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Abstract

Fusion materials based on cationic gold nanoparticles with ionic liquids were prepared. The

anion-exchange of the surface capping ligand on the gold nanoparticles from a halogen anion to

bis(trifluoromethanesulfonyl)amide (Tf2N) in an aqueous solution afforded nanoparticles showing

the infinite miscibility with Tf2N-based ionic liquids. The thermal decomposition temperature of

gold nanoparticle was elevated by 100 °C after the anion-exchange. The ionic liquid-like structure

of the surface capping ligand with Tf2N anion led to a grassy solid material with densely-packed

assembly of nanoparticles, in which a portion of nanoparticles formed superlattices. A fusion

material of ionic liquid and gold nanoparticle with a gold content as high as 40wt% was obtained by

the co-solvent evaporation method using acetone. The stable dispersion of gold nanoparticles in the

fusion materials with a high gold content was confirmed by the clear appearance of the plasmon

absorption of gold nanoparticles in an optical microscope image as well as in an absorption

spectrum. The use of an ionic liquid-based monomer gave a gold nanoparticle-ionic liquid polymer

composite, in which the gold nanoparticles showed a high thermal stability.



INTRODUCTION

Room-temperature ionic liquids (ILs) have been attracting much interest as environmentally benign
solvents for organic chemical reactions, separations, and electrochemical applications.'®> Recent
interest is focusing on their use in inorganic synthesis,®® hybridization with nanomaterials,®** and
molecular self-assembly.!?" The inherent self-assembling properties of ILs themselves derived
from interionic hydrogen bonding interactions*®° and their amphiphilic nature?®?! most likely play
an important role in the solubilization of nanomaterials including molecular self-assemblies as well
as in the synthesis of nanomaterials with fine structures. ILs therefore enabled the direct in situ
synthesis of metal nanoparticles (NPs) without addition of extra stabilizers through the chemical
reduction of metal ions?>% and sputter depositions.?* The reorganization of the hydrogen bond
network and the generation of nanostructures of ionic components were presumed to form a
protecting layer on the surface of NPs, providing both steric and electrostatic protection against
agglomeration.?® Meanwhile, the fusion of self-assembling property of ILs and functional inorganic
nanomaterials is expected to lead to a futuristic material, in which both the components
synergistically interact to construct a hierarchically assembled structure. Furthermore, the unique
characteristics of ILs such as high ionic conductivity, thermal stability, and extremely low vapour
pressure, that could be tuned by changing the anion identity and cation substituents, make them an
excellent partner of nanomaterials to build composite materials together.?>28 For example, IL-silica
nanoparticle hybrids have been demonstrated as an electrolyte for batteries.?

A wide range of metal and semiconductor NPs with or without surface capping ligands have



been reported to be well dispersed in ILs. Since the electrostatic charge stabilization, which usually
accounts for the colloidal stability of NPs in water, is considered to be insufficient owing to the high
ionic strength in ionic liquids, the ionic liquid-based solvation might be responsible for the colloidal
stability in ILs.2® However, the dynamically fluctuating organized structure of ILs* and ill-defined
interactions®%3! between the surface of NPs and IL-components may hamper the stable dispersion of
bare NPs in ionic liquids with a high NPs content especially at high temperature. In this context,
NPs with imidazolium-functionalized surface capping ligands®>3* or polymers® showed better
stability in ILs. Some NPs stabilized by IL-based ligands showed liquid-like behavior at room
temperature in the absence of solvent media.*®=® They have conventionally been prepared in other
media such as water or organic solvents, and then transferred into ILs via the modification of
ligands. Recently we reported the spontaneous phase transfer of CdTe NPs capped with simple
cationic ligands, 2-(dimethylamino)ethanethiol hydrochloride (DMAET) or thiocholine bromide
(TCB), from aqueous solutions to 1Ls.3**! The cationic CdTe NPs showed remarkable stability and
improved photoluminescence properties in the ILs. The use of these cationic ligands afforded the
NP-IL-based polymer composites at the high volume fraction of NPs as high as 1 vol% (3.6 wt%),
which demonstrated high-order optical nonlinearlities.*24

In the present paper, we report the preparation of hybrid materials based on ILs with cationic
gold NPs. To achieve a very high loading content of NPs in ILs, cationic NPs with
bis(trifluoromethanesulfonyl)amide (Tf2N) anion were prepared. The cationic gold NPs with Tf,N

anion formed a glassy film by cast from acetone solution and provided fusion materials with ILs at
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the content of gold as high as 40wt%. The gold NPs exhibited a high thermal stability in an

IL-based polymer.

EXPERIMENTAL PROCEDURE

Materials and methods

1-Butyl-3-methylimidazolium  bis(trifluoromethanesulfonyl)amide (bmimTf2N) and lithium

bis(trifluoromethanesulfonyl)amide (LiTf.N) were purchased from Kanto Chemical Co., Inc.

2-(Methacryloyloxy)ethyltrimethylammonium bis(trifluoromethanesulfonyl)amide (MOE-200) was

purchased from Piotrek Co., Ltd. 2-(Dimethylamino)ethanethiol hydrochloride (DMAET) was

obtained from Sigma-Aldrich. Hydrogen tetrachloroaurate(lll) tetrahydrate (HAuCls-4H>O) was

supplied by Wako Pure Chemical Industries Ltd. Irgacure 184 (1-hydroxycyclohexyl phenyl ketone)

was obtained from TCl Co. Ltd. These chemicals were used as received. Diethylene glycol

dimethacrylate (DEGDMA) was obtained from TCI Co. Ltd. and used after a simple distillation

process. Absorption spectra in solution were studied with a JASCO V-670 spectrophotometer.

Thermogravimetric analysis (TGA) was carried out using a TG-DTA6200 (SII Technology).

Transmission electron microscopy (TEM) observation was performed with a JEM-2200FS (JEOL).

Scanning electron micrographs (SEM) were obtained by using an SU9000 (Hitachi). Small angle

X-ray scattering (SAXS) profile was recorded using a Rigaku RINT-TTR III/NM X-ray

diffractometer in transmission mode. Absorption spectra of concentrated fusion materials were



measured by using an Olympus BX-51 polarizing microscope connected with a Hamamatsu

PMA-11 photodetector with an optical fiber.
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Scheme 1 Preparation of fusion materials based on gold NPs and ILs.

Synthesis of DMAET capped gold NPs and fusion materials: Fusion materials based on gold
nanoparticles and ILs were prepared according to Scheme 1. The gold NPs were synthesized by the
chemical reduction of Au®* in an aqueous solution in the presence of cationic thiol DMAET. To a
solution of HAuCl4-4H,0 (0.33 g, 0.80 mmol) and DMAET (0.28 g, 2.4 mmol) in deionized water
(67 ml) an aqueous solution (6.7 ml) of sodium borohydride (NaBH4) (20 mg, 0.53 mmol) was
added under vigorous stirring in an ice bath. After stirred for 1 h, the insoluble sediment was
removed through centrifugation followed by decantation. DMAET capped gold NPs in the
supernatant was purified via reprecipitation by the addition of acetone (300 ml). The precipitation

was freeze-dried to give 82 mg of the DMAET-capped gold NPs in 44% vyield (in terms of the
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conversion of Au®*). 50 mg of the DMAET-capped gold NPs were redispersed in deionized water
(10 ml), to which an aqueous solution of LiTf>N (70 mg, 0.24 mmol) was added to exchange the
counter anion of DMAET from CI" to Tf2N". DMAET-Tf2N passivated gold NPs was then obtained
as a precipitate. The precipitated gold NPs were freeze-dried by a lyophilizer to give 46 mg of
cottony powder in 61% yield.

The DMAET-Tf2N passivated gold NPs were dispersed in acetone with a certain amount of
ILs (bomimTf2N or MOE-200, Scheme 1). The fusion materials were obtained after the evaporation
of acetone in vacuo. The fusion material of MOE-200 was further polymerized by photoradical
polymerization. To a mixture of gold NPs and MOE-200, a cross linker DEGDMA (20wt%) and an
acetone solution of Irgacure 184 (1wt%) were added, acetone was evaporated in vacuo and then the
mixture was degassed. The monomer cocktail was cast on a glass substrate loaded with a silicone
film spacer (thickness: 100 um) and was covered with another glass substrate. The
photopolymerizable nanocomposite film was exposed by UV light with a mercury-xenon lamp
(200W) through a UV transmitting filter at room temperature to prepare a uniformly cured polymer

nanocomposite film.

RESULTS AND DISCUSSION
DMAET-Tf2N-capped gold NPs
Figure 1 shows TEM image of DMAET protected gold NPs before anion-exchange prepared

from an aqueous solution. Relatively monodisperse quasi-spherical NPs with the average diameter
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of 2.9 = 0.4 nm were observed. In the absorption spectrum, an apparent plasmon absorption peak
appeared at 517 nm (Figure 2). The anion exchange of the gold NPs from chloride to Tf2N made the
NPs insoluble in water but soluble in high polar organic solvents such as acetone. The hydrophilic
chloride anion is supposed to tightly bind to the ammonium cation of DMAET and form aggregates
in acetone, which was demonstrated by the precipitation purification procedure of DMAET-capped
gold NPs using acetone. The anion exchange to Tf2N with a higher ionic radius decreased the
hydrophilicity of the counter anion, which was expected to reduce the interionic interaction and
allowed ions to partially dissociate in acetone.** The DMAET-Tf,N passivated gold NPs also
exhibited a clear plasmon absorption peak in acetone, suggesting the stable dispersion of NPs. The

peak appeared at 510 nm, which was slightly shorter than that observed in water probably due to the

change in the permittivity of solvents.*®
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Figure 1 TEM image of DMAET capped gold NPs cast from an aqueous solution.
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Figure 2 Absorption spectra of DMAET capped gold NPs in water (dotted line) and in

acetone (solid line) after the anion exchange with Tf2N.

The acetone solution of gold NPs was cast on a TEM grid, which was observed by TEM and
SEM. As shown in Figure 3a, the gold NPs formed a densely packed glassy-assembled film on the
TEM grid. The separation between NPs was apparently shorter than that observed for the TEM
image in Figure 1. Since the thickness of an electrical double layer (EDL) is dependent on the
permittivity of solvents,*® the reduced electrostatic repulsion in the acetone was responsible for the
densely packed assembly. Larger particles with the size of a few hundred nanometers were also
observed on the glassy amorphous film as shown in Figure 3b (SEM). Interestingly, the large
particles were recognized as the secondary particles composed of the individual cationic gold NPs
assembling into superlattice structures, which were confirmed by a high-resolution SEM image
(Figure 3c). These super-crystalline structures could be formed during the evaporation since the

acetone solution for EM measurements was subjected to centrifugation with 10* rom followed by
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filtration with a membrane filter prior to the drop-cast. The elevation of NP concentration and ionic
strength during the evaporation of solvent may result in the close contact between NPs by
minimizing the EDL so that the van der Waals force between NPs became effective.*® Furthermore,
the cohesive interactions between IL-like DMAET-Tf,N surface ligands, which could give rise to

the self-assembling property of ILs, should play a crucial role in the self-assembly of NPs.
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Figure 3 Electron micrographs of DMAET-Tf2N capped gold NPs prepared from an

acetone solution: a) TEM, b), c) SEM images.

The properties of DMAET-Tf2N capped gold NPs in bulk were also investigated by thermal

analytical methods. The DMAET-capped NPs before the anion exchange decomposed at around
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200 °C probably because of the high chemical reactivity of chloride anion (Figure 4). The anion
exchange to TfaN elevated the decomposition temperature of ligands. The mass decrease of
DMAET-Tf2N capped gold NP started from about 300 °C, which was higher than that of the gold
NPs before anion exchange by 100 °C, directly indicating the higher chemical stability of Tf2N" in
comparison to CI. The DMAET capped gold NPs contained the organic content by 29wt%,
corresponding to 430 ligand molecules per single NP (6.1 A? of occupied surface area per a ligand
molecule). This number seems too large considering that the typical occupied surface area of a
similar ligand molecule TCB was estimated to be 22.9 A?*" indicating the presence of unbound
excess ligand molecules. Similarly, the DMAET-Tf,N capped gold NPs possessed a 42wt% portion
of organic ligands, which corresponds to 280 ligand molecules per single NP and still had unbound

excess ligand molecules.
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Figure 4 Thermogravimetric curves of (a) DMAET-capped gold NP, (b) DMAET-Tf2N

capped gold NP, (c) bmimTf2N and (d) gold NP-bmimTf2N composite.
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Figure 5 shows DSC thermograms of DMAET-Tf,N and gold NPs. DMAET-Tf>N became an
ionic liquid after the anion exchange. The free DMAET-Tf2N showed an exothermic peak at -47 °C
corresponding to the cold-crystallization and endothermic peaks at -7 and 7 °C assigned to melting
points, which were typical to Tf,N-based 1Ls.*® On the other hand, the DMAET-Tf,N capped gold
NPs showed no apparent DSC peak, indicating the free excess DMAET-Tf;N ligands had a
negligible effect on the thermal behavior of NPs. The DSC profile of the gold NPs exhibited a slight
endothermic shift of the baseline at 58 °C corresponding to the glass transition temperature, which
also supported the glassy amorphous assembly of gold NPs in the solid state. There is no
endothermic peak observed for the melting of superlattice assemblies in the range of temperature
investigated, indicating the supercrystallines were only the minor components in the solid film. The
SAXS profile measured for the DMAET-Tf.N capped gold NPs suggested the amorphous-like
assembly in the cast film, which provided a broad peak corresponding to the interparticle
correlation with distance of 4.8 nm and gave little indication of highly ordered aggregation with

periodic peaks (Figure S1).
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Figure 5 DSC thermograms of DMAET-Tf2N (dotted line) and DMAET-Tf>N-capped gold

NPs (solid line). Inset: enlarged profile of DMAET-Tf>2N-caped gold NPs.

Fusion materials of DMAET-Tf>N-capped gold NPs and ILs.

The DMAET-Tf2N capped gold NPs were mixed with bmimTf2N by a co-solvent evaporation
method using acetone, since the direct dispersion of NPs resulted in the partial solubilization of NPs
in ILs due to the high viscosity of ionic liquids. BmimTf,N was thermally stable up to 350 °C
(Figure 4c), while the concentrated composite with a 40wt% of gold content showed the
decomposition above 300 °C (Figure 4d). The decomposition temperature of the composite was
identical with that of DMAET-Tf.N capped gold NPs without IL (Figure 4b), which indicated that
the decomposition started from the NPs in the composite.

The gold NPs were homogeneously dispersed in bmimTf2N in a given composition after the

evaporation of acetone. Figure 6a shows a visual appearance of the NP-bmimTf.N composite with
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a gold content of 40wt%. Although the composite was black and highly sticky paste in bulk, it
actually appeared in red in a thin film wedged between glass slides (Figure 6b). The red color
originates from the plasmon absorption (Figure 6¢) of individual NPs in the composite, which
clearly suggested the NPs were well dispersed in bmimTf2N even at high concentration. The value
of 40wt% as a gold content corresponds to 5vol% of a volume fraction of gold, in which the
average inter-NP distance can be estimated to be 6.3 nm given a random dispersion. The distance of
6.3 nm might not be close enough to observe the plasmonic coupling between NPs,*® and no
apparent peak shift was found in the peak position of absorption spectrum in comparison with that

of dilute solution in acetone (Figure 6b and Figure 1).
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Figure 6 (a) Photograph and (b) optical microscope image of gold NP-bmimTf2N composite

(Au content = 40wt%) and (c) its absorption spectrum.
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The composite of NP-bmimTf,N was directly observed by TEM. Since the composite was
highly sticky, the sample for TEM was prepared by diluting the composite with a small amount of
acetone followed by casting the methanol solution on a TEM grid. A certain amount of bmimTf;N
remained on the TEM grid together with the gold NPs because bmimTf.N was difficult to evaporate.
It should be noted that the composition ratio between the NPs and bmimTf,N was not preserved
because acetone could rinse off part of bmimTf2N. As shown in Figure 7, the gold NPs appeared to
aggregate in the droplets of bmimTf.N as the slightly dark background of aggregates.®® The
aggregate structures of the composite was very different from those obtained for the sample without
bmimTf,N (Figure 3). The gold NPs formed no supercrystals but irregularly assembled into lumps.
The individual NPs were identified in the aggregates, corresponding to the appearance of plasmon
absorption band for the composite (Figure 6). ILs were reported to form the double-layer at a
charged surface,®® which was also expected to induce the layering of ionic components in an
alternate manner.2852 The layering of ionic components was estimated to extend to ten-bilayers.>
The cationic gold NPs were therefore expected to be strongly solvated by the formation of
multilayer of ionic components triggered by the ordering of Tf2N anions at the interface, which
might also hinder the tightly packing of NPs into superlattices via van der Waals interactions

between the NPs.
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Figure 7 Typical TEM image of gold-NP-bmimTf2N composite.

The DMAET-TT,N capped gold NPs were also well dispersed in a polymerizable IL, MOE-200.

The NP-monomer composite was then mixed with a photoinitiator, Irgacure 184, and a cross-linker,

DEGDMA, followed by irradiated with UV light to give a polymer composite film of NPs with a

thickness of 100 um. The polymer composite was basically transparent and colored in brown with

the clear appearance of plasmon absorption of individual NPs (Figure 8), suggesting the good

dispersion of NPs in the ionic liquid polymer. The increase in the gold content decreases the

transmittance of composite film due to the high optical density of plasmon absorption. The TG

analysis of polymer-composite suggested the film could incorporate the gold as high as 13wt%

(Figure S2). While we also tried to prepare the composite film with the gold content of 20wt%, the

high optical density of the film prevented the photopolymerization of entire film. The gold NPs

showed high thermal stability in the polymer. The heat treatment of the monomer solution at 100 °C

for 10 min resulted in the irreversible agglomeration of NPs (Figure S3) and the monomeric
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composite became opaque with the disappearance of plasmon absorption band characteristic to gold
NPs (Figure 8b). Although the thermal decomposition of the ligand of NPs started above 300 °C
(Figure 4), the heating might activate the diffusion collision of NPs and the desorption of surface
ligands, which induced the thermal fusion of gold NPs. On the other hand, the heating of the
polymeric composite led to only slight change in the absorption spectrum even annealed at 230 °C
for 30 min (Figure 8a). The suppressed diffusion of NPs immobilized in the solid matrix and the

thermal stability of IL-polymer would be responsible for the stability of NPs in the composite.
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Figure 8 Absorption spectra of gold NPs in polymer(a) and monomer (b) before (solid lines)
and after (broken lines) the heat treatment. Inset: picture of the polymer composite films

with different gold content.
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CONCLUSION

In conclusion, gold NPs capped with a simplified IL-like ligand were prepared, which were

incorporated into fusion materials with ionic liquids. The high cohesive energy of IL-like ligand

drove the assembly of NPs into a glassy amorphous film and superlattices. The DMAET-Tf2N

capped gold NPs were well dispersed in Tf2N-based ILs with high concentration up to a 40wt% of

inorganic content. The fusion material of gold NPs with an ionic liquid monomer was readily

converted into a polymeric composite, in which gold NPs showed high thermal stability. We

envisage the IL-like ligand with a simple structure could be a universal ligand for a wide range of

inorganic nanoparticles to provide an interface compatible with ILs.
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