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Anion and Cation Effects on Size Control of Au Nanoparticles
Prepared by Sputter Deposition in Imidazolium-based lonic
Liquids"

Yoshikiyo Hatakeyama,*® Ken Judai,” Kei Onishi,” Satoshi Takahashi,” Satoshi Kimura,” and Keiko
Nishikawa*”

The sputter deposition of metal in an ionic liquid (IL) capture medium is a simple and elegant method for preparing
nanoparticles without any chemical reaction. Although there have been some reports on the size determination factors for
Au nanoparticles (AuNPs) prepared using this method, the effects with respect to the type of ILs used have not been
clearly elucidated. This is because there are some complicating factors, some of which have been revealed by our previous
systematic studies. In the present study, we prepare AuNPs in nine types of imidazolium-based ILs to examine the size
determination effects of the type of anion involved, the length of the alkyl chain of the cation, and the preparation
temperature for each IL, while keeping other factors constant. For most of the capture media ILs, the sizes of the AuNPs
increase with an increase in temperature. The AuNPs prepared in ILs containing different types of anions exhibit distinctly
different particle sizes and temperature dependences. Conversely, the alkyl chain is regarded a secondary stabilizer that
works only at higher preparation temperatures. We conclude that the sizes of AuNPs prepared by this method may be
determined by the competition between the collision frequency of the ejected Au atoms and the stabilizing capability of
the anions that form the first coordination shell around the AuNPs. The AuNP sizes are closely related to the volume of

anions.

1 Introduction

Owing to their unique properties, metal nanoparticles (NPs)
have attracted a great deal of attention as functionalized
materials for use in optical devices,lf3 electrical devices,“‘5
biosensors,3’6 and catalysts.%9 Because their properties and
functions are strongly dependent on the size and shape of the
NPs used,10 the development of techniques for synthesizing
size- and shape-controlled NPs is very important.

Whereas wet processes are typical in the chemical
synthesis of metal/alloy NPs by reductive methods not only in
general quuids“'lo'11 but also in ionic liquids (ILs),u*19 other
physical processes that offer unique and simple methods for
generating metal/alloy NPs in ILs®®**' have attracted much
attention. In these methods, atoms, clusters, or fragments of
metals are ejected by sputtering,zzf25 thermal evaporation,z‘_r28
or laser ablation®®* from bulk metals, and are then captured
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in a medium to form NPs. Except for laser ablation, the capture
media used for this purpose must have low vapor pressure to
endure vacuum operation. Moreover, if the medium has a
stabilizing ability to prevent NPs from aggregating, clean NPs
can be generated in the medium without any chemical
reaction or additional stabilizing agents.

Among these physical preparation methods, the
combination of sputtering to generate atoms or small clusters
and deposition in an IL as the capture medium is a highly
elegant method from the viewpoint of the possibility of
generating sub-10-nm NPs of relatively uniform sizes. The
vapor pressures of most ILs, if any, are negligibly small. 2
When ILs are used as capture media, complicated devices®> ™
are unnecessary and metal NPs are obtained through a very
simple operation. Moreover, because the constituent ions of
ILs stabilize the generated NPs,gG'37 no additional stabilizing
agents are needed. Because the first report of the use of the
sputter-deposition technique with ILs as the capture media for
NPs synthesis,22 many investigationsn_z‘r”gs_44 have been
conducted to develop preparative techniques and to elucidate
the formation mechanisms and factors that determine the size
and shape of NPs. Moreover, some groups have applied the
results to various nonvolatile liquids such as functionalized
ILS,M”46 castor oil,*” and low-molecular-weight polymers.ag_52

In this study, we limit our subject to Au nanoparticles
(AuNPs) synthesized by the sputter deposition-technique in
imidazolium-based ILs. In the first report on this method,
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Torimoto et al. showed that the sizes of AuNPs are dependent
on the type of 12 Subsequently, although some groups have
reported the size and size distribution of metal NPs in various
|L5’4o,42—44,4s the values have not been consistent even when
using the same capture medium. This confusion has occurred
because of the many complicating inter-related factors.

We have performed a number of systematic studies to
identify the factors that determine the size and size
distribution of AuNPs. First, we reported that they are affected
by the alkyl-chain length of the cation.* Second, we found that
they are highly controlled by the temperature of the capture
medium.*? From these results, we concluded that the collision
of the ejected metal particles determines the size and size
distribution of NPs generated by sputter deposition and that
the alkyl chains of cations play the role of stabilization agents.
Although it has been reported that post heat-treatments cause
the aggregation of once generated NPs and result in the
formation of larger NPs,38’“’42 the temperature effects, which
we discuss here, are those relating to the nucleation and
growth of AuNPs at the time of the sputter-deposition
operation. The other important factors that determine the size
and size distribution of NPs are the sputtering conditions. In a
recent study, we generated AuNPs while systematically varying
these conditions to elucidate their effects and concluded that
the temperature of the target and the applied voltages
strongly influence the size of the AuNPs generated in the
capture media, while the working distance between the target
and the surface of the capture media, the sputtering time, the
discharge current, and the gas pressure have little or no
influence.” As a result of these investigations of the size-
control factors, we then prepared AuNPs 0.8 to 4.8 nm in size
and reported the size-dependence of the microscopic
structures.”®

With respect to the size-control of AUNPs generated by the
sputter-deposition technique in ILs, the effect of the anion is
unresolved. Moreover, we must revisit the effect of the alkyl-
chain length of the cation, which changes depending on the
temperature. As mentioned above, some groups have
investigated how the type of ion influences the size of NPs.
However, including our first study on the effect of alkyl-chain
Iength,40 no attention has been directed to factors other than
the type of ion. The answer is thought to involve many
intricate factors. Now at last, our systematic studies on the
factors affecting NP size control*** have made it possible to
extract the effects originating only from the anions and cations
of the capture media ILs. The present study is intended to be a
decisive report on the anion and cation effects on the size
control of AuNPs generated by sputter deposition in
imidazolium-based ILs.

There are three well-known methods for structurally
characterizing AuNPs: ultraviolet—visible (UV—Vis) absorption
spectroscopy, transmission electron microscopy (TEM), and
small-angle X-ray scattering (SAXS). We mainly applied SAXS to
obtain the size distributions of the prepared AuNPs because it
is the most adequate and simplest method for the samples
used in this study, as described in our previous studies. %%

2 | J. Name., 2015, 00, 1-11

2 Experimental

2.1 ILs as Capture Media

We limited our samples to Au for the NPs and to typical
imidazolium-based ILs for the capture media. To elucidate the
anion effects in controlling the size of AuUNPs, we selected five
types of fluorine-containing anions, tetrafluoroborate (BF, ),
hexafluorophosphate (PFg ), trifluoromethylsulfonate ([OTf]),
bis(fluorosulfonyl)amide ([FSAY), and
bis(trifluoromethanesulfonyl)amide ([TFSA]’), and set 1-butyl-
3-methylimidazolium ([C;mim]’) as the counter cation. To
investigate the cation effects, the effects of the alkyl-chain
length in particular, we selected four types of imidazolium-
based cations with different alkyl chains to fix the anion of BF,~
or [OTf]"; namely, the 1-ethyl-3-methylimidazolium ([C,mim]"),
[Camim]®, 1-hexyl-3-methylimidazolium ([Csmim]®), and 1-
methyl-3octylimidazolium ([Csmim]®) cations. Hereafter, we
abbreviate these ILs as [C,mim]BF, (n = 2, 4, 8), [C;mim]PFg,
[Comim][OTf ] (n = 2, 4, 6), [C,mim][FSA], and [C,mim][TFSA].
Schematics of the structures of the five anions and the
[Csmim]* cation are shown in Fig. 1. The optimized
structures at the ground state were calculated based on the
density functional theory at the BSLYP/6-311++G(d,p)54‘55 level
of theory using the Gaussian 09 program package.56 All the
samples except the [OTf] salts and [Cgmim]BF, were
purchased from Kanto Chemical Co. Inc. They were all
colorless, and their purities were guaranteed to be higher than
98%. Three types of [OTf] salts and the [Cgmim]BF, were
purchased from Merck and Wako Pure Chemical Industries,
respectively. Their purities were also guaranteed to be higher
than 98%.

For most ILs, the presence of adventitious water greatly
affects their physical and chemical properties.BF59 Therefore,
all samples were dried for 24 h at 333 K under a vacuum of
approximately 107 Pa and then kept under an argon

A

ion

BF PF, - [OTf]
J e ;
,.u ’?
[FSAT [TFSA]-

. P
fq‘J [C,mim]
Fig. 1 Structures of the five anions and the [C;mim]". The
aqua, pink, orange, gray, yellow, red, blue, and white spheres
represent F, B, P, C, S, O, N, and H atoms, respectively.
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atmosphere before sputter deposition. The water content of
each sample was determined by Karl Fischer titration (DL32,
Mettler Toledo International) and was less than 40 ppm. The
purity of the Au target from Tanaka Kikinzoku Kogyo K.K. was
99.99 %.

2.2 Sputter Deposition of Au onto the Capture Media

A schematic diagram of our sputter-deposition apparatus was
shown in our previous paper.44 The main characteristics of the
apparatus were a temperature-regulating device for the
capture medium and a cooling device for the Au target. The
two devices were attached to a commercially available sputter
coater (SC-704, SANYU Electron Co. Ltd.). The former device,
which circulates temperature-regulated water around the base
of the chamber, helped to maintain a constant temperature of
the capture medium in the range of 20—-80 °C, within +1 °C,
during sputter deposition. By attaching the cooling water-
circulating device to the target, the temperature of the target
was maintained at 20 °C. If the circulation of cooled water was
stopped, the temperature would exceed 100 °C during the
sputtering operation and the temperature increase in the
target would significantly influence the form of the sputtered
Au.

We spread an IL (2 cm3) on a horizontal stainless plate
(15.9 cmz) in the sputter coater. A 25 mm working distance
between the Au target and the liquid surface was maintained.
The sputtering time was 50 min. The Au concentration was
nearly proportional to the sputtering time. Under these
conditions, the concentration of Au atoms was estimated from
density measurements to be approximately 40 mmol/dm3. The
applied voltage and discharge current were set at 1.0 kV and
20 mA, respectively. By the applied voltage and discharged
current in our apparatus, the Ar pressure was consistently
determined to be 12-14 Pa.

AuNPs were prepared IL sample, while the
temperature was increased from 20 °C to 80 °C in 10 °C
intervals within the margin of +1 °C, and the temperature of
Au target was maintained at 20 °C during sputtering.

2.3 SAXS Measurements

To characterize the size and size distribution of the AuNPs
immediately after AuNP generation, we measured the SAXS
intensities using a SAXS apparatus (NANO-Viewer, RIGAKU
Corporation). To obtain precise SAXS intensity data, some
devices were attached to the commercially available SAXS
apparatus. These details, as well experimental
procedures, are described in our previous studies.*>*

Each sample was packed in a holder with windows of
polyetherimide thin film (SUPERIO UT F type: Mitsubishi
Plastics, Inc.) immediately after preparation by sputter
deposition. The sample holder had an inside diameter of 6 mm
and a thickness of 0.3 mm. The thickness was adjusted with a
Teflon spacer. Because of the hygroscopic property of the ILs,
all sampling operations were performed under an Ar
atmosphere. The SAXS measurement for each sample was
performed at room temperature because NPs generated at
higher temperatures have been ascertained to keep their
original size and shape during the cooling operation.

in each

as  our
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The theoretical curves of the measured SAXS intensities
were fitted under the assumption that the NPs are spherical,
and the size distribution is expressed by a [ distribution.
Further details are given in our previous paper.40 From this
analysis, we extracted two parameters—the value of the
diameter at the peak (Dpea), wWhich corresponds to the
diameter of the most abundant NPs and the full width at half
maxima (Ws,nm) of the distribution curves.

2.4 TEM and UV-Vis Spectrum Measurements

To roughly assess the size and shape of the prepared particles,
two samples, AuNPs prepared in [C;mim]BF, at 60 °C and
[C4mim][TFSA] at 30 °C, were observed with a TEM apparatus
(JEM-3100FEF, JEOL Ltd.) having an acceleration voltage of
300kV.

Immediately the sputter deposition, UV-Vis
absorption spectra were measured with a spectral photometer
(U-3900H, HITACHI Co., Ltd.) with a quartz sample cell of 0.05—
0.10 mm optical pass. In the data correction process, the
absorption spectrum of each neat IL was used as the
background absorption.

2.5 Other Measurements

after

We measured the density and viscosity of the ILs using a
density meter (DMA4500, Anton Paar GmbH) and a viscosity
meter (AMVn, Anton Paar GmbH), respectively, over a 10—-90
°Crange.

3 Results and discussion

Hereafter, we mainly show the results from SAXS analyses and
discuss the sizes of AuNPs based on them. The results from
TEM and UV-Vis analyses are shown in Figs. S1-S4 (ESI) and
are used as supplementary or complementary information to
the SAXS results.
3.1 Anion Effects Studied by SAXS Experiments
To elucidate the anion effects on the size determination of
AuNPs, we selected five types of anions, namely, BF,, PFg,
[OTf], [FSA]", and [TFSA]’, and set the cation to be [C;mim]".
As a typical example, Fig. 2 displays the scattering profiles
of the AuNPs against g, which were generated in the
[C4mim][OTf] at different temperatures, after corrections” for
the intensity fluctuation of incident X-rays, background
intensities, and absorption effects. Here, g is the scattering
parameter defined by 4msin9/A, where 29 is the scattering
angle and A is the wavelength of the X-ray. The black curves in
Fig. 2 are theoretical fitting curves, which were obtained
assuming that the AuNPs were spherical and that the size
distribution was expressed by distribution.*® This assumption,
that each AuNP was spherical, was consistent with the results
from TEM as shown in Fig. S1 (ESI). For clarity, the curves are
displaced vertically with successive multiplications by 10.
Having chosen the scattering intensity of pure [C,mim][OTf] as
the reference, we regard the profiles to be the scattering
intensities of the AuNPs themselves. The profiles in Fig. 2
gradually change depending on the temperatures of the
capture medium IL, which then reflect the size change of the
AuNPs. We note that scattering curves obtained at
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Fig. 2 SAXS profiles of AuNPs generated in [C,mim][OTf] at
different temperatures. For clarity, the curves are displaced
vertically with successive multiplications by 10. For the fitting
analysis, we used data from the smaller g-region to the left of
the dashed lines to derive the distribution curves shown in Fig.
3.

temperatures higher than 40 °C swell at approximately 0.5
and 1.5 nm™ and the swelling peaks shift to smaller g-values
with increases in temperature. The SAXS patterns of the AuNPs
generated in the ILs of other anions are shown in Fig. S5 in the
ESI.

We fitted the theoretical scattering curves as previously
described. The profiles obtained at 20 °C, 30 °C, and 40 °C
were well simulated by assuming a simple distribution of
spherical NPs. Conversely, experimental curves obtained at
temperatures higher than 40 °C with small swellings could be
simulated only by assuming interference between the NPs.
This indicates that the NPs, at that temperature, start
gathering without cohering and the distances between the
centers of the NPs increase with increased preparation
temperatures. Because the scattering intensity at higher g-
regions is very weak and the random variation is large, as
shown in Fig. 2, we used the scattering data of smaller g-
regions, 0.25 < g < 2.5 nm_l, to derive the particle size

4| J. Name., 2015, 00, 1-11
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Fig. 3 Particle size distributions of AuNPs generated
[Camim][OTf] at different temperatures.
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in

distribution. For the fitting analyses of all other anion cases,
we used the same g-region and the results are shown in Fig. S5
(ESI). The theoretical curves are displayed by the black curves
and simulate the experimental intensities very well in the
lower g-regions for all samples and all temperature data.

The particle size distributions of AuNPs in [C;mim][OTf], as
obtained from the results of the abovementioned curve fitting,
are shown in Fig. 3. Size distribution curves of the AuNPs in the
ILs of other anions are shown in Fig. S6 in the ESI. Although
AuNPs generated in [C;mim]BF, were reported in our previous
papers, we performed the experiments again on this
sample to address the anion effects under the same
experimental conditions for all the ILs. The results for the
[C4mim]BF, series in this study are almost identical to those in
our previous study,42 but for the temperature effect of the Au
target.44 The curves indicate the distributions of the number of
particles vs. diameter, and they are normalized by area for
comparing their distribution widths. As previously described,
we extracted two kinds of values from the distribution curve,
namely, the value of the diameter at the peak (Dpe.) and the
full width at half maximum (Ws,nm) of the distribution curve.
The Dgeac value corresponds to the diameter of the most
abundant NPs in the capture medium.

In Fig. 4a and 4b, the values of Dpye.x and Wyynm for the
AuNPs generated in the five types of ILs are plotted against the
temperature of the ILs, respectively. For all subsequent figures,
we indicate the IL capture media of different anions using the
same symbols as those used in Fig. 4.

From Fig. 4, we summarize the SAXS results for the AuNPs
as follows. First, the size and size distribution of AuNPs differ
greatly, depending on the type of anion used in the capture
media ILs. Second, excepting the PFs case, the values of both
Dpeak and Wyyhm are strongly dependent on the temperature of
the capture medium IL and increase as the temperature rises.
Conversely, the Dy, values of the AuNPs generated in
[Camim]PFg are exceptional in their nearly constant

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Dependences on preparation temperature of (a) the
diameter values at the peaks and (b) the values of the full

width at half maxima for AuNPs generated in the five types of
ILs, [C;mim]X (X: BF,, PFg, [OTf], [FSA], and [TFSA]).
independence from temperature, and the W, Value
increases only a little as temperature rises. Third, the sizes of
the AuNPs generated in [Cimim]BF,;, [C,mim]PFs, and
[Comim]OTf are relatively uniform at lower temperatures,
independent of the type of anion. The first result implies that
anion effects are the most important factor in determining the
size of NPs. Specifically, anions seems to stabilize the AuNPs to
form the first shell. This idea has also been proposed by Janiak
et al. for metal NPs prepared by thermal decomposition and
reduction of precursors,37’61 and then cations surround them.
The details are discussed in section 3.3 below.

Among the studies addressing AuNP sizes prepared in ILs
by the sputter-deposition technique, the results by Wender et
al.® are appropriate for comparison with our present results.
This is because the authors synthesized AuNPs under several
experimental conditions to take into account possible size-

This journal is © The Royal Society of Chemistry 20xx

determining factors. Some of their capture media correspond
to the samples used in our study, namely, [C;mim]BF,,
[C4amim]PFs, and [C,mim][TFSA]. Therefore, it is possible to
compare the present study with theirs, especially focusing on
the anion effects. There are some differences between our
results and conclusion and theirs. For example, we confirmed
the formation of AuNPs with very small sizes, less than or
equal to approximately 1 nm in diameter, in contrast with their
sizes of 3.2-4.6 nm.”® This seems to be caused by the
difference in the caracterization methods, namely our method
of SAXS and their one of TEM. TEM observations require that
preparative operations be made for the sample, which could
lead to growth or aggregation of smaller NPs. Conversely, SAXS
measurements applied in the present study require no
preparative steps and can be performed immediately after the
generation of NPs. It is well known that small NPs of 1 nm
order are very active and easily aggregate with each other.
Moreover, the TEM method is not powerful in the
characterizing NPs less than or equal to 1 nm in size. For these
reasons, the SAXS experiment is thought to be the most
appropriate method for determining the size of smaller NPs
dispersed in a medium. The UV-Vis spectra also support the
definite existence of AuNPs with very small sizes. Namely, for
the AuNPs whose sizes were determined to be less than or
equal to 1 nm by SAXS analyses, the surface plasmon
resonance (SPR) bands around 520 nm disappeared as shown
in Figs. S2-4 in ESI. Moreover, we observed Vvisible
photoluminescence from AuNPs generated in [Camim]PFe,60
which is characteristic to smaller AuNPs than approximately
1nm.

The greatest difference is that Wender et al. concluded
that there was no anion effect in determination of AuNP size.
This conclusion seems to be drawn from their experiments in
uncontrolled experimental conditions. We revealed that the
temperature of a capture medium is the most important size-
determining factor in the same year42 as their report.43 The
effects of the sputtering conditions was also reported in the
next year.44 They obtained AuNPs with almost the same sizes
in the ILs with different anions. Their results seem to be
caused by no regulation of temperature of the capture
medium. If not regulated, the temperature of the capture
medium would rise during the deposition and it should lead to
generation of AuNPs with various sizes characteristic to the
temperatures. On the other hand, present results confirm that
the sizes of the prepared AuNPs are definitely affected by the
types of anions under maintaining the experimental conditions
relating to the size-determining factors constant.

3.2 Revisiting the Effects of Alkyl-Chain Length of Cations

To elucidate the cation effects on the size-determination of
AuNPs, we selected four types of imidazolium-based cations
with different alkyl-chain lengths, namely, [C,mim]", [C;mim]’,
and [Cgmim]® for BF, as the counter anion and [C,mim]’,
[Camim]’, and [Cemim]® for [OTf]. We have previously
reported results for the three BF,” salts.* However, because
these were our first experiments for AUNPs generated by the
sputter-deposition technique, we had few ideas regarding size-
control factors. Subsequent to this report,40 we have

J. Name., 2015, 00, 1-11 | §
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performed many systematic experiments and proved that the
temperature of the capture medium and some sputtering
conditions strongly affect the size and size distribution of
AuNPps. > Keeping other size-determination factors constant,
we again synthesized AuNPs in [C,mim]BF,, [C;mim]BF,, and
[Csmim]BF,4. In the present experiments, we also studied the
dependence on temperature of the capture IL. With respect to
the three [OTf]™ salts incorporated with [C,mim]*, [C;mim]®,
and [Cgmim]’, the present study is our first trial.

The Dy, temperature dependences of AuNPs generated in
BF, salts are shown in Fig. 5a. The SAXS patterns and the size
distribution curves are shown in Figs. S7 and S8 in ESI,
respectively. As shown Fig. 5a, the sizes of the NPs generated
in the three ILs are almost identical, independent of the IL
types in lower temperatures up to 40 °C. The D, values for
the three ILs increase gently from 20-40 °C, and then increase

6
(a) [C,mim]BF,
51 —@ [Cymim]BF,
- [Cgmim]BF,
4 -
8
£
3 3r
Qc_
2+ /./
1 -
oL | I I I I I
20 30 40 50 60 70 80
Temperature/°C
(b) sk [Comim][OTf]

-4+ [Cymim][OT{]
4 [Cymim][OTH]

Dpeak/nm

1 | | | | | 1 |
20 30 40 50 60 70 80
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Fig. 5 The diameter values at the peaks in the particle size
distributions of AuNPs generated in (a) BF, salts and (b) [OTf]
salts.
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sharply with continued increases in temperature. The
increasing trends differ depending on the type of IL.
Specifically, larger NPs formed in the IL with a shorter alkyl
chain. As shown in our report on the temperature effect on
the size of AuNPs in [C4mim]BF4,42 50-55 °C is the boundary
temperature for which cohesion of the smaller NPs, once
generated and stabilized, occurs easily to generate larger NPs.
Thus, we conclude that NPs generated at lower temperatures
are almost identical in size, independent of the length of the
alkyl chain of the imidazolium cations, as represented by the
Dpea Values (Fig. 5a). At higher temperatures, cohesion of the
once-generated NPs occurs. This process may differ depending
on the stabilization ability of the cations surrounding the once-
generated NPs enclosed with a BF, anion. The longer chains
seem to work more effectively as stabilizers, and thereby
restrict the cohesion of NPs in the IL with the longer alkyl
chain. Consequently, the size of AuNPs in an IL with a longer
alkyl chain is smaller at higher temperatures.

In previous studies,40 we performed sputter deposition at
room temperature with no temperature control of the capture
medium. In the resulting paper, we reported that smaller NPs
were generated in the IL with the longer alkyl chain even at
lower temperatures, which is different from our present
results. We explain this difference as follows. In our earlier
study, the temperature of the IL of the capture medium rose
during sputtering deposition; consequently, the NPs generated
without temperature control were mixtures of NPs generated
at various temperatures. Thus, the apparent size of the NPs
reported in our previous study showed cation dependence,40
and this apparent effect would have been manifested to a
greater degree for the cation with a shorter alkyl chain.

The Dy, temperature dependences of AuUNPs generated in
[OTf] salts are shown in Fig. 5b. As in the case of the BF,
system, particle size shows a slight dependence on alkyl-chain
length at lower temperatures and the difference between
them becomes more distinct as the temperature rises. We
believe the same mechanism is operating in the determination
of particle size as mentioned above for the [C,mim]BF, cases.
Specifically, [OTf] ions seem to stabilize the AuNPs to form
the first shell and then cations surround them. For the [OTf]"
salts, the temperature at which the alkyl-chain length effect
appears is lower than that for the BF, salts. We consider that
this is because the stabilization ability of [OTf] may be weaker
than in BF, and the stabilization ability of the cation is evident
at lower temperatures in [OTf] salts.
3.3 Comparison of Anion and Cation Effects on the Size of AUNPs
Considering the results presented in sections 3.1 and 3.2, we
can definitely conclude that anions have stronger effects than
cations on the determination of the size of AUNPs generated in
ILs by the sputter-deposition technique. Therefore, we also
conclude that the stabilization mechanism of NPs is caused by
the enclosure of AuNPs by anions as the first shell, which is
similar to the model proposed by Vollmer and Janiak.>”®" we
can also prove that the second shell is the more positively
charged moiety of the cations and that the imidazolium ring
and long alkyl chains stick out, as shown in Fig. 6.

A similar stabilization model was proposed by Dupont and

This journal is © The Royal Society of Chemistry 20xx
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Steric stabilization

+

Fig. 6 Model of the stabilization structure in imidazolium-
based ILs. Alkyl chains of imidazolium cations have a role in
steric stabilization.

Scholten for NPs prepared by chemical reduction in ILs.® In
their stabilization model, small metal NPs (1-10 nm) in an IL
tend to interact with anionic aggregates of the IL. Although the
methods of preparing the NPs differ (sputter-deposition
technique vs. chemical reaction), the media for dispersing the
NPs are the same ILs. Considering that the surface of a metal
NP is mostly elet:tron—defit:ient,62 we may inevitably conclude
that the anions stabilize the NPs and are the most important
factor in determining the size of NPs in ILs. Our present results
demonstrate this conclusion on the anion effects most
definitely. It has been suggested that the stabilization of
chemically synthesized metal NPs in ILs is due to the electric
double layer on the surface of the pal’ticles.13'62’63 For
physically synthesized metal NPs, the first layer is also formed
by anions and the second coordination shell seems to be
formed by the [C,mim]* cations. Regardless of the different
generation methods, the results from using both sputter
deposition and chemical reaction in ILs support the concept of
a stabilization mechanism in the electric double-layer model.
3.4 Temperature Effects on the size of AUNPs

Because the anions dominantly affect the determination of
size and size distribution of AuNPs generated by the sputter-
deposition technique, hereafter, we mainly focus on five types
of anions.

In the previous study wherein we fixed [C,mim]BF, as the
capture medium, we showed that the temperature of the
medium greatly influences the size determination of NPs in the
IL. We have previously suggested that this temperature effect
is directly connected to the diffusion of Au atoms or clusters
that are ejected into the IL.* In the present experimental
conditions, we think it likely that most of the sputtered
particles are not Au clusters but Au atoms.®

After deposition on the surface of the IL, Au atoms start
dispersing into the liquid. At that time, the diffusion velocity,
which is related to the viscosity of the IL, will influence the
aggregation processes. In general, the viscosities of ILs
drastically change depending on temperature. According to

This journal is © The Royal Society of Chemistry 20xx

the Stokes—Einstein relationship, the diffusion constant D of a
particle in a medium is given by

D = kgT/671rn, (1)
where n is the viscosity of the medium, kg is the Boltzmann
constant, T is the absolute temperature, and r is the
hydrodynamic radius of the particle. Dyeox and Weynm plots
against T/n for the five ILs with different anions are shown in
Figs. 7a and 7b, respectively. We measured the densities and
viscosities of the ILs to derive the T/n values, which are plotted
in Figs. S9 and S10 in ESI, respectively. For all the samples
except [C;mim]PFg, the graphs show positive relationships
between Dy« and T/n. As the atoms and small clusters
disperse faster in a medium with lower viscosity, they easily
collide with each other to form NPs. In this way, larger NPs are
generated in a capture medium with lower viscosity, namely,
at a higher temperature. More specifically, the positive
relationship between Dy, and T/n suggests that the main
mechanism for NP growth is the collision and subsequent
aggregation of Au atoms and small clusters in the ILs.

As shown in Fig. 7a and 7b, the curves of Dye, and Wiynm
vs. T/n differ individually and we cannot draw a master curve
independent of IL type. This result proves that the interaction
between Au and anions is another important factor in
determining the size of NPs, while collision frequency is also a
definite factor for a fixed IL. As such, the formation of NPs is
mainly determined by the valance between the collision
frequencies of sputtered Au atoms and the stabilization by the
coordination of the anions in the first shell, and of the cations
(including the alkyl chain) in the second shell.

3.5 Stabilization Factors of Anions

In this section, we focus our attention on determining the type
of anions and the specific anion characteristics that act as size-
control factors of AuNPs. To summarize the discussion thus far,
in section 3.2, on the basis of the experimental results of the
BF, salts and [OTf] salts, we showed that the effect of the
alkyl-chain lengths of cations is small enough to be neglected
in the lower temperature region. In our previous report on the
temperature effect, we showed that AuNPs prepared at higher
temperatures seem to have experienced a heating effect after
their generation.42 Thus, we can discuss the selective effect of
anions in the first stage of AUNP generation by using data from
the lower temperature region. Therefore, our next task is to
check whether a relationship exists between the anion
features and the Dy.. of AuNPs prepared at the lowest
temperatures in the present experiments.

First, we consider the negative-charge distribution of the
anion atoms, because it is well known that AuNP surfaces are
electron-deficient.® Examples where this idea was applicable
included Pt and Ir NPs in ILs.**® In the case of BF, and PF¢,
fluorine atoms have partial negative charges.ss‘67 Conversely,
the negative-charge distribution in [OTf]", [FSA], and [TFSA]”
ions strongly localize on the oxygen and nitrogen atoms.%®®°
Although it was discussed that the fluorine atoms of the anion
(BF,") interacted with the surface of the AuNPs,61 we found no
systematic correlation between the partially distributed
negative charge on the atoms in the anions used for
preparation and the size of the generated AuNPs. Therefore,
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Fig. 7 T/n dependences of (a) the diameter values at the
peaks and (b) the full widths at half maxima, extracted from
the particle size distributions of AuNPs synthesized in the five
types of ILs, [C;mim]X (X: BF,, PFg, [OTf], [FSA], and [TFSA]).

we cannot explain our experimental results by assuming that
the charge of specific atoms in the anions are an important
factor in determining the formation process and the final size
of AuNPs. Although the surface atoms of AuNPs may, of
course, be sensitive to the existence of the charges of specific
atoms in the first coordinated shell, the partially distributed
negative charges do not play a role in size control.

Although we also considered the contribution of the anion
donor strengths,70 we found no systematic relationship
between the size of AUNPs and the anion nucleophilicity.

Therefore, in the next step, we examine anion size, which
has been reported by Janiak et al. as being a size-control factor
in the synthesis of various metal NPs by thermal
decomposition and the reduction process from metallic salts
or metal carbonyl precursors in ILs.>””*" The authors reported
the sizes of their AgNPs to be strongly affected by and bear a

8 | J. Name., 2015, 00, 1-11

proportional relationship to the volumes of anions.”* We have
also thought that the sizes of anions might be a size-control
factor with respect to the sputter-deposition technique for
AuNPs. To confirm this idea, we plotted the values of Dy at
the lowest preparation temperature against the volume of
anions, as shown in Fig. 8. Each error bar in Fig. 8 indicates the
value of the W4,nm Of the corresponding distribution curve. The
values of D, are clearly proportional to the volumes of
anions, in the same manner as chemically generated AgNPs,71
and thus there is no question that the size of anions is also an
important size-control factor in the generation of AuNPs in ILs
by sputter deposition. On the basis of the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory,73’74 Janiak et al. pointed out
the importance of the thickness of the first stabilizing shell
around an AgNP.71 We agree with their discussion. Moreover,
for our AuNPs, we also take notice on the valance of the
volumes between an anion and an AuNP. In the present
experiments, subnanometer-sized AuNPs were prepared.
While an AuNP of this size is surrounded and stabilized by
several smaller BF, ions, it is impossible for it to be efficiently
enclosed by larger plural anions such as [TFSA]". As such, we
consider the contributing anion effects to be anion thickness in
the electric double layer and the valance of largeness in a
surrounded AuNP.

3.6 Where Do Nucleation and Growth of NPs Occur?

The Ar® sputtering of Au is known to cause the physical
ejection of Au atoms and/or small clusters. As mentioned
above, in the present experimental conditions, most of these
sputtered particles are Au atoms.®® As shown in Figs. 3, 4a, and
7a, the sizes of AuNPs differ in different capture media. If we
note the type of IL, the NPs increase their size as a function of
the temperature of the IL. These facts indicate that the
nucleation and growth of NPs occur by aggregation of the

[TFSA]
4 [FSA]
g 3r
(=)
" Yy
o 2 [OTH]
PF, 1
- _ &
BF, }
| | 1 1
0.05 0.10 0.15 0.20

Anion volume/nm3
Fig. 8 Relationship between the volume of anions and
diameter value at the peak extracted from the particle size
distribution of AuNPs synthesized at the lowest preparation
temperature in each IL.
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sputtered Au atoms after contact with the
temperature-controlled IL. As previous
papers,“'44 the final concentration after the dispersion of Au
into the IL is not the ultimate determining factor of particle
size. We also checked that the NPs, once generated, do not
change their size and distribution by diluting the solution.*
The results show that the aggregation of sputtered Au atoms
occurs on the surface of the IL and/or at the beginning of the
Au dispersion into the IL. So, we now focus our attention on
these two candidates—the surface of the IL and the immediate
inside surface—as the sites where NP nucleation and growth
occur.

The Au atoms generated by the Ar® sputtering are first
deposited on the surface of the IL. Therefore, the surface

tension of the IL seems to influence the formation of AuNPs to

making

shown in our

some extent. We now consider the effect of IL surface tension.
For all the ILs, the surface tensions decrease slightly with a rise
in temperature.75'76 However, the changes seem too small to
cause any drastic change in the sizes of the NPs. We
considered that the surface tension will determine the staying
time of the deposited Au atoms, which will be longer on an IL
surface with a higher surface tension. If the staying time were
the most significant factor in the aggregation of the deposited
Au atoms on the surface of the IL, the NPs generated at higher
temperatures (lower surface tension) would become smaller.
However, the experimental results with respect to the
temperature dependence of the sizes reveal the exact
opposite. This shows that surface tension is not a significant
factor in determining the size of NPs. Moreover, the most
definite evidence that excludes the possibility of the
occurrence of NPs on the surface is the following experimental
result. Namely, the variation in the discharge current during
sputtering causes no difference in the size of AuNPs.** This
means that the sizes of NPs are independent of the density of
the Au atoms deposited on the surface of ILs. These results
suggest that from the macroscopic viewpoint, the nucleation
and growth of AuNPs do not occur on the surface of ILs.

Next, our discussion takes the microscopic viewpoint. From
this standpoint, it is necessary to consider the structural
organization of the IL at its surface. It has been reported that
both cations and anions are present in the surface region of
pure imidazolium-based ILs with short alkyl chains such as
[szim]J'.77 For the cations of imidazolium-based ILs with
longer alkyl chains (i.e., [C;mim]®, [Cmim]’, and [Cgmim] in
the present case), the alkyl chains tend to project out from the
surface into the gas or vacuum phase to be lined up. In
contrast, the ionic aspect of the charged imidazolium rings or
anions tend to stay on the inner surface of the bulk liquid
phase.m'80 If nucleation and growth occur on the nonpolar
region formed by the alkyl chains, differences in the alkyl-chain
length of ILs should influence the size of AUNPs. However, the
sizes of NPs generated in BF, salts or [OTf] salts at lower
temperatures are almost identical. Therefore, we can only
conclude that the projecting region of alkyl chains is not where
the nucleation and growth of AuNPs takes place.

The composition of ILs on the immediate inner surface may
be a key factor in the size control of AuNPs. It has been

This journal is © The Royal Society of Chemistry 20xx

reported that the composition of the immediate inner surface
of imidazolium-based ILs with a long alkyl chain is dependent
on the anion. In particular, the constitutions of alkyl side
chains and fluorinated anions on the inner surface are PFg —
BF, > [TSFA]f.M'82 Although the inner surface compositions of
PFs and BF, are very similar, our experimental results show
that the size-distributions of AuNPs generated in these
corresponding ILs differ.

Considering our present experimental results and the
surface structures of ILs, we must deny the possibility that
nucleation and growth occurs on the surface of capture media
ILs. This conclusion is in disagreement with that of Wender et
al.”® We believe that the authors drew their conclusions on the
basis of experimental
unregulated experimental conditions, as discussed in section
3.1. In summary, our results lead us conclude that the
nucleation and growth of AuNPs may possibly occur inside the
ILs, just slightly away from the surface. As discussed above,
ions, and especially anions, work as stabilizers in NPs. The
nucleation and growth of NPs progress by the collision of Au
atoms and small clusters, and stabilization by the coordination
of the anions and cations stops the NP growth. The sizes of
NPs are determined by the balance of the collision and
stabilization activity. We think this valance comes into play
when Au atoms begin to diffuse into the ILs. We also think that
the region of its occurrence may not be the first layer of the
inner surface but a more inner region, where Au atoms and
ions can defuse freely. This is because the growth and growth
cessation of NPs are strongly affected by the AuNPs collisions
and the stabilization by ions. The size of the generated AuNPs
is strongly influenced not by the organized structure of the
surface but rather the bulk property and structure of each IL.

results that were obtained from

Conclusions

To elucidate the size-control factors of AuNPs prepared by
sputter deposition in ILs, we performed experiments for nine
kinds of ILs as the capture media, while changing the
preparation temperature from 20 to 80 °C. In particular, we
focused on the anion and cation effects and preparation
temperature effects for each IL. We derived the size-
distribution curve of the AuNPs prepared in each IL and at
each temperature by a curve-fitting analysis of the
corresponding SAXS patterns.

Except for the AuNPs prepared in [C;mim]PFg, our results
show that the size and size distribution of AuNPs increase with
the temperature of the capture medium. In every type of
anion, the AuNPs prepared in the ILs ([C;mim]X, X: BF,, PF¢ ,
[OTf]", [FSAT, and [TFSA]") exhibit different Dyesc and Wiyhm
values and temperature dependences. Conversely, the sizes of
AuNPs, prepared in BF,” salts or [OTf] salts with different alkyl-
chain lengths in the imidazolium-based cations, are nearly the
same in lower preparation temperatures and alkyl-chain length
effects appear only at higher temperatures. These
experimental results show that the anions enclose AuNPs and
stabilize them by forming the first shell, and the cations form
the second shell.
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The sizes of AuNPs prepared at the lowest preparation
temperature exhibit a close relationship with the anion’s
volumes in the capture media ILs. We conclude that the size of
AuNPs is determined by the balance of the collision
frequencies of ejected Au atoms and the stabilization power of
the anions. The volume of anions is regarded as the most
important factor in determining AuNP size. The anion volume
relates to the thickness of the electric double layer. The
balance between the bulkiness of the anion and that of the
enclosed AuNP is also an important factor in determining the
size.
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