic radius is roughly 2–3 times the size of the Au core cluster due
to the ligand and solvent shell. For very small Au-NPs (�1 nm) the size of the hydrodynamic radius can even increase to more than three times the Au-
NP radius. The resolution of the DLS instrument is 0.6 nm. [c] Hydrogen-bonded agglomerates appear in the range of about �35 nm. [d] Hydrogen-
bonded agglomerates appear in the range of about �24 nm.
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tural organization of the Au clusters and to a controlled ag-
glomeration process[62] (compare Figures 1, 4 and 5,
Table 2). Therefore, the process of thiol capping of gold
nanoparticles in ionic liquids is similar to a ligand exchange
process. It is already known that the exchange of the stabil-
izers or capping molecules from the nanoparticles surface
results in clustering of different, defined gold species, for ex-
ample from phosphane- or chloride-stabilized Au11 to thiol-
stabilized Au25

[63] and other size changes.[64] In particular, for
small clusters, this can be understood due to the strong cor-
relation of specific stable cluster sizes to the nature of a
given ligand.[65, 66]

Au-NP deposition on PTFE (Teflon): Au-NPs can also be
deposited onto and stabilized by interaction with a polyte-

trafluoroethylene (PTFE, Teflon) surface. The in situ depo-
sition of gold nanoparticles on PTFE was performed using a
10 � 10 mm2 PTFE sheet or membrane during the Au-NP
synthesis and by post-synthetic photolytic treatment from an
Au-NP/BMIm+BF4

� dispersion (Scheme 4). A controlled
deposition of gold nanoparticles onto PTFE (Teflon) could
be a great advantage for different applications, for example
for the development of electronic, catalytic, and sensor devi-
ces.[3,24, 48] We chose PTFE as a support material because of
its high thermal stability. A sheet made of polypropylene or
of poly(difluoroethylene) (CHF�CHF)n was found to melt
quickly at our reaction temperature of about 250 8C. The
deposition of Au nanoparticles on PTFE was analyzed with
an electron probe micro analyzer (EPM), that, is by scan-

Figure 4. Au/SR-NPs from BMIm+BF4
� after thiolation with decanethiol,

centrifugation and re-dispersion in CHCl3 TEM picture (top) and UV/
Vis spectrum (bottom, grey curve). The black curve is the UV/Vis spec-
trum of Au-NP/IL(for the colour version see Figure S46 in the Support-
ing Information).

Figure 5. Au/SR-NPs from BMIm+BF4
� after thiolation with mercapto-

propionic acid, centrifugation and re-dispersion in ethanol HRTEM pic-
ture (top) and UV/Vis spectrum (bottom, grey curve). The black curve is
the UV/Vis spectrum of Au-NP/IL (for the colour version see Figure S47
in the Supporting Information).
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ning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDX, Figure 6). Au-NP deposition on
PTFE was obtained reproducibly during the nanoparticle
synthesis (in situ) by thermal, photolytic, or microwave de-
composition/reduction under argon from Au(CO)Cl in the
presence of PTFE (Figure 6, bottom left). In addition, Au-
NP deposition could be achieved through ultraviolet (UV)
irradiation of Au-NP/BMIm+BF4

� dispersions in the pres-
ence of PTFE (Figure 6, bottom right).

The PTFE sheet or membrane swells in solvents and also
in the ionic liquid BMIm+BF4

�, which leads to a surface
change of the PTFE (Figure 6 top left and Figure S24 in the
Supporting Information). This swelling contributes to the
deposition of the metal nanoparticles. The Au-NPs deposit-
ed on the PTFE surface are protected by a thin film of the
ionic liquid BMIm+BF4

� which could also be detected by
the EPM measurements (Figure S31 in the Supporting Infor-
mation).

The best results for gold deposition on PTFE were ob-
tained by the in situ photolytic and microwave-assisted de-
composition reactions of Au(CO)Cl in BMIm+BF4

� (Fig-

Scheme 4. Surface deposition of Au nanoparticles from BMIm+BF4
� on a

PTFE surface; photograph of a PTFE sheet before (left) and after (right)
the Au-NP deposition

Figure 6. Top left: EPM-SEM picture of PTFE (Teflon) blank (left) and its swelling in the presence of BMIm+BF4
� (right). Top right: EDX of Au-NP de-

posited on the PTFE surface. Bottom left: SEM of Au-NPs on the PTFE membrane through in situ photolytic deposition from Au(CO)Cl in
BMIm+BF4

�. Bottom right: SEM of Au-NPs deposited on the PTFE sheet through UV irradiation from a Au-NP/BMIm+BF4
� dispersion.
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ures 6, bottom, and Figures S29 and S30 in the Supporting
Information). The in situ photolytic deposition on PTFE
from Au(CO)Cl/BMIm+BF4

� results in a high loading of
large spherical Au-NPs with a narrow particle size distribu-
tion, in comparison to the two other methods, in the range
from 170 to 230 nm (Figure 6, bottom left). In situ deposi-
tion on PTFE from Au(CO)Cl/BMIm+BF4

� under micro-
wave conditions gives larger Au-NPs with a broader particle
size range from 160 to 1030 nm (Figure S27 and S28 in the
Supporting Information). Thermal assisted deposition on
PTFE by the decomposition/reduction of Au(CO)Cl results
in a lower loading of large particles with a broad particle
size distribution in the range from 220 to 1020 nm (Fig-
ure S25 and S26 in the Supporting Information). The photo-
lytic deposition on PTFE with pre-synthesized Au-NPs in
BMIm+BF4

� yields Au-NPs with a particle size distribution
in the range from 60 to 170 nm (Figure 6, bottom right). Fur-
thermore, in all of the gold deposited samples, EDX studies
show that the Au nanoparticles consist only of gold without
chlorine atoms (Figure 6, top right).

The Au-NP deposited on PTFE shows an EPR resonances
with giso =2.126 and 1.979 (Figure S32 in the Supporting In-
formation). Bulk Au, Au-NP/IL dispersions, PTFE and the
ionic liquid are EPR silent. We suggest that the Au particles
assume in part a paramagnetic behavior through a charge
transfer to the PTFE surface. Possibly localized holes may
be generated in the Au 5d shell from a charge transfer to
the PTFE surface, similar to that which occurs with S atoms
of thiol ligands in forming the Au�S bonds.[67]

NMR studies : The contact of gold nanoparticles with the
ionic liquid dynamic matrix was studied by solution NMR
(19F, 11B, 1H) spectroscopy. The 19F NMR signals of
BMIm+BF4

� show a small shift if Au-NPs are dispersed in
this solvent. The shift increases with the Au-NP concentra-
tion, up to 0.02 ppm downfield of the corresponding signal
of the pure ionic liquid with about 1 wt. % Au in solution
(Figure S33 in the Supporting Information). At the same
time, the 11B chemical shift of the anion and the 1H chemical
shift of the imidazolium cation remain unchanged (Fig-
ures S34 and S35 in the Supporting Information). Due to
the weak Au···F contacts, fluctuations and diffusion will lead
to a fast exchange between BF4

� in the vicinity of Au nano-
clusters and the bulk ionic liquid. So, on the NMR time-
scale, different resonances cannot be observed, but a small
effect on the chemical shift of the average signal is seen. Al-
though the shift difference is quite small for 19F NMR chem-
ical shifts, the absence of changes in the boron and hydrogen
chemical shift makes it unlikely that the shift difference ob-
served in 19F NMR is due to the modification of the overall
magnetic susceptibility of the sample by the Au nanoclusters
in solution. Thus, this finding supports the idea that there
are contacts between the fluorine atoms of the BF4

� ions
and the surface of the gold nanoparticles.

These observations contribute to the model which predicts
the anions as the primary source of stabilization for electro-
philic metal nanoclusters.[22,27, 68] Our NMR studies also

agree with the location of PF6
� ions from BMIm+PF6

� on a
Pd nanocluster surface by X-ray photoelectron spectroscopy
(XPS).[68] Moreover, the DFT calculations presented in the
next section support the suggested Au-NP···F�BF3

� interac-
tions, which are crucial for the dynamic IL stabilization of
the Au-NPs.

DFT calculations : In IL dispersions, the metal nanoparticles
are believed to be surrounded by the anions from the ionic
liquid that induce a positive charge on the metal surface.[69]

The origin of this model is the DLVO theory in analogy of
the charge stabilization of colloids in the presence of anions
in common solvents.[22,27, 70] On the other hand, a stabiliza-
tion due to special end groups of the cations has also been
proposed.[71] We have investigated the binding of the IL
anions and cations, as well as chloride (as a synthetic by-
product from Au(CO)Cl or KAuCl4 or a possible IL impuri-
ty) and free imidazoles using density functional theory
(DFT) calculations. The exchange-correlation energy was
approximated as proposed by Perdew, Burke and Ernzerhof
(PBE).[72] The projector augmented wave method[73] was
used and the smooth wave functions were represented on
uniform real space grids.[74] This approach provides a single
convergence parameter, the grid-spacing, to control the ac-
curacy of discretization. Similar techniques have been suc-
cessfully applied to gold clusters in interaction with organic
molecules[64,65,75, 76] and ionic metal oxide surfaces.[77,78] The
calculations were carefully tested for numerical convergence
and found to converge at a grid-spacing of 0.18 �.

In the following we studied the binding energy (BE) of
different IL ions, free bases, and the Cl� ion to gold clusters
of various sizes. The gold clusters considered here are clus-
ters that are known to form in gas phase in their neutral
state, a single atom, a dimer, a triangular trimer,[79] triangu-
lar Au6,

[80] and tetrahedral Au19 and Au20.
[81] The adducts of

clusters connected to the ions or free bases were relaxed in
the gas phase until the forces fell below 0.05 eV ��1. Various
starting configurations were tried. Generally the binding to
the gold cluster corners or edges was found to lead to the
largest binding energy due to the enhanced reactivity at
these positions.[82] The lowest binding energy configurations
were independent of the cluster size and are shown in Fig-
ures 7 and 8 for the case of Au6. (See Figures S40–S44 in the
Supporting Information for all structurally relaxed energetic
minimum configurations.) The BE is defined as the differ-
ence of the relaxed energies of the gas-phase anions and the
Aun clusters to the energy of their complex [Eq. (1)].

BE ¼ EðanionÞ þ EðAunÞ�Eðanion=Aun complexÞ ð1Þ

Figure 7 shows the Aun–anion binding configurations and
the variation of the BE with cluster size n. The OTf� ion
binds preferably through an O atom and the fluorous ions
through the F atoms. The energy difference for bonding be-
tween just one, two, or three F atoms to the gold cluster is
found to be isoenergetic (energy difference <0.1 eV). All
the anions show a similar behavior in their BEs. The BE to
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a single gold atom n=1 is quite low and more than doubles
for Au2 (n=2). Increasing the cluster size to n=20 does not
change the BE substantially any further, in other words, the
BE is already saturated for Au2 (Figure 7). This behavior is
reflected in the bond length between gold clusters and
anions depending on the cluster size as shown in Figure S37
of the Supporting Information. Similar behavior can be ob-
served for chloride ions, which are present as a synthetic by-
product from Au(CO)Cl or KAuCl4 and as a contaminant
from the IL synthesis process. Remarkably, the chloride ion
shows the largest BE of all anions and can, hence, be ex-
pected to be bound to the clusters if it is present in the dis-
persion. The interaction between anions and gold clusters is
accompanied by the considerable charge transfer from the
anions to the gold. The strength of the interaction is related
to the charge transferred and inversely related to the calcu-
lated vertical electron detachment energies (electron affini-
ties) of 3.58, 4.96, 6.39, and 6.76 eV for Cl, OTf, BF4 and

PF6, respectively. The variation of the charge transfer with
cluster size is rather small compared to the strong variation
of the corresponding gold cluster electron affinities.[83] This
confirms the saturation effect already seen in BE and bond
length.

An explanation for the difference in the BE of a single
Au atom and the saturation of the binding energy for n�2
is found in the local density of states (LDOS) shown in
Figure 9 for the representative examples of BF4

� bound to
Au and BF4

� bound to Au2. In the case of a single gold
atom attached to the BF4

� ion, the LDOS of both fragments

Figure 7. Relaxed configurations of Au6 bound to a) Cl�, b) OTf�,
c) BF4

� and d) PF6
�. The bond lengths are given in �. e) Binding energy

and f) charge transfer to the gold clusters Dq in je j for different anions
depending on the Aun cluster size.

Figure 8. Relaxed configurations of Au6 bound to a) BIm and b) BMIm+.
The distances of the N atoms to the nearest Au atom are given in �.
c) Binding energy of the bases MIm, BIm and the dMIm+ and BMIm+

ions depending on the Aun cluster size.

Figure 9. The spin averaged local density of electronic states (LDOS) of
Au (top) and Au2 (bottom) bound to BF4

�. The inset in the bottom part
shows the LDOS of gas phase Au2. The LDOS of the F atom nearest to
gold is shown in black, and the contribution of all F atoms is shown in
blue. The Fermi energy was set to 0 eV, and the density of electronic
states was folded with Gaussians of 0.1 eV width.
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are well separated in energy and the gold d band is located
in a narrow energy range (Figure 9 a). The slight broadening
of the d band can be attributed to spin splitting and a polari-
zation effect due to the neighborhood of the charged BF4

�

ion. In contrast to this, the LDOS of BF4
� and Au2 show a

clear overlap in the energy region between �4 and �3 eV
(Figure 9 b). This effect is strongest for the F atom nearest
to gold. Here, the states are simultaneously located on the
anion as well as on the gold dimer Au2 by a signature of a
weak covalent binding interaction in our gas-phase approxi-
mation. Comparison with the LDOS of gas phase Au2 shows
that the overlap is significant only for the gold s and p con-
tributions, and the gold d band is not greatly affected. This
covalent character of the anion–gold interaction explains
the saturation of the BE with increasing cluster size. In par-
ticular, for the case of the chloride anion, this finding is con-
sistent with the strong covalent binding of chloride ions to
the Au ACHTUNGTRENNUNG(111) surface found in recent DFT simulations.[84]

In contrast to the case of the anions, the BEs of the
BMIm+ and dimethylimidazolium (dMIm+) ions are much
lower than the BE of the anions (<0.5 eV), Figure 8 c). This
is reflected in the much larger distance between the cation
and the gold cluster (Figure 8 b). With the exception of a
slight decrease from Au to Au2, the cationic BE is found to
steadily increase with increasing cluster size. This is an indi-
cation that the binding in this case is not covalent but polar.
The free imidazole bases methylimidazole (MIm) and n-bu-
tylimidazole (BIm), however, show binding energies similar
to the anions, both in strength as well as in cluster size de-
pendence (Figure 8 c). This supports the model of stabiliza-
tion enhancement due to free bases which has been recently
proposed.[47]

Conclusions

Gold nanoparticles (Au-NPs) can reproducibly be obtained
by thermally, including microwaves, or photolytically in-
duced reduction of their metal carbonyl Au(CO)Cl or
KAuCl4 salt in different ionic liquids (ILs). Au nanoparticles
synthesized in BMIm+BF4

� are very small with a uniform
size of about 1–2 nm. No extra stabilizers or capping mole-
cules are needed to achieve such small particle sizes. The
Au-NP size increases with the size of the IL anion, from
BF4

� to OTf� to NTf2
�. The ILs act as a template for the

preparation of predictable chemical nanostructures and
their subsequent coating or deposition. From the IL disper-
sion, the Au-NPs could be coated with different organic
thiol ligands and transferred to polar and nonpolar organic
solvents. A controlled particle agglomeration, leading to a
doubling of the Au/SR-NPs, was observed during the thiola-
tion reaction. Furthermore, Au-NPs could be deposited onto
a PTFE surface either during their synthesis (in situ) or
through a post-synthetic UV irradiation of Au-NP/
BMIM+BF4

� dispersions in the presence of PTFE. A small
and Au concentration-dependent 19F NMR chemical-shift
difference (not seen in 11B or 1H NMR) for Au-NP/

BMIM+BF4
� supports the notion of a BF4

� F···Au-NP con-
tact. DFT calculations in a gas phase model further support
IL anion···Au-NP interactions, which are crucial for the NP
stabilization in dynamic ILs. The calculations indicate a
weak covalent part in this interaction. Free imidazole bases
(such as 1-methylimidazole) show similar BE and depend-
ence on cluster size. The Cl� ions are found to have the
highest binding energy and can therefore be expected to
bind to the NP if present in the solution. Moreover, signifi-
cant binding of the BMIm+ or MIm+ ions was not found.
These findings support the model of preferred interaction
between anions and Au-NPs, but also confirm the impor-
tance to consider a possible presence of Cl� ions in the ionic
liquid solution. Furthermore, we suggest that these fluorine
containing anion-to-metal (F···M) interactions in ionic liq-
uids are not limited to Au nanoparticles but extend to all
electrophilic transition metals.

Experimental Section

Materials and instrumentation : Au(CO)Cl and KAuCl4 were obtained
from STREM, n-butylimidazole (p.a.) was obtained from Aldrich, the
ionic liquids (ILs) n-butyltrimethylammonium bis(trifluoromethylsulfony-
l)imide (BtMA+NTf2

�), n-butylmethylimidazolium tetrafluoroborate
(BMIm+BF4

�), and trifluoromethanesulfonate (BMIM+OTf�) from IoLi-
Tec (H2O content !100 ppm; Cl� content !50 ppm). PTFE membranes
cut to 10 � 10 mm2 per piece from the 45 mm diameter commercially ob-
tained membranes from Sartorius Stedim Biotech GmbH, 65 mm thick-
ness, pore size 0.45 mm; PTFE pieces cut to 10 � 10 mm2 sections from
PTFE sleeves intended for NS 29 glass joints, 0.05 mm thickness from
VWR International GmbH.

All manipulations were done by using Schlenk techniques under argon
since the Au(CO)Cl is hygroscopic and air sensitive. The ionic liquids
were dried under a high vacuum (10�3 mbar) for several days to avoid,
especially in the case of BMIm+BF4

�, hydrolysis to HF.[85–88]

Transmission electron microscopy (TEM and TED) and high resolution
transmission electron microscopy (HRTEM) photographs were taken at
room temperature from a carbon-coated copper grid by a Zeiss LEO 912
(TEM) transmission electron microscope operating at an accelerating
voltage of 120 kV and on a HRTEM Phillips CEM 200 ST high resolution
transmission electron microscope operating at an accelerating voltage of
200 kV. UV/Vis absorption measurements on Au-NP dispersions were
done with a J&M TIDAS UV/Vis spectrometer in the wavelength range
between 300 and 800 nm. Scanning electron microscopy (SEM) photo-
graphs were taken at room temperature from a JOEL JSM-6300F scan-
ning microscope operating at an accelerating voltage of 5 kV. Energy dis-
persive spectrometry (EDS) measurements were performed on a
CAMECA SX100, electron probe micro analyzer (EPMA) equipped
with an Oxford Penta FET detector, at room temperature with an accel-
erating voltage of 15 kV. A Malvern Zetasizer Nano-ZS was used for the
dynamic light scattering measurements working at a wavelength of
633 nm. Care was taken for choosing the right parameters, such as the
index of refraction of Au (2.4) with an absorption of 0.1 at this wave-
length. Samples were prepared by dilution of the metal/IL dispersion
(10 mL; 1 wt. % of Au) in n-butylimidazole (2 mL, 99% p.a.; particle
free). Then, the Au/IL/n-butylimidazole solution (150 mL) was diluted
further with n-butylimidazole (1.5 mL) and was placed in a glass cuvette
before measurement.

NMR experiments were carried out on a BRUKER AVANCE II WB
spectrometer with a 5 mm ATM-BBFO probe head at room temperature.
The spectrometer was locked and shimmed on a sample containing a
mixture of BMIm+BF4

� and CDCl3. The subsequent samples were mea-
sured without locking. To avoid field shifts by shim gradients, these sam-
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ples were not further shimmed. The field drift of the magnet was 0.5 Hz
per hour. Electron spin resonances (ESR) measurements were measured
on an ESP 300E at room temperature in glass tube under continuous
wave (CW) conditions.

The quantitative analysis of the gold content on the 10� 10 mm2 PTFE
pieces (mass 0.017 g) cut from the sleeves was carried out by flame
atomic absorbance spectroscopy (AAS) from a solution of conc. HCl/
HNO3 (aqua regia, 8.0 mL) against an Au standard/calibration from Au-ACHTUNGTRENNUNG(NO3)3. The AAS determined gold contents on the PTFE pieces in-
creased with the concentration of the gold dispersion as follows: 1) on
untreated PTFE (blank) a blind value of 0.2855 mg L�1 or 0.0023 mg Au
per PTFE piece was found and subsequently deducted from the mea-
sured Au values for the treated PTFE samples, 2) a 0.5 wt. % Au/IL dis-
persion gave 0.8235 mg L�1 or 0.0066 mg Au per PTFE piece, 3) a 1 wt. %
Au/IL dispersion gave 9.1925 mg L�1 or 0.0735 mg per PTFE piece and 4)
a 1.5 wt. % Au/IL gave 25.515 mg L�1 or 0.2041 mg Au per PTFE piece.

Gold nanoparticle syntheses in ILs :

By thermal decomposition : Thermal decompositions were carried out
under argon in a glass vessel which was connected to an oil bubbler. In a
typical experiment Au(CO)Cl (0.040 g, 0.154 mmol) was dissolved/dis-
persed (during �1 h) under argon at room temperature in the presence
of n-butylimidazole (1.5 equiv, 0.231 mmol) in the ionic liquid (3.0 g).
The solution was slowly heated to 230 8C for 18 h under mechanical stir-
ring. The decomposition process gave a dispersion with gold (0.03 g,
1 wt. % Au-NP in IL). During the decomposition process, a white haze of
n-butylimidazolium chloride is formed. After cooling to room tempera-
ture under argon, a white-yellow precipitate (of n-butylimidazolium chlo-
ride in the below) was obtained and an aliquot of the ionic liquid was
collected under argon atmosphere for in situ TEM/HRTEM, TED and
dynamic light scattering (DLS) characterization. The white-yellow pre-
cipitate was collected by centrifugation (13 200 rpm for 5 min) and de-
canting the supernatant Au/IL dispersion. The precipitate was washed
twice with CHCl3 (2 mL) and dried for several days under high vacuum.
The dried white-yellow precipitate could be characterized as n-butylimi-
dazolium chloride. Elemental analysis calcd (%): C 52.34, H 8.16, N
17.44; found C 52.69, H 8.28, N 17.56. 1H NMR (200 MHz, (CD3)2CO,
20 8C, TMS as internal standard): d=9.02 (br, 1H; Aryl-N-CH-N), 8.6
(vbr, 1H; Aryl-NH), 7.67 (t, J= 1.5, 1 H; Aryl-N-CH), 7.49 (t, J =1.5,
1H; Aryl-N-CH), 4.4 (t, J =7.3, 2 H; NCH2), 1.97 (m, J =7.4, 2H; CH2),
1,41 (m, J =7.4, 2 H; CH2), 0.98 ppm (t, J =7.4, 3H; CH3) (see Figure S36
in the Supporting Information).

By photolysis : Photolytic decomposition of a solution/suspension of
Au(CO)Cl (0.030 g, 0.115 mmol) in BMIm+BF4

� (2.0 g) was carried out
in a K�rner UV 1000 reactor from K�rner-Analysentechnik in quartz
tubes for 1 min under argon using a Hg-UV lamp (1000 W) in the range
between 200 and 450 nm to give a dispersion with of gold (0.020 g, �1
wt. % Au-NP in IL).

By microwave radiation : The microwave decomposition of a solution/sus-
pension of Au(CO)Cl (0.030 g, 0.115 mmol) in BMIm+BF4

� (2.0 g) was
carried out in a CEM Discovery Microwave in a glass tube for 3 min at
10 W (250 8C) under argon without stirring to give a dispersion with gold
(0.020 g, �1 wt. % Au-NP in IL).

Au-NP surface functionalization : Post synthetic surface functionalization
of the dispersed gold nanoparticles in ILs was done by treating the
1wt. % Au-NP/IL dispersion with an excess of different organic thiol li-
gands. The volume ratio of the neat thiol liquid to the IL liquid was 5:1.
The thiolated Au nanoparticles were collected under centrifugation
(13 200 rpm for 5 min) and then washed twice with a 20 % (v/v) water–
methanol mixture (2 mL) in an ultrasonic re-dispersion–centrifugation
process. This process was repeated with 2 mL methanol (p.a.) to remove
unbound thiol ligands.

Au-NP deposition on PTFE : It is also possible to carry out the above
gold nanoparticle syntheses in ILs in the presence of a piece of PTFE for
in situ Au-NP deposition onto PTFE. By adding a piece of PTFE to the
thermal, photolysis, or microwave decomposition process the in situ gold
deposition onto PTFE was obtained as a purple-red thin film.

Post synthetic photolytic deposition of a 10� 10 mm2 PTFE piece with
pre-synthesized Au-NPs from BMIm+BF4

� were carried out in a K�rner
UV 1000 reactor from K�rner-Analysentechnik in quartz tubes for 1 min
under argon using a Hg-UV lamp (1000 W) in the range between 200
and 450 nm. Before UV irradiation, the PTFE pieces were dipped for
5 min into the pre-synthesized Au/IL dispersion (from thermal decompo-
sition), then placed into quartz tubes without washing and irradiated.

Computational methods : The Kohn–Sham DFT calculations where per-
formed with the program package GPAW.[74] The projector augmented
wave method[73] was used and the smooth wave functions were represent-
ed on uniform real space grids. This approach provides a single conver-
gence parameter, the grid-spacing, to control the accuracy of discretiza-
tion. Similar techniques were successfully applied to gold clusters interac-
tions with organic molecules[65, 66, 75, 76] and ionic metal oxide surfaces.[71, 78]

The calculations were carefully tested for numerical convergence and
found converge at a grid-spacing of 0.18 �. The exchange-correlation
energy was approximated in a generalized gradient approximation
(GGA) as proposed by Perdew, Burke and Ernzerhof (PBE).[72] The re-
sults were cross-checked using the meta-GGA functional as proposed by
Tao, Perdew, Staroverov and Scuseria.[89] No qualitative difference in the
BE behavior by changing the PBE to the TPSS was observed (see also
Figure S39 in the Supporting Information) and the absolute differences
were found to be smaller than 0.08 eV in every case. Structures contain-
ing an even number of gold atoms were treated as spin-unpolarized,
whereas structures containing an odd number of gold atoms were treated
as spin-polarized calculations. The adducts of clusters connected to the
ions or free bases were geometry optimized without symmetry restric-
tions. The structures were considered to be relaxed if the forces fell
below 0.05 eV ��1. The charge analysis was performed using the Bader
method.[90]
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