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We report that size-monodisperse Pd nanoparticles can be
extracted intact from dendrimer templates usingn-alkanethiols. This
is a significant discovery for several reasons. First, it demonstrates
that nanometer-scale materials prepared within a molecular template
can be removed, leaving both the replica and template undamaged.
Second, it provides a straightforward approach for preparing highly
monodisperse metallic and bimetallic monolayer-protected clusters
(MPCs)1-3 without need for subsequent purification. Third, it
demonstrates that multiple, fairly complex operations, including
formation of covalent bonds, electron-transfer, molecular transport,
heterogeneous self-assembly, and nanoparticle transport, can all be
executed within the interior of a 4.5-nm dendrimer. These points
are demonstrated here by templating the formation of∼1.7-nm Pd
nanoparticles within poly(amidoamine) (PAMAM) dendrimers,4-8

and then extracting the Pd into a toluene phase while leaving the
dendrimer in the aqueous phase (Scheme 1).

Dendrimer-encapsulated nanoparticles (DENs)4-7 are prepared
in a two-step process. First, metal ions are sequestered within the
dendrimer, and then the ions are chemically reduced. Because the
synthesis relies on a dendrimeric template, the resulting metal
nanoparticle (the replica) can be quite monodisperse in size. Among
the desirable characteristics of DENs are that they can be solubilized
in nearly any solvent,4 they are catalytically active,6-8 the dendrimer
itself can be used to lend functionality to the nanoparticle
composite,7 and recently it has been shown that very small DENs
can be highly luminescent.9 There have been two prior reports of
ligand adsorption to Au DENs, in one case a thiol10 and in the
other a disulfide,11 but there was no evidence for extraction of the
nanoparticle in either case.

There are several other approaches for preparing metal nano-
particles in the<2-nm size range. For example, MPCs are
commonly prepared by mixing a metal salt, a chemical reducing
agent, and a surfactant2,12 (often ann-alkanethiol). The reductant
initiates particle growth, which is eventually quenched by adsorption
of the surfactant. MPCs can also be synthesized by postsynthesis
ligand-exchange reactions starting with polymer-stabilized clusters.13

MPCs have many desirable attributes: they can be repeatedly
isolated from and redissolved in common organic solvents without
irreversible aggregation or decomposition,14 their surface can be
functionalized with a vast range of modifiers, and they can be linked
to polymers, biomolecules, and monolithic surfaces.1-3 Most reports
of MPCs focus on Au,1-3 but Pd MPCs have also been reported in
the literature with sizes ranging from 2.3 to 6.5 nm.15-18 The
approach we describe is fundamentally different from these
methods, because nanoparticle formation relies on preloading a well-
defined molecular template rather than on less easily controlled
nucleation and growth phenomena. Consequently, the size and size
distribution of the resulting MPCs can be tightly controlled without
need for purification.

The first step for preparing MPCs using this template-based
approach requires synthesis of Pd DENs. We prepared these using

a slight variation of our previously published procedure.6,7 Specif-
ically, 6.25µM fourth-generation, hydroxyl-terminated PAMAM
dendrimers (G4-OH) were mixed with 250µM Pd(CH3COO)2 in
10 mL of water to yield G4-OH(Pd2+)40. Next, metal ion reduction
was carried out by mixing the G4-OH(Pd2+)40 solution with a 100-
fold excess of NaBH4 for 10 min to yield a brown G4-OH(Pd40)
solution. In the second step, the Pd DENs are extracted from the
dendrimer interior. This is accomplished by adding 10 mL of a
500 µM n-hexanethiol solution in toluene to the aqueous phase
(final Pd atom:thiol ratio) 1:2). After shaking for 5 min the
aqueous phase turned from brown to colorless, and the toluene phase
turned from colorless to brown, indicating extraction of the
nanoparticles from the dendrimer and their transport into the toluene
phase (Supporting Information, Figure S1).

Figure 1 shows UV-vis absorption spectra for the aqueous G4-
OH(Pd40) phase prior to extraction (solid line), and the toluene
(dashed line) and aqueous (dotted line) phases after extraction. Prior
to extraction, the aqueous G4-OH(Pd40) solution displays one
intense band at 200 nm, corresponding to absorption by the
dendrimer and BH4-. A monotonically increasing absorbance
toward higher energy, which results from interband transitions of
the encapsulated zerovalent Pd nanoparticles, is also observed.6

After extraction, the spectrum of the toluene phase is very similar
to that of the aqueous phase before extraction in both form and
intensity (the spectrum is cut off below 285 nm due to toluene
absorption). The slight variation in intensity probably results from
slight differences in nanoparticle concentration or solvent diffraction
index.19

After extraction, the aqueous phase was dialyzed for 48 h to
remove toluene and BH4-, and the resulting absorbance spectrum
(dotted line, Figure 1) did not reveal the characteristic interband
absorption signature of Pd DENs; only the peak corresponding to
the G4-OH dendrimer is present (Supporting Information, Figure
S2). FT-IR spectroscopy of both the toluene and aqueous phases
after extraction showed that the dendrimer is only present in the
aqueous phase (Supporting Information, Figures S3 and S4). This
means that the dendrimer remains in the aqueous phase after
extraction and thus could be recycled. This result can be contrasted
with an earlier report, which showed that it was possible to extract
both the dendrimer and the encapsulated nanoparticle into a toluene
phase upon addition of an appropriate surfactant.20

Scheme 1
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These results suggest thatn-alkanethiols enter the dendrimer,
adsorb to the surface of individual nanoparticles, extract them from
the dendrimer, and transport them to the toluene phase (Scheme
1). This model is further supported by high-resolution transmission
electron microscopy (HRTEM) images of the 40-atom Pd nano-
particles before (G4-OH(Pd40)) and after (MPC-Pd40) extraction
(Figure 2). Before extraction, the Pd DENs have an average metal-
core diameter of 1.7( 0.4 nm, which is in accord with our previous
results for similarly prepared materials.6,7 After extraction the
particle size is 1.5( 0.3 nm. Note that 40-atom Pd nanoparticles
should have a diameter of about 1.1 nm.6 At present, we do not
understand why the TEM data indicate the particles are so large,
but this is a highly reproducible result.6,7 The data strongly suggest
that individual nanoparticles are extracted from the dendrimer
without significant loss of metal or aggregation. We have obtained
similar results, which will be reported separately, for Au nanopar-
ticles. Dendrimers containing 55-atom Au nanoparticles were found
to have an average particle size of 1.3( 0.3 nm before extraction,

while after extraction the resulting Au MPCs have an average size
of 1.5 ( 0.4 nm.

To summarize, we have shown that Pd nanoparticles can be
extracted from dendrimers into toluene in the form ofn-alkanethiol-
stabilized MPCs. Within the accuracy of absorbance spectroscopy,
the extraction yield is quantitative. Moreover, TEM data indicate
that the Pd nanoparticles are nearly size monodisperse and that
within the resolution of HRTEM their average size is the same
before and after extraction. This synthetic approach is simple,
provides highly reproducible results, eliminates the need for
purification, and should be broadly applicable for controlling the
size and composition of MPCs. The synthesis and characterization
of Au and bimetallic MPCs prepared using this approach will soon
be reported. Experiments are also planned to better understand how
the nanoparticle transfers through the dense dendrimer periphery.
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Figure 1. UV-vis absorbance spectra demonstrating extraction of Pd
nanoparticles from a 6.25µM G4-OH(Pd40) solution. The solid line
corresponds to the aqueous phase before extraction, the dashed line was
obtained from the toluene phase after extraction, and the dotted line
corresponds to the aqueous phase after extraction. In all cases the
concentration of Pd atoms is 250µM.

Figure 2. HRTEM micrographs and size-distribution histograms for (a,
b) G4-OH(Pd40) and (c, d) Pd40 MPCs (MPC-Pd40) after extraction.
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