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We previously demonstrated that metal nanoclusters ranging in size from 1 to 2 nm can
be prepared within dendrimer templates. In this two-step synthesis, metal ions (for example,
Cu2+, Pd2+, and Pt2+) first partition into the interior of, for example, a hydroxyl-terminated
poly(amidoamine) (PAMAM) dendrimer, and then the resulting nanocomposite is reduced
with BH4

- to yield a dendrimer-encapsulated, zerovalent metal nanocluster. The critical
step in this procedure is partitioning of a particular number of metal ions into the dendrimer
interior. This process is normally driven by strong association of metal ions with intraden-
drimer tertiary amine groups. However, for metal ions that do not form either covalent bonds
or strong complexes with the interior amine groups (for example, Au3+ and Ag+), an
alternative procedure is required. Here we report that dendrimer-encapsulated metal
nanoclusters can undergo multiple, in-situ displacement reactions. For example, a 55-Cu-
atom-containing sixth-generation PAMAM dendrimer (G6-OH(Cu55)) can be prepared by
direct BH4

- reduction of the corresponding Cu2+-containing dendrimer. When G6-OH(Cu55)
is exposed to a solution containing ions more noble than Cu, the Cu is displaced and the
more noble ions are reduced. Here we show that Ag, Au, Pd, and Pt dendrimer-encapsulated
metal particles can be prepared by this sort of primary displacement reaction. Such reactions
are fast and go to completion, and the resulting particles are stable (no agglomeration or
precipitation) and small (1-3 nm in diameter) and can be relatively monodisperse. Moreover,
depending on the pH at which the displacement is carried out, the displaced Cu2+ ions may
be retained within the dendrimer interior. Au, Pt, and Pd nanoparticles can be also prepared
by a secondary displacement reaction between dendrimer-encapsulated Ag nanoclusters
(prepared from a primary displacement reaction) and Au3+, Pt2+, or Pd2+ ions, respectively.
Pd and Pt dendrimer-encapsulated nanoparticles prepared by direct reduction, as well as
by primary or secondary displacement reactions, are catalytically active for electrochemical
reduction of O2. The materials resulting from this study are characterized by UV-vis
spectroscopy, X-ray photoelectron spectroscopy, transmission electron microscopy, and
electrochemical methods.

Introduction

We previously showed that metal nanoclusters rang-
ing in size from 1 to 2 nm could be prepared within
dendrimer templates.1-4 For example, when Cu2+ is
mixed with a fourth-generation, hydroxyl-terminated
poly(amidoamine) (PAMAM) dendrimer (G4-OH), up to
16 Cu2+ ions may partition into the dendrimer interior.
Upon chemical reduction of such nanocomposites with
BH4

-, the intradendrimer ions are reduced to a zerova-
lent metal cluster.1 Very similar chemistry leads to Pt
and Pd nanoclusters.2,3 In this approach to nanocluster
synthesis the dendrimer acts as a template to hold a
particular number of ions in close proximity prior to
reduction and subsequently as a nanoporous stabilizer
to prevent particle agglomeration. We have taken

advantage of these findings to prepare nearly monodis-
perse dendrimer-encapsulated Pt and Pd nanoclusters
that act as homogeneous2 and heterogeneous3 catalysts.
Moreover, we recently discovered that dendrimer-
encapsulated nanoparticles can be solubilized in virtu-
ally any solvent by controlling the end-group chemistry
of the dendritic host.4

In the examples cited above, metal ions partition into
the dendrimer because of a strong ionic or covalent
interaction with interior amines. Accordingly, this ap-
proach is successful for those metal ions that have a
high affinity for amine coordination. To implement this
same direct-reduction approach for ions that only weakly
coordinate with amines would require the use of den-
drimer families having different interior functional
groups. However, at the present time only the PAMAM
and poly(propyleneimine) dendrimer families are com-
mercially available, and thus for routine use of these
interesting new materials an alternative strategy is
required.

Here, we demonstrate a new means for preparing
dendrimer-encapsulated nanoclusters, which involves
in-situ exchange of a dendrimer-encapsulated metal
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particle for a different, more noble metal. For example,
Cu clusters can be displaced by Ag, Au, Pt, or Pd, and
Ag clusters can be replaced by Au, Pt, or Pd (but not
Cu) (Scheme 1).5 Thus, this method can yield the types
of nanoparticles we have previously prepared by direct
reduction of the corresponding ions (Pd and Pt), but
more importantly some metals that cannot be prepared
by direct reduction can be made using this indirect
metal-exchange method (Ag or Au). Moreover, this
approach can lead to composite materials in which metal
particles and chemically distinct metal ions coexist
within individual dendrimers; such materials may have
unique properties for some applications such as cataly-
sis. Finally, as we will show in a forthcoming paper, this
method can also be used to prepare bi- or trimetallic
particles which are important materials for a wide range
of catalytic processes.6-9 Such displacement reactions
have previously been used to prepare the bimetallic
sulfides of Pb-Cd and Zn-Cd.10

Experimental Section

Chemicals. Hydroxyl- and amine-terminated sixth-genera-
tion Starburst poly(amidoamine) (PAMAM) dendrimers having
an ethylenediamine core (G6-OH) were obtained as 10-25%
methanol solutions (Dendritech, Inc., Midland, MI). Prior to
use, methanol was removed by rotary evaporation at room

temperature. Cu(NO3)2‚2.5H2O (Acros Organics), AgNO3 (J. T.
Baker Inc.), HAuCl4‚3H2O (Sigma Chemical), K2PtCl4 (Ald-
rich), K2PdCl4 (Aldrich), NaBH4 (EM Science), ethylenediamine
(Aldrich), and triethylamine (Aldrich) were of reagent quality
or better and used as received. All solutions were prepared
with 18 MΩ‚cm deionized water (Milli-Q, Millipore, Bedford,
MA). 2 M NaOH or 2 M HClO4 was used to adjust the pH of
solutions. Solutions used for preparation of samples for TEM,
XPS, and electrochemical measurements were dialyzed against
pH 3.0 Milli-Q water for 24 h. Cellulose membranes (Sigma-
Aldrich) having a molecular weight cutoff of 12 000 were
soaked in water for 30 min and rinsed with Milli-Q water
thoroughly before dialysis.

Substrates. For XPS and electrochemical measurements
substrates were prepared by electron-beam deposition of 10
nm of Ti followed by 200 nm of Au onto Si(100) wafers. Before
use, wafers were rinsed with ethanol, dried in a flowing stream
of N2 gas, and then cleaned in a low-energy ozone cleaner for
10 min (Boekel Industries, Inc., model 135500).

Characterization. Absorption spectra were recorded on a
Hewlett-Packard HP 8453 UV-vis spectrometer. The optical
path length was 0.1 cm, and deionized water was used as a
reference for all measurements. FTIR-external reflection
spectroscopy (FTIR-ERS) measurements were made using a
Digilab FTS-40 spectrometer equipped with a Harrick Scien-
tific Seagull reflection accessory and a liquid-N2-cooled MCT
detector. The FTIR-ERS spectra were obtained at 4 cm-1

resolution using an average of 256 individual scans; p-
polarized light was incident on the substrate at an angle of
84° with respect to the substrate normal.11 High-resolution
transmission electron micrographs (HRTEM) were obtained
using a JEOL-2010 transmission electron microscope equipped
with an EDAX energy-dispersive X-ray detector. The time
duration for collecting spectra was 100 s. Samples were
prepared by placing a drop of dilute, aqueous dendrimer
solution on a holey-carbon-coated molybdenum TEM grid and
allowing the water to evaporate in air. XPS data were acquired
using a Perkin-Elmer PHI 5500 spectrometer and employing
a pass energy of 29.35 eV, a step increment of 0.125 eV, and
a Mg anode power of 400 W. The base pressure was less than
7 × 10-8 mmHg, and photoelectrons were detected at a 45°
takeoff angle. Survey scans were acquired between 1100 and
0 eV, and high-resolution spectra were acquired for all metal
samples. XPS peak positions were referenced to the Au(4f7/2)
peak at 83.8 eV. Samples for XPS measurements were
prepared by soaking Au-coated Si wafers in aqueous solutions
of dendrimers containing metal nanoparticles for 20 h, followed
by careful rinsing and drying.

Cyclic voltammetric measurements were carried out using
a BAS model 100B electrochemical analyzer (Bioanalytical
System, Inc.). The three-electrode cell consisted of a five-
necked round-bottomed flask fitted with a Ag/AgCl (3 M NaCl)
reference electrode (Bioanalytical Systems) and a Pt-gauze
counter electrode, which was separated from the main com-
partment by a porous glass plug. The working electrode was
cut from a Au-coated Si(100) wafer and contained within a
Teflon O-ring holder that exposed an area of 0.09 ( 0.009 cm2.
Electrochemical data were obtained in an aqueous electrolyte
solution containing 0.1 M NaClO4 or 1.0 M H2SO4. The NaClO4

or H2SO4 solutions were purged with N2 or O2, respectively,
for at least 30 min before making measurements. During cyclic
voltammetry, N2 or O2 was passed through the solutions at
the rate of about 2 bubbles/s. All experiments were carried
out at 22 ( 2 °C.

Preparation of Dendrimer-Metal Nanocomposites by
Displacement Reactions. A 0.01 mM dendrimer solution
containing an average of 55 Cu2+ ions per dendrimer (G6-OH-
(Cu2+)55) was prepared from an aqueous stock solution con-
taining 0.05 mM G6-OH (from solvent-free dendrimer) and 20
mM Cu(NO3)2. Prior to reduction, the pH of this solution was
adjusted to 7.5 using 2 M NaOH. A 3-fold molar excess of

(5) Bard, A. J.; Faulkner, L. R. Electrochemical Methods: Funda-
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(9) Schmid, G. In Clusters and Colloids; Schmid, G., Ed.; VCH:

Weinheim, 1994.
(10) Moriguchi, I.; Matsuo, K.; Sakai, M.; Hanai, K.; Teraoka, Y.;
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M. Langmuir 1996, 12, 726-735.
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NaBH4 was introduced to this solution to reduce the den-
drimer-encapsulated Cu2+ to the zerovalent metal (G6-OH-
(Cu55)). The pH of the resulting 0.01 mM G6-OH(Cu55) solution
was then adjusted to 3, using HClO4, to decompose excess
BH4

-.12 The G6-OH(Cu2+)55 solution was purged with N2

continuously starting 15 min prior to addition of BH4
- and

continuing until 2 h after reduction. The following control
experiment was carried out to ensure that the aforementioned
procedure led to complete decomposition of BH4

-. After adjust-
ing the pH of a solution containing 0.01 mM G6-OH and 1.65
mM BH4

- to pH 3, 1 mL of a 10 mM AgNO3 solution was added
every 15 min. The UV-vis absorption spectra of these mix-
tures were recorded, and the absence of a Ag plasmon peak
around 400 nm was taken as an indication that BH4

- had
decomposed. The data indicated that decomposition was
complete after 30 min. To ensure that the formation of more
noble metal nanoparticles was a consequence of metal dis-
placement, rather than direct BH4

- reduction, the second
metal-ion solution was not added until 1 h after the pH of the
0.01 mM G6-OH(Cu55) solution was decreased from 7.5 to 3.

Primary displacement reactions were carried out by adding
a stoichiometric amount of AgNO3, HAuCl4, K2PdCl4, or K2-
PtCl4 to an aqueous 0.01 mM G6-OH(Cu55) solution. A UV-
vis spectrum was recorded 5 min after mixing. The pH of the
solutions was adjusted to 7.5, and then the absorption spectra
were recorded again. Secondary displacement reactions in-
volved addition of a stoichiometric amount of HAuCl4, K2PdCl4,
or K2PtCl4 to a 0.01 mM, pH 7.5 G6-OH(Ag∼110) solution. UV-
vis spectra were recorded 5 min after mixing.

Results and Discussion

We,1-4 and later others,13 showed that dendrimer-
encapsulated metal nanoparticles can be prepared if the
corresponding metal ions are extracted into the interior
of a dendrimer and subsequently reduced. However, this
approach is not suitable for encapsulation of Ag par-
ticles, because the equilibrium between PAMAM den-
drimers and Ag+ ions does not strongly favor the
intradendrimer complex. For example, when an aqueous
solution containing 1.10 mM AgNO3 and 0.01 mM G6-
OH was reduced with excess BH4

-, the absorption
spectrum indicated continuous growth of a Ag plasmon
peak at 390 nm over a period of 12 h. After 16 h, Ag
precipitated from solution, and after filtering with a 0.2
µm PTFE filter the plasmon band was completely absent
from the absorption spectrum (see Supporting Informa-
tion). The presence of the Ag plasmon peak at 390 nm,
and particularly its growth as a function of time, clearly
indicates that the nascent Ag colloids are not stabilized
by the dendrimer. Rather, the Ag particles aggregate
and merge to form larger particles.14,15 In contrast, when
this same experiment is carried out using Cu2+, Pt2+,
and many other transition metal ions, reduction results
in a stable solution of dendrimer-encapsulated
nanoparticles.1-4

Other experiments confirm that the interaction be-
tween Ag+ and functional groups within the Gn-OH
dendrimer is insufficient to yield stabilized nanopar-
ticles. For example, dialysis of a solution containing G6-
OH and Ag+ results in retention of only the dendrimer:
Ag+ diffuses through the dialysis sack. When the same

experiment is performed with Cu2+, which is strongly
complexed to the dendrimer interior, both dendrimer
and Cu2+ are retained. Electrochemical measurements
can also be used to evaluate the strength of the
interaction between metal ions and ligands, because
strong complexation shifts the reduction potential of
metal ions to more negative values than would be
observed in the uncomplexed state.5,16 Thus, because of
the strong interaction between Cu2+ and G6-OH, no
reduction peak is observed in an aqueous solution
containing Cu2+ and dendrimers. In contrast, a large
reduction peak is observed in an analogous experiment
involving Ag+ reduction in the presence of G6-OH (see
Supporting Information).

Although it is not possible to prepare intradendrimer
Ag nanoparticles by direct reduction of interior ions,
stable, dendrimer-encapsulated Ag particles can be
prepared by a metal exchange reaction. In this ap-
proach, dendrimer-encapsulated Cu nanoclusters are
prepared as described in the Experimental Section,1 and
then upon exposure to Ag+ the Cu particles oxidize to
Cu2+ ions, which stay entrapped within the dendrimer
at pH values higher than 5.5, and Ag+ is reduced to yield
a dendrimer-encapsulated Ag nanoparticle (Scheme 1).
Figure 1a shows UV-vis spectra of an aqueous 0.55 mM
Cu2+/0.01 mM G6-OH solution before and after reduc-

(12) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry,
5th ed.; Wiley & Sons: New York, 1988.

(13) Balogh, L.; Tomalia, D. A. J. Am. Chem. Soc. 1998, 120, 7355-
7356.

(14) Kreibig, U.; Genzel, L. Surf. Sci. 1985, 156, 678-700.
(15) Kreibig, U.; Vollmer, M. Optical Properties of Metal Clusters;

Springer-Verlag: Berlin, 1995.
(16) It is also possible that metal ions sequestered within dendrim-

ers are electroinactive because they are not accessible to the electrode.

Figure 1. (a) Absorption spectra of aqueous 0.55 mM Cu-
(NO3)2 in the presence of 0.01 mM G6-OH before (pH 7.5,
spectrum 1; pH 3.0, spectrum 2) and after (pH 7.5, spectrum
3) reduction with a 3-fold molar excess of BH4

-. (b) Absorption
spectra after addition of 11 mmol of AgNO3 to 10 mL of 0.01
mM G6-OH(Cu55) (spectrum 2, pH 3.0; spectrum 3, pH 7.5).
Spectrum 1 is the same as spectrum 3 in part a for comparison.
Spectrum 4 was obtained 1 h after direct BH4

- reduction of
1.1 mM AgNO3 + 0.01 mM G6-OH: the much higher intensity
of this peak (compared to that in spectra 2 and 3) indicates
that direct reduction leads to formation of substantially larger
Ag particles than do the displacement reactions. The inset in
(b) shows spectra obtained at different times after the dis-
placement reaction (solid line, 10 min; dashed line, 18 h).
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tion. Prior to reduction (curve 1 in Figure 1a, pH 7.5),
a strong band is evident at 300 nm (ε ∼ 4000 M-1 cm-1),
which is not present in the absence of either the
dendrimer or Cu2+. This band arises from a ligand-to-
metal charge-transfer (LMCT) transition.17 Spectropho-
tometric titrations indicate that each G6-OH can bind
as many as 64 Cu2+ ions.1 Because the Cu2+/G6-OH
ratio is equal to 55 in the experiments discussed here,
we expect that all of the Cu2+ is extracted into G6-OH
via coordination to interior tertiary amines. We denote
this species as G6-OH(Cu2+)55. Evidence for extraction
of Cu2+ into the dendrimer comes from the pH depen-
dence of the absorption band at 300 nm, which decreases
with decreasing pH until it finally disappears at pH 3.0
(curve 2 in Figure 1a), and the simultaneous appearance
of a much weaker band at 810 nm, which corresponds
to Cu(H2O)6

2+. These pH-dependent spectral changes
result from tertiary amine protonation (pKa ) 5.5)18 and
concomitant expulsion of Cu2+ from the dendrimer at
low pH.1,19

As signaled by the loss of the band at 300 nm,
chemical reduction of a pH 7.5, G6-OH(Cu2+)55 solution
with a 3-fold excess of BH4

- results in formation of
intradendrimer Cu nanoclusters. The new spectrum,
curve 3 of Figure 1a, is dominated by a monotonic and
nearly exponential slope toward shorter wavelengths,
which results from the interband transition of intra-
dendrimer Cu clusters. The measured onset of this
interband transition at 590 nm is in agreement with
the accepted value,20 and the nearly exponential shape
is characteristic of a bandlike electronic structure, which
strongly suggests that the reduced Cu does not exist as
isolated atoms, but rather as clusters.13,15 The absence
of a Mie plasmon resonance band around 570 nm
suggests that the intradendrimer particles have a
diameter smaller than about 4 nm,21 which is consistent
with our view that each dendrimer contains a 1-2 nm
diameter cluster composed of, on average, 55 atoms.22,23

The absorption spectrum of aqueous G6-OH(Cu55) solu-
tions is independent of pH in the range 3-7.5.

Ag+ is a stronger oxidizing agent than Cu2+, and
therefore eq 1 leads to intradendrimer exchange of the
Cu nanoparticle for Ag.24 Part b of Figure 1 shows the
spectroscopic evolution of such a reaction. Spectrum 1
is the UV-vis spectrum of G6-OH(Cu55), which is the
same as spectrum 3 in part a of Figure 1. When 11 mmol
of Ag+ is added to 10 mL of the 0.01 mM G6-OH(Cu55)
solution (pH 3.0), a new absorbance band centered at
400 nm appears (spectrum 2), which corresponds to the
plasmon resonance of Ag nanoparticles.15 When the pH
of the solution is adjusted to 7.5, the Ag plasmon peak
does not change much, but a new peak at 300 nm (ε ∼

4000 M-1 cm-1) appears. This is the G6-OH(Cu2+)55
LMCT band discussed earlier, and it indicates that
when the interior tertiary amines are deprotonated,
Cu2+ resides within the dendrimer. Thus, both the
metallic Ag nanoparticles and the Cu2+ ions generated
by the displacement reaction are present within the
dendrimers simultaneously. Ag particles synthesized by
this displacement reaction are very stable; for example,
spectra taken 10 min and 18 h after reduction are nearly
identical (Figure 1b, inset), and no precipitation is
observed even after storage in air for >2 months. Such
stability strongly suggests dendrimer encapsulation of
the Ag nanoparticles.

X-ray photoelectron spectroscopy (XPS) can be used
to provide information about the elemental composition
of dendrimer nanocomposites. Prior to XPS analysis, the
dendrimer nanocomposites are immobilized on a Au
surface via polydentate chemisorption25,26 by immersing
in a dilute, aqueous pH 3.0 solution for 20 h, followed
by careful rinsing and drying.27 All XPS data indicate
the presence of carbon and nitrogen arising from the
dendrimer. Figure 2 shows XPS data for G6-OH(Cu55)
before and after exposure to Ag+ (Ag+/Cu ) 2). Prior to

(17) Gerloch, M.; Constable, E. C. Transition Metal Chemistry: The
Valence Shell in d-Block Chemistry; VCH: Weinheim, 1994.

(18) Dendritech Technol. Rev. 1995.
(19) Ottaviani, M. F.; Montalti, F.; Turro, N. J.; Tomalia, D. A. J.

Phys. Chem. B 1997, 101, 158-166.
(20) Fong, C. Y.; Cohen, M. L.; Zucca, R. R. L.; Stokes, J.; Shen, Y.

R. Phys. Rev. Lett. 1970, 25, 1486-1490.
(21) The large imaginary dieletric constant for small metal clusters

flattens the peak and makes the plasmon resonance undetectable.
(22) Lisiecki, I.; Pileni, M. P. J. Am. Chem. Soc. 1993, 115, 3887-

3896.
(23) Lisiecki, I.; Pileni, M. P. J. Phys. Chem. 1995, 99, 5077-5082.
(24) Because the dendrimer-encapsulated nanoparticles are so

small, they do not have the properties of bulk metals. Therefore, it is
not possible to calculate accurate values for Erxn for the exchange
reactions from tabulated literature data.

(25) Zhao, M.; Tokuhisa, H.; Crooks, R. M. Angew. Chem., Int. Ed.
Engl. 1997, 36, 2596-2598.

(26) Tokuhisa, H.; Zhao, M.; Baker, L. A.; Phan, V. T.; Dermody,
D. L.; Garcia, M. E.; Peez, R. F.; Crooks, R. M.; Mayer, T. M. J. Am.
Chem. Soc. 1998, 120, 4492-4501.

(27) FTIR-external reflection spectroscopy (FTIR-ERS) is also used
to confirm the attachment of dendrimers to substrates. FTIR-ERS data
of a substrate coated with dendrimer-metal particle composites exhibit
peaks at 1665 and 1555 cm-1, characteristic of the high density of
amide bonds present within the PAMAM dendrimers.

Figure 2. (a) Cu(2p) XPS spectra of G6-OH(Cu55) before
(spectrum 1) and after reaction with Ag+ (spectrum 2) or Pt2+

(spectrum 3). (b) Ag(3d) XPS spectrum of G6-OH(Cu55) after
reaction with Ag+. (c) Pt(4f) XPS spectrum of G6-OH(Cu55)
after reaction with Pt2+.

Cu + 2Ag+ ) 2Ag + Cu2+ (1)
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metal exchange, strong peaks arising from Cu are
observed at 931.7 eV (2p3/2) and 951.6 eV (2p1/2) (curve
1 of Figure 2a). After exposure to Ag+ at pH 3.0, the
Cu(2p) peaks are absent (curve 2 of Figure 2a), but two
new Ag peaks appear at 367.9 eV (3d5/2) and 373.9
eV(3d3/2) (Figure 2b). Taken together, these results
confirm that Cu displacement by Ag is nearly complete.

Transmission electron microscopy (TEM) results pro-
vide additional information about metal particles pre-
pared by displacement. Figure 3a shows that Ag par-
ticles prepared by displacement have an average size
of 2.8 ( 0.6 nm, which can be compared to the 6.7 nm
diameter G6-OH dendrimer in which we contend they
are confined. In contrast, Ag particles prepared by direct
reduction (corresponding to spectrum 4 of Figure 1b) are
15 ( 5 nm in diameter: far too large to be within the
dendrimer interior. Although the Ag particle size result-
ing from the displacement reaction is much smaller than
from the direct method, it is still significantly larger
than the theoretical value of 1.5 nm, calculated by
assuming that the Ag atoms form a single cluster and
are encompassed within the smallest sphere containing
a 110-atom fcc crystal. This inconsistency between the
observed and calculated values for the Ag particle size
may be due to interdendrimer exchange of Ag atoms,
nonspherical particles, or multiple smaller particles per
dendrimer.

This displacement method can be used to prepare
other noble-metal particles, such as Au, Pt, and Pd,
because the standard potentials (E°) of the correspond-
ing half-reactions are more positive than for Cu2+/Cu.24

Figure 4 shows UV-vis spectra resulting from den-
drimer-encapsulated Au and Pt particles prepared by
the sort of metal exchange reaction just described for
Ag. The absorption spectrum of G6-OH(Cu55) is shown

Figure 3. HRTEM images of metal nanoparticles prepared
by primary displacement reactionss(a) Ag, (b) Au, and (c) Pts
and secondary displacement reactionss(d) Au and (e) Pt. In
the primary displacement reactions, Ag+, Au3+, or Pt2+ ions
react with G6-OH(Cu55) to yield the corresponding zerovalent
metals, and in the secondary displacement reactions, Au3+ or
Pt2+ ions react with Ag nanoparticles prepared from G6-OH-
(Cu55) by a primary displacement reaction.

Figure 4. (a) Absorption spectra of 0.01 mM G6-OH(Cu55)
before (spectrum 1, pH 7.5) and after (spectrum 2, pH 3.0 and
spectrum 3, pH 7.5) addition of a stoichiometric amount of
Au3+. (b) Absorption spectra of 0.01 mM G6-OH(Cu55) before
(spectrum 1, pH 7.5) and after (spectrum 2, pH 3.0; spectrum
3, pH 7.5) addition of a stoichiometric amount of Pt2+.

Intradendrimer Exchange of Metal Nanoparticles Chem. Mater., Vol. 11, No. 11, 1999 3383



as spectrum 1 in both parts of this figure for comparison.
When 3.7 mmol of HAuCl4 is added to 10 mL of a pH 3
aqueous solution containing 0.01 mM G6-OH(Cu55)
(Au3+/Cu ) 2/3), a new, broad absorption feature ap-
pears centered at ∼520 nm (spectrum 2, Figure 4a),
which corresponds to the plasmon resonance absorption
of Au.15 When the pH of this solution is increased to
7.5, a new band centered at 290 nm appears (curve 3 in
Figure 4a). This feature arises from the dendrimer-
Cu2+ LMCT transition and therefore confirms the
presence of both Au and Cu2+ within the dendrimer.
Note that there is little change in the dendrimer-Cu2+

LMCT transition arising from the presence of the Au
nanoparticles. It is also interesting to note that the peak
intensity of the LMCT transition in curve 3, after
correction for the baseline, indicates that the displace-
ment reactions are nearly complete (compare to spec-
trum 1 in Figure 1a).

Pt particles can also be prepared by displacement. In
this case, a stoichiometric amount of K2PtCl4 (Pt2+/Cu
) 1/1) is added to a 0.01 mM G6-OH(Cu55) solution at
pH 3. This results in particles that are spectroscopically
distinct from the starting material. For example, the
interband transition of the resulting dendrimer-encap-
sulated Pt nanoparticles (spectrum 2 in Figure 4b) is
stronger than that of G6-OH(Cu55) (spectrum 1, Figure
4b).3 XPS data also confirm intradendrimer replacement
of Cu by Pt: the Cu(2p) peaks originally present
(spectrum 1 of Figure 2a) disappear (spectrum 3 of
Figure 2a), and new Pt(4f) peaks at 71.5 and 75.2 eV
appear (Figure 2c). When the pH of the displacement
solution is adjusted to 7.5, a strong new band centered
at 290 nm (ε ∼ 4000 M-1 cm-1) emerges in the optical
spectrum (spectrum 3 in Figure 4b). As for the Au
displacement reaction just discussed, this band corre-
sponds to the LMCT transition of the dendrimer-Cu2+

complex, and here too its magnitude confirms that the
Pt displacement reaction goes nearly to completion.
Although not shown here, Pd particles can be synthe-
sized in the same manner as Ag, Au, and Pt, and the
resulting spectra are similar to those of Pt.

The HRTEM images in parts b and c of Figure 3
reveal the shape and size distribution of the Au and Pt
clusters, respectively, prepared by the previously de-
scribed primary displacement reactions. Analysis of 100
randomly selected particles indicates that the average
diameters for the Au and Pt nanoparticles are 2.3 ( 0.3
and 1.4 ( 0.2 nm, respectively. The particle size for Pt
is very close to the theoretical value of 1.2 nm calculated
by assuming the Pt atoms are encompassed within the
smallest sphere containing a 55-atom fcc crystal. The
size is also in good agreement with that of dendrimer-
encapsulated nanoparticles containing 60 atoms (1.6 (
0.2 nm) prepared by direct reduction of Pt2+.2,3 The size
of Au particles prepared by displacement is larger than
the calculated value (1.1 nm, using the same assump-
tions as for Pt, except for the slightly smaller atom size).
As discussed for the Ag nanoparticles, there are a
number of possible explanations for this slight discrep-
ancy.

Ag nanoparticles synthesized by primary displace-
ment of dendrimer-encapsulated Cu nanoparticles can

themselves be displaced to yield Au, Pt, or Pd nanopar-
ticles by a secondary displacement reaction (Scheme 1).
Figure 5 provides spectroscopic evidence for the second
displacement of Ag by Au3+ or Pt2+. In the absence of
Au3+ or Pt2+ ions, the spectrum of the G6-OH-stabilized
Ag particles is dominated by the previously discussed
plasmon peak at 400 nm (spectrum 1). When a stoichio-
metric amount of Au3+ (spectrum 2) or Pt2+ (spectrum
3) is added to this solution, the magnitude of the Ag
plasmon peak is reduced to a negligible value, and it is
replaced by the Au plasmon absorption band or Pt
interband transition, respectively, described earlier.

TEM and EDS results confirm that particles of Au
and Pt can be prepared by secondary displacement
reactions between dendrimer-encapsulated Ag particles
and Au3+ or Pt2+, respectively. For example, the TEM
images shown in parts d and e of Figure 3 indicate that
the average diameters of Au and Pt particles are about
2.5 and 1.8 nm, respectively, and the EDS results
definitively show that the particles are composed of Au
or Pt.

We previously showed that dendrimer-encapsulated
metal particles could be used for both heterogeneous and
homogeneous catalysis.2-4 Indeed, the observation of
catalytic rate enhancements demonstrates that sub-
strates can enter the dendrimer interior and undergo
chemical reactions therein. Such reactions also prove
that the surfaces of encapsulated nanoparticles are not
fully passivated. Catalytic reactions can also be used
to confirm the presence of an encapsulated metal and
assist in identifying its composition.

Pt and Pd are efficient electrocatalysts for O2 reduc-
tion in acid electrolytes, while Ag and Cu demonstrate
no such catalytic effect under the same conditions.28,29

Accordingly, we expect that dendrimers containing
nanoparticles of Pt and Pd will accelerate the rate of
O2 reduction, while Ag and Cu dendrimer-encapsulated
nanoparticles will not. Figure 6 shows cyclic voltam-
mograms (CVs) obtained from Au electrodes modified
with single monolayers of G6-OH(Cu55), G6-OH(Ag110),
G6-OH(Pt55), and G6-OH(Pd55) in 1 M H2SO4 saturated

(28) Woods, R. In Electroanalytical Chemistry: A Series of Advances;
Bard, A. J., Ed.; Marcel Dekker: New York, 1976; Vol. 9.

(29) Gilaman, S. In Electroanalytical Chemistry: A Series of
Advances; Bard, A. J., Ed.; Marcel Dekker: New York, 1967; Vol. 2.

Figure 5. Spectrum 1: absorption spectrum of a solution
containing 0.01 mM G6-OH(Ag110) prepared by primary dis-
placement of Cu in G6-OH(Cu55). Spectra 2 and 3: absorption
spectra of G6-OH(Au37) and G6-OH(Pt55), respectively, pre-
pared by secondary displacement of Ag from G6-OH(Ag110).
Note the disappearance of the Ag plasmon peak following the
secondary displacement reactions.
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with O2.3,25 The latter three composite materials were
prepared by a primary metal displacement reaction
followed by dialysis against pH 3.0 water for 24 h (to
remove Cu2+). Electrodes modified with G6-OH(Cu55)
and G6-OH(Ag110) yield a relatively small current and
no peak attributable to O2 reduction, indicating a
kinetically slow electrode reaction.5 However, when the
Cu particles in G6-OH(Cu55) are displaced by Pt or Pd
and then immobilized on a Au electrode surface, a
significant diffusion-controlled catalytic current is ob-
served. In the absence of O2, only a small background
current is observed for the G6-OH(Pt55)- and G6-OH-
(Pd55)-modified electrodes, confirming that the relevant
Faradaic process in this potential range is O2 reduction.
We previously reported similar behavior for dendrimer-
encapsulated Pt nanoparticles prepared by direct reduc-
tion of Pt2+.3

Summary and Conclusions

We have demonstrated that dendrimer-encapsulated
metal particles can be prepared by an in-situ exchange
process driven by differences in the electrochemical
potentials of the two metals involved. In all cases
described here, UV-vis, EDS, XPS, and electrochemical

data strongly suggest that the exchange reactions go to
completion. These findings are important because many
metal ions do not partition into dendritic interiors
sufficiently well to yield stable composites. Equally
important, we have shown that both the exchanged
metal particle and the ions corresponding to the original
nanoparticles can, under appropriate conditions, simul-
taneously exist within the dendrimer interior. The
resulting well-defined microenvironments are ideally
suited for a wide range of fundamental studies and
technological applications, especially those related to
catalysis.

It is also possible to do secondary intradendrimer
displacement reactions. Certain metals, such as Pt, can
be encapsulated within dendrimers by direct reduction
of Pt2+, as well as by primary and secondary reactions.
In this case, the spectroscopic and catalytic behavior of
the composites is largely independent of how they are
prepared. Although we have not reported the results
here, bi- and trimetallic dendrimer-encapsulated metal
particles can be prepared by exposing the original
nanocluster to substoichiometric amounts of the ions
used for the primary or secondary displacement reac-
tions.
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Figure 6. Cyclic voltammograms of Au electrodes coated with
G6-OH(Cu55) prepared by direct reduction and G6-OH(Ag110),
G6-OH(Pd55), and G6-OH(Pt55) prepared by primary displace-
ment reactions. Catalytic reduction of O2 is observed only on
the G6-OH(Pd55)- and G6-OH(Pt55)-modified electrodes. Elec-
trode area, 0.09 cm2; scan rate, 50 mV/s; electrolyte, 1.0 M
H2SO4.
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