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Molecular self-assembly is an emerging subdiscipline of material science with important potential technological applications.[1] Self-assembly is known in both molecular chemistry
(for example, aggregation of molecules, molecular crystal or
phase-separated polymers) and biology (for example, bilayer formation, protein folding and unfolding).[2] Molecular
self-assembly typically relies on amphiphilic molecules that
can be assembled into various geometric structures (for example, spherical, cylindrical, or planar) by triggering their
insolubility in a medium through the adjustment of environmental conditions, such as temperature, pH value, or solvent
composition. Self-assembly plays a key role in the electronics industry in the fabrication of organic memory cells. Extensive efforts have been directed at preparing nanostructures for use in memory cells, with self-assembled structures
of specified size and shape containing incorporated doping
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materials. The main advantages of self-assembly for electronic applications are the simple, scalable, and affordable
processing methods that avoid expensive lithography techACHTUNGREniques. Various nanomaterials are being investigated to address these applications, including pyridinium salt crystals
with ferroelectric properties prepared by slow evaporation.[3] Self-assembled organic-based nanostructures can
show excellent electrical properties.
The synthesis of nanostructures at room temperature
should improve process scalability without adversely impacting on the control over size and shape. Room-temperature ionic liquids (RTILs) are molten salts that are becoming increasingly important solvents due to their nonvolatility, thermal stability, and designable miscibility with cosolvents. RTILs have been used for various chemical reactions,[4] nanomaterials synthesis,[5] separations,[6] and
electrochemical applications,[7] as well as biopolymer[8] and
molecular self-assembly.[9] The synthesis of metal nanoparticles, hollow TiO2, porous SiO2, and CuCl platelets in RTIL
solvents/templates is already known.[10] Here we demonstrate the use of an RTIL for the synthesis of pyridiniumbased organic–metal composite nanostructures by electrostatically induced self-assembly. Using a simple approach,
we assemble N-butyl-4-methylpyridinium tetrafluoroborate
([bmp]ACHTUNGRE[BF4]) and chloroauric acid into hexagonal rods of
Au–RTIL. This assembly results from the electrostatic complexation of the RTIL with chloroauric acid to form nanorods. Gold nanoparticles were also found embedded in
these self-assembled rods, probably resulting from the photoreduction of chloroauric acid during the reaction or from
reduction by ethanol during the extraction process. The
aspect ratio of the Au–RTIL rods can be varied by changing
the relative molar ratio of the RTIL and chloroauric acid.
To our knowledge, this represents the first report of salt-assisted self-assembly of metal–organic nanostructures. The
resulting rods containing gold nanoparticles are conductive
and exhibit typical organic-memory-cell behavior.
Anisotropic Au–RTIL particles were obtained directly
by dissolving chloroauric acid in the RTIL, as observed by
scanning electron microscopy (SEM). Figure 1 A–C shows
SEM images of drop-coated films of Au–RTIL after washing with ethanol. These SEM images show well-defined hexagonal rods with very smooth surface morphology. The rods
are quite uniform, and the rod size, diameter, and aspectratio distributions are shown in Figure 1 D–F. Gaussian fits
to the histograms yield an average rod length of
ACHTUNGRE(31.5) mm, a diameter of (700  150) nm, and an aspect
ratio of 5  1, respectively. There are also some fines present
with the rods; these correspond to immature rods formed
during the reaction.
The chemical composition of these rods was determined
by X-ray photoemission electron spectroscopy (XPS). The
general scan spectrum of the film at room temperature
showed the presence of C 1s, N 1s, B 1s, F 1s, and Au 4f
core levels with no evidence of impurities. The film was sufficiently thick and, therefore, no signal was measured from
the substrate (Si 2p core level). The Au 4f spectrum was recorded from the film deposited at room temperature (Figure 2 A). The Au 4f spectrum could be resolved into a two
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liquid species. In addition to
gold, B 1s, Cl 2p, and F 1s
core levels are also observed
in the film (data not shown),
a result suggesting the presence of both [BF4] and
[AuCl4] ions. The presence
of metallic gold, observed in
the XPS study, suggests the
formation of metal nanoparticles. Metal nanoparticles
are known to show characteristic absorbance in the visible
region due to excitation of
surface plasmon vibrations.
A UV/Vis measurement, carried out on a drop-coated
film of rods, showed absorption bands at 500, 800, and
1080 nm (Figure 2 C). This
absorbance pattern is characteristic of the surface plasmon resonance (SPR) of
Figure 1. A–C) SEM images of Au–RTIL rods obtained with ionic liquids. D–F) Size distributions of the
gold nanoparticles and conrods shown in A–C, respectively.
firms the presence of gold
nanoparticles in the hexagonal rods. The peaks at 500 and 800 nm correspond to transspin-orbit pair (splitting  3.7 eV) with 4f7/2 binding energies
verse and longitudinal components of the surface plasmon
(BEs) of 83.8 and 85 eV. These components correspond to
resonance of gold nanoparticles, respectively. The peak at
the reduced Au0 and unreduced AuIII states of gold, respec1080 nm may be due to quadrupole and higher multipole
tively. These binding energies are in good agreement with
plasma excitation.[12] Both visible and XPS spectroscopy
the XPS findings of Leff et al. for alkylamine-capped gold
[11]
nanoparticles.
confirm that the rods are composed of gold nanoparticles,
The N 1s core level could be resolved in
gold ions, chloride ions, and ionic liquid ([bmp]ACHTUNGRE[BF4]). A
two components with binding energies of 399 and 402 eV
(Figure 2 B). The presence of nitrogen suggests that the
TEM image of the gold nanoparticles is shown in Fignanostructure is composed of the pyridinium moiety. Two
ure 2 D. It is clear that the particles are well defined and disbands indicate that there are two types of nitrogen present
crete; the image confirms the presence of metallic gold
in the film. The lower- and higher-energy components correnanoparticles with sizes ranging from 20–40 nm. This obserspond to the nitrogen atoms attached to the Au0 and AuIII
vation is in agreement with the other characterizations.
and to the protonated nitrogen atoms present in the ionic-

Figure 2. A, B) Au 4f and N 1s core-level spectra recorded from a Au–RTIL film grown on a SiACHTUNGRE(111) substrate. C) UV/Visible spectrum obtained
from the drop-coated film of rods. D) Transmission electron microscopy (TEM) image of a drop-coated film of the Au–RTIL solution on a
carbon-coated grid (inset: diffraction pattern of gold).
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The composition of the
rods was further characterized
by analyzing the residual reaction solution by 1H NMR
spectroscopy and the rods by
electrospray-ionization mass
spectrometry (ESI-MS). The
reaction mixture was centrifuged at 9500 rpm for 5 min
to separate the rods from the
residual solution. The residual
solution was dissolved in
CD3OD and subjected to
1
H NMR
analysis.
The
1
H NMR spectra of the starting material ([bmp]ACHTUNGRE[BF4]) and
the residual solution showed Figure 3. Growth mechanism of anisotropic hexagonal organic–metallic nanorods.
identical peaks (1H NMR
(CD3OD): d = 9.75 (d, 2 H, J
in rodlike macrostructures. This observation is consistent
 6.84 Hz), 8.90 (d, 2 H, J  6.35 Hz), 5.53 (t, 2 H),
with the reported capability of ionic liquids to act as entrop3.66 (s, 3 H), 2.95 (m, 2 H), 2.39 (m, 2 H), 1.98 ppm (t, 3 H)).
ic drivers in the formation of self-organized and well-deThe RTIL (1-butyl-4-methylpyridinium cation), while still
fined nanomaterials with extended order.[15] The progressive
clearly comprising the bulk of the residual solution, was reduced in comparison to the pure RTIL starting material, a
self-assembly of these rods into well-defined bundles can be
fact suggesting that the RTIL was consumed with the formaseen in Figure 3 B–D. Figure 3 E shows the immature hexagtion of the organic nanorod composites. The rods, collected
onal rods clearly displaying thin rods protruding from large
by centrifuging the reaction mixture, were washed with ethhexagonal bundles. The final aggregated bundles of hexagoanol, suspended in ethanol, and analyzed by ESI-MS. A
nal Au–RTIL rods develop a smooth surface through the
peak corresponding to the RTIL cation [bmp] (m/z = 150)
deposition of excess gold–RTIL complex, which fills in the
and another peak (m/z = 387) corresponding to the complex
gaps between the individual rods (Figure 3 F).
[bmp]2ACHTUNGRE[BF4] were the major peaks observed in the positiveThe size of the aggregates depends on the relative
amount of chloroauric acid and ionic liquid. To demonstrate
ion mode of ESI-MS. The negative-ion mode of the ESI-MS
this concentration-dependent size effect, similar experianalysis showed a prominent peak (m/z = 338.7) correspondments were carried out with variation in the molar ratio of
ing to [AuCl4] ions. These observations confirm the preschloroauric acid and RTIL. At lower molar ratios of chlorence of both the RTIL and [AuCl4] ions electrostatically
oauric acid and ionic liquid (HAuCl4 :RTIL = 1:4), the size
complexed within the rods.
The XPS, NMR, MS, and visible-spectra analyses clearly
of the rods ranged from 10–50 mm with a diameter of
indicate that the RTIL was not involved in the reduction
 1 mm, thereby giving a high aspect ratio (Figure 4 A). An
process of AuIII and that the rods were composed of pyridiincrease in the molar ratio (HAuCl4 :RTIL = 1:130) results in
nium ions, chloroaurate ions, tetrafluoroborate ions, and
the formation of hexagonal-shaped particles with high polygold nanoparticles. Pyridinium–[AuCl4] complexes have
dispersity, as shown in Figure 4 B. These particles clearly
show hexagonal facets and a thickness of  200 nm. Thus,
previously been used for the synthesis of gold nanoparticles
the present method is efficient for obtaining rods of the deand the gold ions present in these nanoparticles were very
sired aspect ratio just by adjusting the chloroauric acid conprone to photoreduction.[13] This suggests that photoreduccentration. Since these rods are composed of gold nanopartion might also be responsible for the formation of the gold
ticles and organic ions, these rods were tested to determine
nanoparticles entrapped in our composite hexagonal rods.
whether they show interesting electrical properties.
Careful analysis of these rods was carried out by using
The electrical properties of these rods were determined
SEM to understand the assembly mechanism behind the forby measuring their current–voltage (I–V) characteristics.
mation of the hexagonal rods. Figure 3 shows SEM images
The Au–RTIL rods were well dispersed on the SiO2/Si subof immature crystals obtained from different parts of the
same sample. These SEM images can be used to understand
strate, and a metal electrode (platinum; bottom inset of
the sequence of growth of these nanostructures (FigACHTUNGREure 3 A–
Figure 5) was deposited on each individual rod by using the
F). Figure 3 A shows the randomly oriented rods of compofocused ion beam technique (ZEISS 1540XB CrossBeam
site materials. Organic molecules of hexagonal conformation
Series apparatus). Deposited coplanar metal electrodes
are known to stack upon one another to form nanorods; furwere used to measure the I–V characteristics. The current–
thermore, these nanorods can self-organize into larger agvoltage characteristics showed a nonlinear and asymmetrical
gregates with similar appearance.[14] In the current case, we
behavior in the dc bias-swept regime (Figure 5). The top
inset of Figure 5 shows the direction of the voltage bias
believe that the pyridinium cations complexed to goldACHTUNGRE(iii)/
swept back and forth. The bias is swept from 0–100 V (a)
chloride/ACHTUNGRE[BF4] ions stack upon one another and assemble
small 2007, 3, No. 3, 429 – 433
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Figure 4. SEM images of hexagonal rods obtained by using an ionic
liquid at A) 1:4 molar ratio and B) 1:130 molar ratio.

higher current was repeatable in subsequent sweeps after
the initial first scan. The I–V behavior obtained in our
device is similar to the organic-memory-cell behavior called
WORM (write once, read many times).[16–18] By using platinum electrodes and sweeping from one contact pad to the
other (and vice versa), the same asymmetrical I–V behavior
was observed. The behavior remained unchanged even
when the electrodes were changed from platinum to tungsten. No linear relationship was observed between log I and
V1/2 in any of the voltage regimes, a result indicating that
the current was not controlled by charge injection from the
Pt electrode into the hexagonal rod. These data clearly indicate that the hexagonal rod alone was responsible for the
major contribution in the electrical conduction. There is
also a possibility that electric-field-induced polarization in a
specific direction can occur in the hexagonal rod, which can
result in asymmetric behavior. The presence of the Au
nanoparticles in the synthesized rods can induce charge
transfer between Au nanoparticles and the RTIL present in
the complex, thereby orienting the dipoles along one direction. The synthesized rod device displays excellent stability
through many cycles and represents a promising candidate
for an organic memory cell.
In summary, we have successfully assembled organic–
metallic hexagonal rods by a simple, electrostatic complexation of an RTIL and chloroauric acid ions. The gold ions entrapped in these rods get reduced and form nanoparticles.
The aspect ratio of the obtained structures can be tuned by
changing the relative concentration of the RTIL and chloroauric acid. These hexagonal rods exhibit asymmetric and
hysteretic I–V behavior and are prime candidates for organic memory cells.

Experimental Section

Figure 5. Current–voltage (I–V) characteristics of a single hexagonal
Au–RTIL rod obtained from the second scan forwards. The top inset
shows the I–V curves obtained during the first scan forth and back.
The bottom inset shows the SEM image of the Pt electrodes deposited on the Au–RTIL rod. The square pads are the Pt electrodes.

and swept back to 0 (b); the subsequent scan is shown as
(c). The I–V curve (top inset of Figure 5) swept in the first
scan forth and back displayed a large hysteresis behavior.
The current measured during the first scan (a) at 50 V was
8 nA, while the measured current at 50 V on sweeping back
(b) was 3 mA; this displays a transition from the lower to
higher current with nearly three orders of current change.
This transition was observed only at higher voltages and the
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Chloroauric acid and [bmp]ACHTUNGRE[BF4] were obtained from Aldrich
(St. Louis, MO) and used without further purification.
Preparation of pyridinium-based nanostructures: In a typical
experiment, chloroACHTUNGREauric acid (0.127 g) was dissolved in the RTIL
[bmp]ACHTUNGRE[BF4] (1.98 g). The RTIL became turbid and a white precipitate was seen in the reaction mixture upon addition of the chloroauric acid. Drop-coated films of this dispersion were prepared
on silicon wafers by using a spin coater. The resulting films were
immersed in ethanol for 1 h to remove excess RTIL prior to characterization.
Characterization: Visible spectroscopy, IR spectroscopy, X-ray
photoemission spectroscopy, and FESEM were used to characterize the reaction product. Visible spectroscopy measurements of
all films were performed on a Perkin–Elmer Lamda 950 spectrophotometer operated at a resolution of 2 nm. The morphology of
the nanostructures was characterized by SEM by using a JEOL
6330 F FESEM microscope operated at 5 kV. X-ray photoelectron
spectroscopy measurements were carried out in a PHI 5400 instrument with a 200 W Mg Ka probe beam. The spectrometer was
configured to operate at high resolution with a pass energy of
20 eV. For TEM analysis, rods were dissolved in excess ethanol
by using sonication and the solution was drop coated as a film
on carbon-coated grids for TEM analysis.
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The electrodes deposited on the individual Au–RTIL rod
(  25 mm) were prepared by the focused ion beam technique
(ZEISS 1540XB CrossBeam instrument) for the electrical measurement (inset of Figure 5). Deposition of the metal was carried
at different current ratings (100 pA–1 nA at 30 kV) depending on
the part of the electrode to be deposited. The deposition current
was 100 pA for deposition on the individual Au–RTIL rods so as
not to damage the sample, while the larger area square pads
(50–300 mm2) on the SiO2/Si substrate were deposited at 1 nA.
All the electrode (Pt) deposition was carried out at 2 F 10 6 torr.
The current–voltage measurement was carried out by using a
Keithley 6430 apparatus interfaced with a computer for data acquisition. The rods were also studied by 1H NMR spectroscopy
and ESI-MS for chemical characterization.
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