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Formation of Dendrimer-like Gold Nanoparticle Assemblies
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Dentritic microstructures formed by gold nanopatrticles have been fabricated by a wet-chemical protocol.
HAuCl, was reduced in an aqueous surfactant solution of 3- heptadecafluoroctylsulfonylamino-
propyltrimethylammonium iodide (GECF,)7—SO,NH—(CH,)sN*(CHg)s I-, HFOTAI) and the solution
was allowed to stand for different time periods (incubation times), including very long periods of up to
over 50 days at room temperature. The dendrimer structures were found to depend on the concentration

of HFOTAI and the incubation time.

Introduction

A significant challenge faced in material synthesis and

In addition, despite some degree of success in aligning
nanowires and patterning them into novel meso-scale struc-
tures, such as, dandeliotfsnowflakes? nanoflowers! and

device fabrication is the development of methods to organize ,piar metatpolymer assemblie® attempts at spontane-

interconnecting and patterned assemblies of individual o gy assembling nanoparticles into novel mesostructures
components at all dimensions, from the nanoscale to thep,ve peen met only with limited success. Except for long-

macroscale. Many attempts have been made to assembl(?ange linear Au assemblies directed by templ#ég324and

nanostructures and to study their propertigsSignificant

ordered 2D superlattice8,there are very few reports of

success has been achieved based on different drivinggpecial meso-architectures using gold nanoparticles as build-

mechanism’s 19 including using conventional lithographic
processed! nanoscale template approacteand LB tech-

ing blocks?® Esumi et al. and other groups have used
dendrimer compounds as reducing agent and template to get

; 13 i ; i i
niques:* For example, Hutchison et al. have reported the yengrimer nanostructure, however the generation of aimed

linear assembly of gold nanoparticles on a DNA scaffdld.

dendrimer is very low? In this study, we demonstrate a facile

Mitov et al*> have achieved success in assembling platinum \,ot_chemical method for the synthesis of dendrimer-like

nanoparticles into periodic ribbons by mimicking the well-
known “fingerprint” cholesteric texture. Furthermore, special

nano-architectures such as nanocombs, nanowindmills an

nanotetrapods have recently been repottetf.
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structures that are spontaneously assembled using Au nano-

CEarticles by a one-pot route, wherein a novel surfactant

olution of CR(CR,)7—SO,NH—(CH,)3sN(CHz)s I~ (HFO-
TAl), is used not only as a reducing agent, but also as an
assembling agent. We have also examined the effects of
varying the incubation time and the HAuGH#FOTAI ratio
on the organization of the dendrimer-like structures.

Experimental Section

Materials. Hydrogen tetrachloroaurate(lll) tetrahydrate
(HAuUCl4.4H,O 99.99%, Adrich), 3- heptadecafluoroctylsul-
fonylaminopropyltrimethylammonium iodide (HFOTAI, Ad-
rich) were used as received without further purification.
Deionized water was doubly distilled throughout the experi-
ments.
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: — was also confirmed by the XRD patterns of the precipitates
ﬁ;"?"d;;“;’""g of the products, for which the [111] and [200] diffraction
038 after 11 days peaks of a Au crystal were observed at 38ahd 44.2,
- after 21 days respective|y’2_9
g 0.6- ——— HFOTAI )
E- Influence of Concentration of HFOTAI on the Mor-
2 04, phologies of Au AssembliesTEM and SEM observations
= of the products revealed the morphology of the Au particles.
024 Interestingly, the products for an incubation time of a few
weeks assembled into dendritic structures and the dendrimers
0.0~ ————— : on copper mesh did not change their shape aftet thonths.
400 300 600 700 800 Figure 2 shows the evolved dendritic assemblies obtained
Wavelength/nm for various concentrations of HFOTAI. Figure 3 shows
Figure 1. UV-vis spectra of the reaction solution for different incubation ~ enlarged TEM images of typical particles as building blocks.
times by the reaction of 50 mL of 0.48 mM HAuGAith 11.4 mg HFOTAL. It can be seen that particles with various shapes and sizes

were included in the present architecture. With increasing

Synthesis.In a typical procedure, 4:618.6 mg of HFO- concentration of HFOTAI, the number of branches and the
TAI was added to a 0.48 mM aqueous solution of HAUCI size of each branch increased, and an interconnected den-
(50 mL), and the mixture was stirred for ca. 30min. The drimer structure was formed (Figure 2 d,e). In addition, at
solution was allowed to stand for up to 60 days or more at higher concentrations, another significant feature is the larger
room temperature (this standing time is termed the “incuba- particle size at the outer edges of the assemblies (Figure 2c-
tion time”). e). The particles at the outer edges were in contact with each

Measurements.Transmission electron microscope (TEM) other (Figure 3a,b) but were not in contact in the center of
samples were prepared by placing a drop of the solution onthe assemblies (Figure 3c,d).
a 400-mesh, carbon-covered, copper TEM grid and then To confirm that the dendrimer assembly was organized
drawing off the excess solution using lint-free paper. The by Au particles, we performed SEM-EDX analysis by using
sample grids were examined using an H-9000 transmissionthe Ma. line of Au (2.121 keV). Figure 4 shows the normal
electron microscope (HITACHI) operating at 200 kV. The SEM micrograph (Figure 4a) and the associated EDX image
composition of the products was determined by energy- (Figure 4b) of the corresponding area. Although the spatial
dispersive X-ray analysis in a scanning electron microscope,resolution of the latter is not very good, the EDX image is
SEM-EDX (HITACHI, S-5000). The powder samples for in agreement with the SEM image. Thus, it is reasonable to
XRD and FT-IR measurements were obtained by centrifuging conclude that the dendritic assembles are made of Au
the solution of the products. The precipitates were washedparticles.
with water thrice before being examined. A Rigaku RINT-  Eyo|ytion of Dendrimer-like Assemblies.Figures 5 and
2000 instrument and a Nicolet 510M instrument were used g gemonstrate the representative evolution process of the Au

for the XRD and FT-IR measurements, respectively. nanoparticle assemblies at [HFOTAH 4.6 mg and 15.0
mg, respectively. For the lower concentration of [HFOTAI]
Results = 4.6 mg, spherical nanoparticles with an average size of

The addition of HFOTAI to the aqueous solution of C& 12 nm were present (Figure 5a) for a short incubation
HAuUCI, caused an immediate color change from yellow to time. After one week, a satellite-like assembly was formed
red. Figure 1 shows the UWis spectra of the mixture of  in Which a larger gold nanoparticle (ca. 30 nm diameter)
HFOTAI and HAuC} solution as a function of reaction time ~ Was surrounded by a few small particles as shown in Figure
(incubation time). In the spectra of the mixed solution of Sb- Furthermore, branched assemblies (Figure 5¢) composed
HFOTAI and HAUCk new bands at 520 and 670 nm Of large and various shapes of gold particles were formed
appeared. These band intensities increased for early incuba@fter one month. Interestingly, after 50 days, there were no
tion times, but they decreased after 3 days due to the branched assemblies, but only isolated particles with diam-
sedimentation of the products. The band at 520 nm can be€ters of ca. 40 nm (Figure 5d). For the system with a higher
attributed to the surface plasmon band of Au partiéiethe concentration of HFOTAI, spherical nanoparticles were
band at 670 nm is probably due to aggregated particles andProduced within a short incubation time, such as the system
or larger particles of A@ Thus, the U\~vis spectra indicate ~ Of [HFOTAI] = 4.6 mg in Figure 5a. After 20 days, branched
that Au particles were formed by the reaction of HAuCI assemblies (Figure 6a) appeared. The assemblies became
with HFOTAI, though the details of the chemical reaction more complex structures with increased incubation times and

of HFOTAI are still unknown. The formation of Au particles ~ then formed interconnected dendrimers (Figs-66d). In
addition, the size of the dendrimers increased from several
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Figure 2. Evolved dendrimers obtained by the reaction of 50 mL of 0.48 mM HAw@th different amounts of HFOTAI. (a) 4.6 mg at 30days (b) 7.4 mg
at 35 days (C) 11.4 mg at 40 days (d) 15.0 mg at 45 days (e) 18.6 mg at 50 days.

small particles (such as Figure 5d) in the end.

Discussion

By comparing Figures 2 and 6, it is found that the
structures of the assemblies in the course of the microstruc-
tural evolution are similar to those of the evolved assemblies
of lower HFOTAI concentrations. For example, the assembly
structure of [HFOTAI]= 15.0 mg at 20 days (Figure 6a)
and 50 days (Figure 6c¢) are similar to those of [HFOTAI]
= 7.4 mg (Figure 2b) and [HFOTAIF 11.4 mg (Figure
2c), respectively. To examine the effect of the concentration
of HFOTAI on the evolution process of the gold assembly
in detail, we observed the evolution process of the dendritic
assemblies within the concentration range of HFOTAI from
4.6 mg to 18.6 mg. Figure 7 shows a schematic illustration
of the evolution process estimated from the experimental
results. For the whole concentration (from [HFOTAd]4.6 Figure 3. Repesentative areas of the Au assemblies for 11.4 mg HFOTAI
mg to [HFOTAI] = 18.6 mg) of HFOTAI, Au particles only  at 40 days.
exist in the early stages and in the final stages of the evolution
process. The structures of the assemblies at high concentra- The very slow evolution process of the assemblies shows
tions of HFOTAI for short incubation times are similar to that the supply of gold is constant for a long time. Possible
those of the evolved assemblies for lower concentrations of sources of the gold are (a) the reduction product of HAuUCI
HFOTAI for longer incubation times. In other words, the and (b) gold nanopatrticles produced during the early period
assembilies for higher concentrations in the evolution processevolution. The possibility of the former is not high, because
follow the evolved assemblies produced at lower concentra-the band intensity of HAuGlat 220 nm in the UW-Vis
tions. In addition, the formation rate of a younger assembly spectra almost disappeared within one week for [HFOTAI]
increases with increasing concentration of HFOTAI. = 4.6 and 7.4 mg. Unfortunately, for [ HFOTAH 11.4 mg,
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month, and (d) after 50 days.

it is difficult to determine the amounts of HAuChbecause have showed that dendritic assemblies of gold were obtained
the HFOTAI band and the 220 nm band of HAuyGVerlap. by the photochemical reduction of HAuGh an aqueous
On the other hand, Cheng et3alhave reported that the solution of a cationic surfactant and NaCl. Wang efalave
development of gold particles, such as by fusion, fragmenta- prepared dendritic patterns of Ag by theirradiation on
tion and aggregation, is enhanced by the presence of iodineAgNO; dissolved in deionized water. The formation of these
ions. They suggested the existence of a water-soluble gold-dendritic assemblies were explained by diffusion-limited
iodide/iodine species. In the present system, iodine ions, aggregation (DLAF® In the DLA model?® aggregates are
which are the counterions of HFOTAI, probably affect the formed by the adhesion of a particle by a random walk
evolution of the Au nanoparticles. That is, the iodine ions process to a selected seed on contact. Thus, there should be
enhance the rate of the Ostwald ripening process (i.e. change&ontinuity in one aggregate produced. The gold branches in
of atomic gold between particles). Thus, a selected gold the present assemblies, however, did not connect among
particle or assembly grows due to the supply of atomic gold themselves but were formed in isolation (as shown in Figure
generated by the slow reduction of HAuGInd/or gold 3¢, d). Thus, the formation process of the present dendritic
nanoparticles produced in a short incubation time. assemblies cannot be explained by the DLA of gold.
Dendritic crystal growth has been observed under various
conditions such as electrodepositidndielectric break- 35y 2y Niemeyer, L.: Pietronero, L.; Wiesmann, HPhys. Re. Lett.

dowrf? and viscous fingering instabilit?. Leontidis et af* 1984 52, 1033. (b) Matsushita, M.; Honda, K.; Toyoki, H.; Hayakawa,
Y.; Kondo, H.J. Phys. Soc. Jpri986 55, 2618.

(33) Paterson, LPhys. Re. Lett. 1984 52, 1621.

(30) Cheng, W. L.; Dong, S. L.; Wang, E. Kngew. Chem., Int. E2003 (34) Leontidis, E.; Kleitou, K.; Kyprianidou-Leodidou, T.; Bekiari, V.;
42, 449. Lianos, P.Langmuir2002 18, 3659.

(31) (a) Matsushita, M.; Sano, M.; Hayakawa, Y.; Honjo, H.; Sawada, Y. (35) Wang, S.; Xin, HJ. Phys. Chem. R00Q 104, 5681.
Phys. Re. Lett. 1984 53, 286. (b) Brady, R. M.; Ball, R. CNature (36) (a) Witten, T. A.; Sander, L. M. PhyRev. Lett. 1981 47, 1400. (b)
1984 309, 225. Forrest, S. R.; Witten, T. AJ. Phys. A1979 12, L109.




3640 Chem. Mater., Vol. 17, No. 14, 2005

Pang et al.

S00znm

Figure 6. The growth process of simple dendrimers ([HFOTAI]15.0 mg) with different incubation times of (a) 20 days (b) 40 days, (c) 50 days and (d)

55 days.
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Figure 7. The schematic illustration of the microstructural evolution process
for various HFOTAI concentrations.

An important factor for the possible explanation of the
dendritic assembly formation is the role of HFOTAI. TEM
observations confirmed that HFOTAI formed vesicles in an
aqueous solution. Since, in the mixture solution of HAUCI
and HFOTAI, surfactant assemblies of HFOTAI were not
observed in TEM micrographs, HFOTAI molecules probably
interacted with the Au particles. We then measured the
infrared spectra of centrifuged products (centrifugation and
washing over 3 times). Figure 8 shows the IR spectra of the
centrifuged products and pure HFOTAI. It can be seen that
the characterized peaks of HFOTAI are well matched for

161 Au assemblies
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Figure 8. IR spectra of Au nanoparticle-assemblies and pure HFOTAL.

both spectra. This result indicates that the Au particles are
covered with HFOTAI molecules and that the dendritic
assemblies consist of Au particles and HFOTAI. Thus,
HFOTAI molecules probably serve as a binder of the Au
particles. However, further work is required to fully under-
stand the assembly mechanism of the Au particles.

In addition, we have tried to add gold nanoparticles into
an aqueous solution of HFOTAI under the same conditions
used in the study, including HFOTAI concentrations and
temperature. The gold nanoparticles were prepared by the
traditional sodium citrate reduction method, wherein the gold
nanoparticles were covered by citrate ions. The resulting
product was not dendritic assemblies of Au particles but
larger spherical and cubic particles. In conclusion, HFOTAI
molecules covering the gold particles play an important role
for the formation of the dendritic assembly structures
observed in the present study.

Conclusion

In summary, the complex dendrimer-like gold assembly
was spontaneously formed. The present work opens the door
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