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b

The stability of gold nanoparticles synthesised by sputter deposition has been studied in situ

in 1-butyl-3-methylimidazolium ionic liquids with bis(trifluoromethylsulfonyl)imide,
tetrafluoroborate, hexafluorophosphate and dicyanamide anions with UV-VIS absorption
spectroscopy and transmission electron microscopy. Besides the growth of the gold nanoparticles,
two other processes were observed after sputtering, namely aggregation and sedimentation of
these nanoparticles. To model the absorption spectra of the sputtered gold nanoparticles,

generalized multiparticle Mie calculations were performed. These theoretical calculations confirm
the increase in absorbance at longer wavelength for larger aggregates and are in agreement with
the experimental observations. It was found that the kinetics of aggregation and sedimentation
scale with the viscosity of the ionic liquid. Small amounts of water were found to have a large
detrimental influence on the stability of the colloidal suspensions of the gold nanoparticles in

ionic liquids. From the large discrepancy between the theoretical and the experimentally observed
stability of the NPs, it was concluded that structural forces stabilize the gold nanoparticles.

This was also borne out by AFM measurements.

Introduction

The use of ionic liquids (ILs) for the synthesis of metal
nanoparticles (NPs) offers several advantages over water or
organic solvents.' Because of their unique properties such as
a highly ionic environment,* low vapour pressure,’ wide liquidus
range, wide electrochemical window and pre-organized
structure,® ionic liquids can be used for applications where
conventional solvents fail. An important aspect in the research
of NPs in ILs is the stability of the NPs/IL colloidal systems.
There is currently a dispute in the literature regarding the
stability of metal nanoparticles in ILs. Several research groups
show that gold nanoparticles are unstable in ionic liquids
without the addition of stabilizers or functionalized ionic
liquids,” while other researchers describe stable gold nano-
particle suspensions in ionic liquids.'®'? It is known that
impurities in ionic liquids have a large influence on the stability
of nanoparticles dispersed in ionic liquids.'”> A theoretical
estimation of the colloidal interaction between bare monodisperse

“KU Leuven — University of Leuven, Department of Chemistry,
Celestijnenlaan 200F, P.O. Box 2404, B-3001 Heverlee, Belgium.
E-mail: Koen.Binnemans@ chem.kuleuven.be; Fax: +3216327992;
Tel: + 3216727446

b Ecole Polytechnique de Montréal, Department of Engineering
Physics, Case Postale 6079, Montréal, Québec, Canada

“KU Leuven — University of Leuven, Department of Metallurgy and
Materials Engineering (MTM ), Kasteelpark Arenberg 44,

P.O. Box 2450, B-3001 Heverlee, Belgium

silica particles, by using the Derjaguin—Landau—Verwey—
Overbeek (DLVO) theory,'*!” indicated that these particles
cannot be stabilized by ionic liquids and that they rapidly form
aggregates.'®

One of the issues in studying the stability of metal nano-
particles in ionic liquids is the presence of impurities in the
IL/NPs system. In most cases the metal nanoparticles are
synthesized by reduction of an organometallic precursor
(i.e. AuCly reduced by NaBH,), introducing unwanted impurities
in the ionic liquid. Novel synthesis methods take advantage of
the extremely low vapour pressure of ionic liquids, so that the
preparation of nanoparticles can be performed at low pressure
or even under high vacuum conditions.!” Torimoto and
co-workers reported a method for the synthesis of gold
nanoparticles by sputter deposition, where gold atoms,
knocked out from a gold target cathode by the argon ions,
were deposited on an ionic liquid.'® We recently described the
formation and growth of gold nanoparticles prepared by
sputtering on an ionic liquid.'"” Dupont and co-workers
investigated the influence of the ionic liquid on the shape
of the sputter-deposited nanoparticles.’’ Generally, sputter
deposition is a very clean synthesis method, because it does
not introduce other chemical species. The nanoparticles
prepared by this method were found to be very stable, even
in the absence of stabilizing agents.'® Recently, two publications
about the stability of metal nanoparticles prepared by a
physical vapour deposition technique in which the metal was
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evaporated at high temperature and condensed on the ionic
liquid surface were published.?!"*

During our investigation of the influence of the ionic liquid
composition on the size and size distribution of gold nano-
particles prepared by sputter deposition, we observed that the
stability of the prepared nanoparticle suspensions was a
critical point. This paper reports on the stability of these
nanoparticles in the bulk phase of imidazolium ionic liquids
with different anions. This work tries to improve the under-
standing of the stability of NPs in ionic liquids.

Experimental details

The ionic liquids 1-butyl-3-methylimidazolium dicyanamide
[CiC4Im][N(CN),] (>98%), 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide  [C;C4Im][TH,rN]  (99%),
1-butyl-3-methylimidazolium tetrafluoroborate [C;C4Im][BF4]
(99%) and 1-butyl-3-methylimidazolium hexafluorophosphate
[CiCyIm][PF¢] (99%) were purchased from IoLiTec.
[C{C4Im][N(CN),] and [C,;C4Im][Tf,N] were dried at a
Schienk line (2 x 1072 mbar) at 110 °C for 3 hours with
stirring. [C,C4Im][BF 4] and [C;C4Im][PF¢] were dried at more
moderate conditions, first at 40 °C for 2 hours to remove most
of the water and then another 3 hours at 90 °C, to prevent
hydrolysis of the anions, leading to the formation of hydrogen
fluoride. Coulometric Karl Fischer titrations (Mettler-Toledo
DL 39 Karl Fischer Coulometer) showed that the water
content of the dried ionic liquids was less than 30 ppm.

The sputter experiments were performed using a Bal-Tec
SCD 005 sputter coater with a gold foil target. An argon
pressure of 0.1 mbar, an electric current of 50 mA, a sputter
time of 1 minute and a target—substrate distance of 4 cm were
applied, unless otherwise specified. An aliquot of the ionic
liquid (3.5 mL) was poured in a PTFE container (40 mm
diameter and 6 mm deep) that was placed horizontally on the
sputter table. To avoid contamination of the ionic liquids with
water, the sputter experiments were performed with the sputter
coater placed inside a glove box (<2 ppm of water).

UV-VIS absorption spectra were recorded between 200 and
800 nm at room temperature on a Varian Cary 5000 spectro-
photometer. For the spectroscopic measurements, the ionic
liquid containing the nanoparticles was poured into a quartz
cuvette with an optical path length of 10 mm. The NPs were
studied using a Philips CM 200 FEG transmission electron
microscope (TEM) operating at an acceleration voltage of
200 kV. The sample was prepared by dipping a copper grid
(300 mesh) covered with a lacey carbon film (Agar Scientific)
into the ionic liquid containing gold NPs and by draining the
excess of ionic liquid with filter paper. The viscosity of the
ionic liquids was determined with a Brookfield DV-II + Pro
cone/plate set-up viscometer at a temperature of 21 °C. The
gold concentration in the sputtered ionic liquids was deter-
mined by total-reflection X-ray fluorescence (TXRF) with a S2
Picofox (Bruker AXS, Berlin, Germany). A mixture of acetone
and water (50 : 50 vol%) was added to 1 g of the sputtered
ionic liquid, to get a final volume of 20 mL. 10 pL of an
aqueous 1000 ppm Cu solution was added as an internal
standard to 990 pL of the IL/Au/acetone/water suspension.
After mixing, 10 pL of this solution was transferred onto a

TXRF quartz glass sample carrier and dried in an oven at 100 °C
for 10 min. AFM force measurements between a freshly cleaved
mica substrate and a SizNy tip (NP-20 Digital Instruments, k =
0.06 N m~', radius = 20-60 nm in ionic liquids) were performed
using a contact mode Nanoscope III (Digital Instruments). All
measurements were done at room temperature.

In the generalized multiparticle Mie (GMM) solution
method, developed by Xu et al., the near-field Mie scattering
fields of all neighboring particles are superimposed on the
external plane-wave interacting with the central particle.>>**
This makes the GMM method very suitable for the modelling
of extinction spectra of clusters of spheres. The extinction of
an aggregate of gold nanoparticles in the liquid medium was
calculated for two orthogonal polarizations. The refractive
index of gold from Johnson and Christy was used.?

Results
Coagulation and sedimentation

Gold nanoparticles were synthesized by physical vapour
deposition (sputtering) directly on an ionic liquid. The sample
was shaken and stirred after sputtering to obtain a homo-
geneous suspension and was kept in a sealed quartz cuvette.
The samples were stored in a glove box (<2 ppm water) to
keep the samples dry. Gold nanoparticles were selected as the
model system, because of their inertness and because they have
been studied in a broad range of media and synthesised by
various experimental techniques.®’

The sputtered gold/IL suspensions changed colour as a
function of time. In all experiments, the following trend was
observed: immediately after sputtering, the suspension had a
brown colour or brownish black when a higher amount of
gold was sputtered. After a few hours or days (depending on
the viscosity of the IL), the colour gradually changed to red,
characteristic for gold NPs. Subsequently, the suspension
turned purple and, finally, the colour became lighter and a
black sediment could be observed at the bottom of the cuvette.
The colour change of the sputtered gold/IL suspensions was
investigated with UV-VIS absorption spectroscopy. Fig. 1
shows the UV-VIS absorption spectra of gold-sputtered
[CiC4Im][N(CN),] as a function of time after ending the
sputtering process. The appearance of a surface plasmon resonance
(SPR) band around 530 nm, typical for gold nanoparticles,
can be seen and is responsible for the characteristic red colour
of a sol of gold NPs.?®

For transmission electron microscopy (TEM), samples were
taken from the bulk ionic liquid containing the gold nano-
particles at the same time as the recording of the absorption
spectra. In Fig. 2, the TEM images of [C;C4Im][N(CN),] after
different time intervals are shown. After 2 hours, mainly
isolated nanoparticles are observed. After 6 hours, small
aggregates can be observed. After 24 hours, larger aggregates
with sizes of 200 nm are observed.

The sputtered gold in our samples is present in different
forms, ranging from small primary clusters (<2.5 nm) to
larger NPs (4-7 nm).'” Additionally, the larger particles can
be present as single NPs or as aggregates with varying sizes
(10-800 nm). The amount of coagulation of the larger gold
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Fig. 1 UV-VIS absorption spectra of gold nanoparticles dispersed in

the ionic liquid [C;C4Im][N(CN),] as a function of time after sputter

deposition. The spectra have been recorded at room temperature in a
closed quartz cuvette: coagulation (top) and sedimentation (bottom).

NPs (4-7 nm) at different time intervals was estimated. The
increase in absorbance around 700 nm in Fig. 1 gives an indication
about the rate of coagulation, i.e. the kinetic (in)stability of the
suspension. Zhong et al. performed electrodynamic calculations
for gold NPs.?’ These calculations showed that a second SPR
peak at longer wavelength arises from interparticles plasmon
coupling when gold NPs approach each other within a few
nm, usually less than 2 times the particle diameter. The peak

wavelength of this second plasmon lies between 550 nm and
750 nm, depending on the interparticle distance, the size of the
NPs and the aggregate size. In Fig. 3 the UV-VIS absorption
spectra of [C;C,Im][N(CN),] were fitted using PeakFit®. It
can be observed that the large peak around 530 nm increases
in absorption in the first 2 hours and stays nearly constant
after that. This is due to the growth of small primary NPs
to larger NPs during the first hours after sputtering.'® In
contrast, the smaller peaks between 600 to 800 nm are becoming
larger and shift to longer wavelengths during 24 hours.

Electrodynamic calculations were performed on aggregates
of gold NPs with a diameter of 6 nm in [C;C4Im][N(CN);]
with a refractive index of 1.51 (Fig. 4). For a linear array of
gold NPs with 0.5 nm interparticles distance we find that the
dipole plasmon resonance of a single particle starts out at
530 nm, then moves to 580 nm for two NPs, to 607 nm for
4 NPs array, then shows saturation at 646 nm for aggregates
larger than 40 NPs (Fig. 4, top). For cubic aggregates, it is
found that a second peak in the extinction spectrum appears
when the aggregates contain more than 10° NPs (Fig. 4, bottom).
This second peak corresponds to coupled dipole plasmon
excitation in the cubic aggregates.

Influence of the ionic liquid anion

The influence of different ionic liquids, [C;C4Im][N(CN),],
[CCiIm][TEN], [CCyIm][BF,] and [C,C4Im][PF4], on the
stability of gold nanoparticle colloids was investigated. Fig. 5
shows the UV-VIS absorption spectra as a function of time
after sputtering for the different ionic liquids tested. In Fig. 6,
the decrease in absorbance at wavelength 520 nm is plotted as a
function of time. For the sake of comparison, the starting
time and starting absorbance are both set to zero from the
moment that sedimentation started. For [C;C4Im][N(CN),]
and [C;C4Im][Tf,N] the sedimentation started after 1 day.
For [C;C4m][BF,;] and [C;C4Ilm][PF¢] the sedimentation
started after 5 days, and 9 days, respectively.

Influence of water

All the experiments and results reported so far in this paper
were performed with an ionic liquid sample kept dry during
the experiments. The ILs were dried on a Schlenk line to a
water content of less than 30 ppm and were kept in a glove-box

Fig. 2 The representative TEM images of gold nanoparticles in the ionic liquid [C;C4Im][N(CN),] obtained 2 hours (left), 6 hours (middle) and

24 hours after sputtering (right).
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Fig. 3 Experimental UV-VIS absorption spectra of gold nanoparticles dispersed in the ionic liquid [C;C4Im][N(CN),] as a function of time after
sputter deposition. The spectra are fitted using Peakfit™. Experimental absorption spectra (—), total sum of fit (- - -), coupled SPR fit (—), single
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Fig. 4 Calculated extinction curves for linear aggregates for 1-100
NPs (top). Extinction for cubic aggregates with 2°-20° NPs (bottom).
All calculations were done for spherical gold nanoparticles with a
diameter of 6 nm and an interparticle distance of 0.5 nm.

after sputtering. When these precautions were not taken,
atmospheric moisture could enter the sample.

As a result, the colloids coagulated and sedimented much
faster. Fig. 7 compares the UV-VIS absorption spectra of gold
nanoparticles dispersed in the ionic liquid [C;CyqIm][N(CN),]
kept (i) open to air and (ii) in the glove-box as a function of
time. The ionic liquid was dried to a water content of 30 ppm
prior to sputtering. The IL needs to be carefully dried before the
sputter experiment, otherwise it takes too long for the pressure
to decrease to a value low enough for formation of a plasma in
the vacuum chamber of the sputter coater. After sputtering, the
batch was kept in a cuvette open to the air. Analogous to the
dry suspension, coagulation and sedimentation were observed,

but in the presence of water the aggregation and sedimentation
occurred faster and more intense.

The influence of small amounts of water (ppm range) was
investigated in more detail. [C;C4Im][Tf,N] was dried at 120 °C
for 24 hours at 10”2 mbar. The final water content determined
by coulometric Karl Fischer titration was 2 ppm.

An ionic liquid batch containing 10 ppm of water was
prepared by drying the ionic liquid on a Schlenk line for
6 hours at 80 °C at 1072 mbar. Gold was sputtered in a
glove-box on the batches containing 2 ppm and 10 ppm of
water. A batch containing 100 ppm of water was also prepared.
However, the high water content in the ionic liquid leads to
high outgassing and to high vacuum pressure in the sputter
chamber. Generally, a gas pressure lower than 0.2 mbar is
required to start the argon plasma. To obtain a batch contain-
ing 100 ppm of water, dry ionic liquid was used for sputtering
and water was added after sputtering (0.5 pL of water and
3.5 mL of dry IL suspension). In Fig. 8 the absorption spectra
of three batches of ionic liquid with different water contents
are plotted. In Fig. 9 the UV-VIS absorption spectra after
24 hours of the different samples are plotted (top). Also the
decrease in absorbance at 520 nm as a function of time is
plotted which is a measure of the sedimentation speed (Fig. 9,
bottom). The batch with 100 ppm of water shows more
increase in absorbance at higher wavelengths (Fig. 9, top)
and faster decrease in absorbance at 520 nm (Fig. 9, bottom)
than the batch with 10 ppm of water, which in turn shows
more coagulation and faster sedimentation than the batch
with 2 ppm of water.

Attractive and repulsive forces

The DLVO theory was used to model the forces between two
gold nanoparticles. An approximate expression for the electro-
static repulsion potential Ve(d) is:*

Vaed) = 2nreoeys In[1 + exp(—kd)] O

where ¢ is the permittivity of free space, ¥ is the surface
potential, x is the reciprocal Debye length, r is the particle
radius and d is the distance between the particle surfaces.
The Debye reciprocal length « is given by:!

K = (Na€ CeqleockpT)"? (2)

K was calculated by using the effective ionic charge concen-
tration of the ILs (C.y in mol m™3), electronic charge (e),
Boltzmann’s constant (kg) and Avogadro’s number (Nya).
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Fig. 5 UV-VIS absorption spectra of gold nanoparticles dispersed in
ionic liquids [C;C4Im][N(CN),], [C,Cyqlm][TEoN], [C;Cylm][BF,] and
[C,C4Im][PF¢] as a function of time after sputter deposition. The spectra
have been recorded at room temperature in a closed quartz cuvette.

A static permittivity (¢) of 11 is used to calculate V.e(d) and x.** In
ionic liquids, the zeta potential is a good approximation of the
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Fig. 6 Change in absorbance at 520 nm for different ionic liquids as a
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are drawn between data points to guide the eye.
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Fig. 7 UV-VIS absorption spectra of gold nanoparticles dispersed in the
ionic liquid [C;C4Im][N(CN),] as a function of time after sputter deposi-
tion (top). The position of the maximum of the SPR band as a function of
time is given for both wet and dry samples (bottom). The spectra have been
recorded at room temperature in a cuvette open to the air.

surface potential y(, because of the high ionic strength. Zeta
potentials of 5 to —55 mV are found in literature for NPs in
imidazolium ionic liquids.*' A value of —55 mV was selected
for our calculations, which is likely to overestimate the
electrostatic repulsion. The electrostatic potential between two
gold NPs in an ionic liquid (1) is plotted as a function of
interparticle distance in Fig. 10, expressed in units of k7. In the
DLVO theory, this repulsive double layer attraction is offset by
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function of time. Top: 2 ppm, middle: 10 ppm, bottom: 100 ppm.

the attractive van der Waals attraction Vyqw(d). The Viqw(d)
potential between two spherical particles of radius r and
Hamaker constant A4, in a medium with Hamaker constant
Ay, and at a distance d of each other can be approximated by:'®

Viaw(d) = —=(/Am — /4p)’r/(12d) 3)

The Hamaker constant Ay, for [C;C,Im][TE:N] = 5.57 x 1072°J
and the Hamaker constant A, for gold = 1.26 x 107" J.3"%
A plot of this potential (3) as a function of interparticle
distance is shown in Fig. 10.
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Fig. 10 Vigu(d) = Vigw(d) + Vee(d) as a function of distance

between two spherical gold particles with a diameter of 6 nm. A
dashed zero line is drawn for clarity.

One can see from Fig. 10 that the electrostatic repulsion only
starts at 0.25 nm and is smaller than 1 k7 over the whole distance
range. The van der Waals attraction starts at distances of more
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Fig. 11 AFM force—distance approach curve in [C;C4Im][N(CN),]
between a gold-coated AFM tip and a gold-coated mica surface.

than 10 nm and becomes larger than 1 k7 at 1 nm interparticle
distance. The total potential is negative over the whole distance
range. To quantify the (un)stability predicted by DVLO theory,
the #,), time using the Smoluchowski equation was calculated

tip = 3n/4ky TN, )

t1> is the time when half of the particles have formed dimers.
Eqn (4) assumes a sticking probability of 1, which means that
when two Au NPs collide their chance of sticking together is
100%. The use of this simple form of the Smoluchowski equation
is justified when we look at the interaction profile, Voi(d), which
is attractive at all distances (Fig. 10). Eqn (4) shows that #;/, is
independent of the particle size and depends only on the viscosity
of the IL and the NP concentration. Assuming that all the gold
that is sputtered on the ionic liquid is converted to 5 nm gold
NPs, a concentration of 1.2 x 10?° nanoparticles m™ is
obtained. The viscosity 1 of [C;C4Im][Tf,N] is 0.056 Pa s at
21 °C. The value of ¢, calculated using eqn (4) is 0.085 s.

To better understand the forces between two gold nano-
particles in an ionic liquid, force—distance measurements by
AFM were done, between a gold coated AFM tip with a
radius of ca. 40 nm and a gold coated mica surface (Fig. 11).
The gold coating was formed by sputtering 60 nm of gold as
measured by a quartz crystal microbalance (QCMB).

In the force distance curve in Fig. 11 a stepwise repulsive force is
observed when the two gold coated surfaces approach each other
within a few nanometres. This can be attributed to the layering of
ILs next to a smooth surface. Layering is the arrangement of
molecules or ions into discrete layers adjacent to a smooth solid
surface due to entropic contributions. The observed stepwise
force—distance curves are in agreement with literature data.>*

Discussion
Coagulation and sedimentation

It was observed that besides the growth of the gold nano-
particles,' two other processes take place after sputtering of
gold onto an ionic liquid, namely coagulation and sedimenta-
tion (Fig. 1). In Fig. 3 the large peak around 530 nm is
attributed to the dipole plasmon resonance of the single gold
NPs.? The increase in absorption from 5 min to 2 hours is
attributed to the increase in the concentration of single gold

NPs due to the coalescence of individual gold atoms or clusters
that have been deposited in the ionic liquid by sputtering.'”
Between 2 and 24 hours, this peak height remains constant,
which is due to the kinetic equilibrium between the formation
of new gold NPs from individual gold atoms and the aggrega-
tion of NPs, which shifts the plasmon band to higher wave-
lengths. The smaller peaks at wavelengths between 600 and
800 nm, that develop during this time, are attributed to dipole
plasmon excitations in coupled (i.e. aggregated) spheres.”’
Eventually, after 24 hours, the peak height of the main
plasmon band at 530 nm decreases as the formation rate of
new NPs cannot keep pace with the aggregation kinetics. It
can be seen that the peaks in the longer wavelength region
increase in height as a function of time. When a sol is
colloidally unstable (i.e. the rate of aggregation is not negligible),
the formation of aggregates is called coagulation. The increase
in absorbance at higher wavelengths (600-800 nm) indicates
that aggregates are being formed.?® Also the broadening and
the small shift of the plasmon resonance attributed to the
single NP at 530 nm indicate the creation of larger nano-
particles and formation of aggregates. It is known that the
SPR band is influenced by the nature of the metal, the size and
shape of the nanoparticles and the surrounding medium.>
Additionally, the SPR band is also sensitive to the interparticle
distance. When nanoparticles approach each other close
enough, the plasmons will interact with each other and cause
a shift and broadening of the resulting SPR band or even give
rise to a second SPR peak.” Because the nanoparticles are
getting close to each other upon aggregation, an increase in the
absorbance in the longer wavelength region is observed.®” The
aggregation process observed by UV-Vis absorption spectro-
scopy was confirmed by the corresponding TEM images. It
can be seen in Fig. 2 that after two hours mainly single
nanoparticles can be observed in the TEM images, while after
6 hours an amount of small aggregates had formed. After
24 hours larger aggregates with an average size of 200 nm were
observed together with a large number of single NPs. Care
must be taken when drawing conclusions from TEM images,
because the aggregates observed in the TEM images might not
represent the situation in bulk solution. Isolated NPs might
cluster together and form aggregates during the TEM sample
preparation. We believe that two-dimensional (2D) aggregates,
with only one single layer of NPs, are promoted on the TEM
grid, where the IL thickness becomes very thin perpendicular
to the grid plane. 3D aggregates (spherical aggregates) are
more likely to form in the bulk phase of the IL where the NPs
are in an isotropic environment. When comparing the experi-
mental spectra with the electrodynamic models in Fig. 4 we
can see that SPR peaks shift to longer wavelengths when
aggregates grow larger. To account for peak shifts up to
800 nm the aggregates must grow to a size about 20° NPs.
This is an aggregate with a diameter of 150 nm. These results
correspond with our observations of larger aggregates in the
TEM images (Fig. 2).

Influence of the ionic liquid anion

In Fig. 5 it can be seen that coagulation starts 2 hours after
sputtering for [C;C4Im][N(CN),]. For [C;C4lm][Tf,N],
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Table 1 Viscosities of ionic liquids used in this study”

Tonic liquid Viscosity/Pa s

[C,C4Im][N(CN),] 0.032
[C,C4Im][T£,N] 0.056
[C,C4Im][PFy] 0.354

“ The viscosities were measured at 21 °C and the water content of the
ILs was lower than 30 ppm.

[C,CyIm][BF,] and [C,C4Im][PF¢] coagulation starts after 12 hours,
2 days, and 5 days, respectively. When we compare these
observations with the viscosity of the ionic liquids (Table 1)
we see that the coagulation rate is inversely proportional to the
viscosity of the ionic liquid.

The decrease in the overall absorbance value of the absorp-
tion spectra while maintaining the same shape indicates that
sedimentation is occurring (Fig. 1). According to the law of
Lambert—Beer the absorbance is directly proportional to the
concentration of the absorbing species.® This means that the
NPs are slowly being removed from the suspension. Sedimen-
tation is the settling of suspended particles under the action of
gravity. For [C;C4Im][N(CN),], this process starts after 24 hours
(Fig. 2). Also in this case the settling speed is slower as the
viscosity of the ionic liquid is increased. This is visualised in
Fig. 6 where the decrease in absorbance at 520 nm is plotted as
a function of time. The sedimentation of the gold nano-
particles can be explained by Stokes’ law, which predicts the
settling velocity v of small spheres in a stagnant fluid:*

v = 20p, — pr)gr*/on (5)

where p is the density (the subscripts p and f indicate particle
and fluid, respectively), g is the acceleration due to gravity
(9.8 m s™?), r is the radius of the particle and # is the dynamic
viscosity of the fluid. In our example, p, = 19.3 x 10° kgm 3,
pr=13x100kgm >, r =3x10"m, u = 0.038kgm ' s~!
for [C;C4Im][N(CN),]. This gives a settling velocity of v =
092 x 107" m s™" or 1 cm in 34 years! If only single
nanoparticles with radii up to 3 nm are taken into account,
one can see that the settling velocity is so slow that the solution
can be considered as a long-term stable suspension. However,
according to the absorption spectra, precipitation already
starts after one day in [C;C4Im][N(CN),]. For this to happen,
the size of the particles or aggregates should be of the order of
200 nm. No nanoparticles larger than 7 nm were found in the
TEM images, but large aggregates with an average size of
200 nm are observed by TEM. Consequently, the large aggre-
gates are held responsible for the observed sedimentation.

Influence of water

As can be seen in Fig. 7, the red-shift of the SPR peak of the
‘open’ sample shifts rapidly to longer wavelengths, indicating
that more intense aggregation is occurring. The formation of
aggregates was confirmed by TEM analysis of the sample. In
addition, the increase in absorption in the longer wavelength
region is much more pronounced in the ‘open’ sample compared
to the dry sample. The gold nanoparticles in the ‘open’ sample
have completely sedimented after 7 days. The ionic liquid
turned almost colourless and the gold had precipitated as a

black sediment at the bottom of the cuvette. The water content
after 7 days was 2500 ppm, as determined by Karl Fischer
titration. These results clearly show that water plays an
important role in the destabilization of gold nanoparticle sols
in ionic liquids. From Fig. 9, it is evident that after 24 hours
more drastic aggregation has occurred when more water was
present in the sample. The batch with 100 ppm of water shows
more coagulation (Fig. 9, top) and faster sedimentation
(Fig. 9, bottom) than the batch with 10 ppm of water, which
in its turn shows more coagulation and faster sedimentation
than the batch with 2 ppm of water. This indicates that even a
very small amount of water has a strong influence on the
nanoparticle stability. The amount of water present is too
small to attribute the differences in stability to changes in
viscosity. 100 ppm of water equals a mole fraction of 2.3 x
107 in [C,C4Im][Tf,N] and this is expected to lead to a
reduction of 0.64 mPa s in viscosity (or 1.1%).* If the
influence of water is not a bulk phenomenon, the explanation
has to be sought on the molecular scale, i.e. the interaction
between water molecules and gold nanoparticles. A clean gold
surface is known to be hydrophilic.*' When the concentration
of gold nanoparticles and the concentration of water mole-
cules are compared, one finds that the concentration of gold
equals 150 pg of Au per g IL (320 pmol of Au per mol IL) after
1 min sputtering and that the concentration of water (10 ppm)
equals 10 pg H,O per g IL (232 umol of H,O per mol IL). The
concentration of gold NPs can be calculated by dividing the
concentration of gold with the number of atoms per nano-
particles.*> A gold nanoparticle with a diameter of 5 nm
contains approximately 4000 gold atoms. Hence, at a water
content of 10 ppm, every nanoparticle can be surrounded by
3000 water molecules which is enough to cover their surface
for ca. 70%. This large water-to-gold NP ratio in combination
with the hydrophilic behaviour of gold can cause a high
concentration of water molecules near a NP and influence
the stabilizing force of the ionic liquid surrounding the NP
(vida infra). This hypothesis would explain the observed
significant influence of very small amounts of water on the
stability of gold nanoparticles.

Attractive and repulsive forces

It can be seen in Fig. 10 that the electrostatic repulsion only
starts at 0.25 nm and is smaller than 1 k7, thus easily over-
come by thermal motion of the NPs. In contrast, the attractive
force already starts at distances of more than 10 nm and
becomes larger than 1 k7 from a distance of 1 nm. The total
potential is negative over the whole distance range and
indicates that no repulsive or stabilizing force is present. This
indicates that the gold nanoparticle suspension is very unstable.
To quantify this unstability the ¢, time using the Smoluchowski
equation was calculated. t,, is the time after which half of the
particles have formed dimers. According to this calculation
(t12 = 0.085 s), flocculation should occur almost instantly.
This contradicts with the experimental results. The suspension
is found to be stable over time periods of a few hours or days
depending on the viscosity of the ionic liquid (Fig. 1 and 2).
This indicates that the suspension is more stable than the
theoretical #,> suggests. This means there is another repulsive
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force present besides the electrostatic double layer force,
preventing the fast destabilization of the sol. From the AFM
force—distance measurements with a gold coated cantilever
and a gold-coated mica surface, an oscillatory repulsive force
is observed between the two gold surfaces (Fig. 11) which is
due to layering of the ionic liquid and which strongly reduces
the sticking probability when particles collide. The formation
of a layer of ionic liquid surrounding a metal nanoparticle in
an ionic liquid was proposed by Dupont and co-workers.*
These authors showed by surface enhanced Raman scattering
(SERS) that the imidazolium ions are present with the
aromatic ring in an orientation parallel to the nanoparticle
surface. The anions do not interact directly with the metal
nanoparticle and are located in the second coordination
sphere. It was observed in this study that imidazolium ILs
exhibit a similar stability behaviour. On the other hand, the
anions are responsible for differences in viscosity and therefore
influence the kinetics. This would lead one to conclude that the
anions, for the ILs used in this study, only play a secondary
role in the stabilisation of the gold nanoparticles by changing
the viscosity. However, comparison of Fig. 5 with Table 1
shows that the stability of the coagulation process does not
scale linearly with viscosity and hence we would like to
conclude that the anions not merely play a role in changing
the viscosity but also influence the structural forces that
determine the coagulation rate of nanoparticles. The presence
of a stabilizing layer of ionic liquid surrounding the gold
nanoparticles explains the observations made in this study
that the nanoparticle suspensions are relatively stable in con-
trast to the predicted instability by the DVLO theory. It also
explains the observation that NP aggregates do not sinter to
form bulk gold. The observed aggregates are a collection of
NPs in close contact with each other but which remain
separated by a distance of approximately 0.5 nm (Fig. 2). This
suggests that a layer of ionic liquid remains present around the
NPs. This occurs because the attractive dispersion forces bring
the particles together, but these forces are not strong enough
to destabilize the last few layers of structured ionic liquid. This
also explains the strong influence water has on the stability of
these nanoparticles. The presence of water near the gold
surface probably disrupts the ionic liquid layers which
decreases the structural solvation forces.

Due to the clean synthesis method used, the sole species
present in solution besides gold are the ionic liquid ions. This
offers a major advantage compared to other synthesis techniques,
which use metal precursors or reducing agents that introduce
impurities in the IL/NP system and might influence the
stability of the NPs.

Conclusions

It was found that two processes after the sputter deposition of
gold on an ionic liquid occur. First, growth of nanoparticles
from the sputtered Au atoms or clusters occurs until nano-
particles with a diameter of about 56 nm are formed."”
As these nanoparticles are formed, coagulation of the NPs
takes place and, as a consequence, these aggregates start to
settle. It was shown that the viscosity of the ionic liquid has an
influence on the kinetics of these processes. The more viscous

the IL, the slower are the kinetics of the coagulation and
sedimentation. Generalized multiparticle Mie calculations
showed that the increase in absorbance at wavelengths from
600 to 800 nm can be attributed to the formation of large
aggregates containing more than 10° NPs. Water was found to
have a major impact on the stability of the gold nanoparticle
sol. Even very small amounts of water (ppm range) have an
influence on the stability of gold NPs/IL suspensions. It was
shown that electrostatic and van der Waals forces alone
cannot account for the coagulation and sedimentation beha-
viour observed in this study. As no other species are present, the
ionic liquid must play a role in the stabilization of the gold
nanoparticles. The limited stabilisation provided by ionic
liquids is probably not due to electrostatic forces, as frequently
assumed, but rather due to solvation forces caused by the
layering of the ionic liquid near the surface of the nanoparticles.
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