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Gold nanoparticles with average diameter of 1.0 nm and

narrow size distribution can be easily obtained by dispropor-

tionation of Au+ ions, in the presence of a persulfurated

coronene dendrimer that favors encounters between Au+ ions

and protects the resulting small nanoparticles from further

aggregation.

Two of the most exciting topics in the field of nanoscience are

those of dendrimers1,2 and nanoparticles.3,4 It has already been

shown5 that these two research areas can profitably overlie to yield

a variety of intradendrimer encapsulated6 and interdendrimer

stabilized7 nanoparticles.

Gold nanoparticles are usually obtained by reducing HAuCl4
with NaBH4,

8 but reduction of HAuCl4 by a stabilizing polymer9

or by light excitation in ethylene glycol,10 and reduction of Au+

phosphine complexes by a borane complex11 have also been

reported. In this paper we describe the synthesis of small gold

nanoparticles with narrow size distribution by a novel method, i.e.

the disproportionation of Au+ catalyzed by compound 1,

consisting of a coronene-core appended with 12 thiophenyl units.12

Compound 1 is the smallest member of a family of dendrimers

obtained by persubstitution of aromatic cores with thiophenyl

units.13 The coronene chromophoric unit that constitutes the core

of 1 is strongly perturbed by the appended thiophenyl substituents,

as evidenced by comparing the absorption spectrum of 1 with that

of coronene (Fig. 1).

Compound 1, as well as larger members of the same family, can

coordinate a variety of soft metal ions, e.g. Ag+,14 thanks to the

presence of sulfur atoms. Titration of 1 dissolved in dichloro-

methane (7.5 6 1026 M) with an acetonitrile solution of HAuCl4
(2.5 6 1023 M) causes the spectral changes displayed in Fig. 2a. A

substantial perturbation of the bands at 320 and 435 nm is

accompanied by the formation of a broad band in the near

infrared spectral region (lmax = 840 nm, emax # 1500 M21 cm21,

Fig. 2a). The two isosbestic points at 390 and 460 nm are no longer

maintained after addition of about 1.5 equiv. of HAuCl4. A plot of

the absorption changes at 435 nm as a function of Au3+

concentration reaches a plateau upon addition of one equiv.,

suggesting that 1 coordinates Au3+ to give a 1 : 1 species.

Since Au3+ can be easily reduced15 and 1 undergoes oxidation at

0.72 V vs NHE, we assign the new weak and broad band with lmax

= 840 nm to ligand-to-metal charge-transfer transitions. Such an

assignment is supported by the fact that upon titration with

HAuCl4 of the analogous benzene-cored compound, which is

much more difficult to oxidize (E1/2 = 1.08 V vs NHE), a similar

band is formed with maximum at 565 nm. Experiments on

solutions of 1 containing an excess of HAuCl4 by high resolution

transmission electron microscopy (HR-TEM) did not show any

evidence of nanoparticle formation.
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Fig. 1 Absorption spectra of coronene (dashed line) and compound 1

(full line) in dichloromethane solution at 298 K.
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Titration of 1 in dichloromethane solution (7.5 6 1026 M) with

up to 1.5 equiv. of an acetonitrile solution of AuCl caused

only very minor spectral changes (dotted line in Fig. 2b) in the

300–600 nm region, qualitatively similar to those observed upon

titration with HAuCl4 (Fig. 2a), and the formation of a tail at

lower energy. Because of the well known tendency of AuCl

solutions to undergo disproportionation,16 we assign such spectral

changes to the presence of small amounts of Au3+ in the AuCl

solution (2.2 6 1023 M) used for titration. Indeed, in that solution

the ratio [Au3+]/[Au+] is 1/10, as estimated from the molar

absorption coefficient of HAuCl4 in acetonitrile. Apparently, 1

either does not coordinate Au+ or, more likely, the concentration

of complexes between Au+ and 1 is always very small because of

Au+ disproportionation (vide infra).

Isosbestic points are maintained upon addition of 30 equiv. of

AuCl per dendrimer (thick solid line in Fig. 2b) and a proportional

increase of the tail at low energy is observed. This tail is consistent

with formation of dispersed nanoparticles. Examination of the

titrated solution with HR-TEM indeed showed the presence of

very small nanoparticles (d = 1.0 ¡ 0.3 nm) with narrow size

distribution (Fig. 3).{ EDX (Energy Dispersive X-ray) spectra

clearly indicated that the observed particles were made of gold.

Magnification of the TEM images (Fig. 3c) has evidenced linear

arrays of atoms with an interlayer distance of 0.234 nm, consistent

with Au (101) crystals. The small size of the nanoparticles is in

agreement with the absence in the absorption spectrum of the

plasmon resonance band typical of larger nanoparticles.17

Since the observed gold nanoparticles have been directly

obtained by titration of 1 with AuCl without addition of any

reductant, two reaction mechanisms can be taken into considera-

tion, namely: (i) reduction of Au+ by compound 1, and (ii)

disproportionation of Au+ to Au0 and Au3+. Mechanism (i) is

plausible since formation of nanoparticles upon ‘‘spontaneous’’

reduction of HAuCl4 by a stabilizing polymer has been previously

reported.9 For our system, however, involvement of 1 as a

reductant seems unlikely for the following reasons: a) judging from

the absorption spectra, formation of nanoparticles upon titration

with AuCl is not accompanied by a decrease of the concentration

of 1 since isosbestic points are maintained upon addition of up to

30 equiv. of Au+; b) addition of an excess of 11-mercapto-1-

undecanol liberates molecules of 1, as evidenced by the fact that

the absorption spectrum of 1 is completely recovered. Therefore,

we believe that the observed gold nanoparticles are formed from

the disproportionation of Au+ to Au0 and Au3+, with a

mechanism similar to that proposed by Eustis and El-Sayed to

interpret generation of gold nanoparticles by photochemical

reduction of HAuCl4.
10

In blank experiments we have verified that nanoparticles are

not formed from Au+ alone, 1 and Au3+, coronene and Au3+ or

Au+. We must conclude that formation of nanoparticles

requires participation of species in which Au+ ions are coordinated

by compound 1. The disproportionation of Au+ is known to be

very slow for Au+ halides,18 because it requires formation of a

bimolecular species involving a gold-gold bond. Compound 1,

presenting multiple coordination sites, likely favors encounters of

two Au+ ions in polymetallic species (e.g., 1 [ (Au+)2),

thereby catalyzing disproportionation. Encounters of Au

atoms should then rapidly lead to formation of gold nanoparticles,

most likely stabilized by dendrimer molecules. Stability of the

gold nanoparticles in the presence of 1 is demonstrated by the

fact that TEM experiments do not show any substantial

variation in the nanoparticle size distribution with aging of the

solutions or by removal of the solvent and redissolution.

Fig. 2 Spectral changes observed upon titration of compound 1 in

dichloromethane (7.5 6 1026 M) with (a) HAuCl4 and (b) AuCl: 0

(dashed line) and 1.5 equiv. of gold ions (dotted line). In panel b,

absorption spectra upon addition of 15 (dashed dotted line) and 30 (thick

solid line) equiv. of AuCl are reported.

Fig. 3 (a) HR-TEM images of gold nanoparticles formed upon

titration of a dichloromethane solution of compound 1 with 30 equiv.

of AuCl. (b) Histograms, obtained by evaluation of 2225 nanoparticles,

showing their size distribution. (c) Detailed view of a nanoparticle

with interlayer distance (0.234 nm) consistent with that of Au (101)

crystals.
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In conclusion, we have discovered a new route to obtain gold

nanoparticles with average diameter of 1.0 nm and narrow size

distribution. The process is based on the disproportionation of

Au+ in the presence of the relatively simple compound 1, which

not only favors encounters between Au+ ions, but also protects the

resulting small nanoparticles from further aggregation. The effects

of reactant concentrations, dendrimer generation, and nature of

the dendrimer core on the efficiency of the process and on the size

of the resulting particles are under investigations.
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