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ABSTRACT

This Account reports the synthesis and characterization of den-
drimer-encapsulated metal nanoparticles and their applications to
catalysis. These materials are prepared by sequestering metal ions
within dendrimers followed by chemical reduction to yield the
corresponding zerovalent metal nanoparticle. The size of such
particles depends on the number of metal ions initially loaded into
the dendrimer. Intradendrimer hydrogenation and carbon—carbon
coupling reactions in water, organic solvents, biphasic fluorous/
organic solvents, and supercritical CO;, are also described.

Introduction

This Account reports the synthesis and characterization
of dendrimer-encapsulated metal nanoparticles and their
applications to catalysis (Scheme 1). In this approach,
discrete, well-defined polymers known as dendrimers??
are used as templates to control the size, stability, and
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solubility of nanoparticles ranging in diameter from less
than 1 nm up to 4 or 5 nm. Dendrimers are particularly
well-suited for hosting metal nanoparticles for the fol-
lowing reasons: (1) the dendrimer templates themselves
are of fairly uniform composition and structure, and
therefore they yield well-defined nanoparticle replicas;>~"
(2) the nanoparticles are stabilized by encapsulation with-
in the dendrimer, and therefore they do not agglomerate;*—°
(3) the encapsulated nanoparticles are confined primarily
by steric effects, and therefore a substantial fraction of
their surface is unpassivated and available to participate
in catalytic reactions;*>"~1° (4) the dendrimer branches can
be used as selective gates to control access of small
molecules (substrates) to the encapsulated (catalytic)
nanoparticles;** (5) the terminal groups on the dendrimer
periphery can be tailored to control solubility of the hybrid
nanocomposite and used as handles for facilitating linking
to surfaces and other polymers.>7~1% As will be discussed
later, these five attributes take full advantage of the unique
structural and chemical properties of dendrimers. Indeed,
dendrimer/nanoparticle composites represent an unusual
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Scheme 1

Product Reactant
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case of the template and replica working in concert to
exhibit functions that exceed those of the individual com-
ponents. That is, in the studies reported here the dendritic
templates play a role well beyond that of a simple casting
mold.

Our new findings build on numerous previous template-
based strategies for preparing metal nanoparticles.'*~%° For
example, polymers (especially diblock copolymers) with
metal—ion affinities can be used to sequester metal ions
into localized domains that can subsequently be converted
into metal nanostructures.’® A wide range of metal par-
ticles have been formed within such polymer templates
including Cu, Ag, Au, Pt, Pd, and Rh. The polymer
template usually serves to both control particle size and
passivate the surface of the nanoparticles against ag-
glomeration. Many different types of insulating nanopar-
ticles have also been prepared using various kinds of
templates.

Monolithic ceramic and polymeric templates have also
been used for preparing nanomaterials. For example, the
well-defined pores in alumina or polymeric filtration
membranes can be used to define the geometrical and
chemical properties of metal, semiconductor, and poly-
meric nanomaterials.?°=22 In many cases the template can
be removed chemically or thermally, leaving behind the
naked nanomaterial. The obvious advantage of this tech-
nique is that highly monodisperse particles with a variety
of shapes, sizes, and chemical compositions can be
prepared.?

Finally, it is important to mention that dendrimers have
been previously used to stabilize and control the growth
of nanoparticles by forming interdendrimer complexes (in
contrast to the intradendrimer composites that are the
focus of this Account). Using this approach, Murphy and
co-workers prepared agglomerates of CdS and dendrim-
ers.? We have prepared related materials consisting of Au
and dendrimers,?* and Esumi and co-workers have pre-
pared Pt, Au, and Ag nanoparticles stabilized by dendrim-
ers sorbed to their exterior.?>26
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Chemical and Structural Properties of Dendrimers.
The chemical structures of the two families of dendrimers
used in the studies reported here, poly(amidoamine)
(PAMAM) and poly(propylene imine) (PPI) dendrimers,
are shown in Scheme 2. The number of functional groups
on the dendrimer surface increases exponentially as a
function of generation, and the resulting steric crowding
on the periphery causes geometrical changes. For ex-
ample, the G1 PAMAM dendrimer shown in Scheme 2 has
an expanded or “open” configuration, while it is produc-
tive to think of G4 as having a porous, globular structure
and G8 as a spheroid with a somewhat impenetrable
surface. For a particular generation the PPl dendrimers
are substantially smaller than PAMAM dendrimers (2.8 nm
vs 4.5 nm for G4, respectively).?” Dendrimers that are of
sufficiently high generation to have developed a three-
dimensional shape have interior void spaces that are large
enough to accommodate nanoscopic guests of various
sorts (vide infra).?

An important distinction between PPl and PAMAM
dendrimers is that the former are stable at very high
temperatures (the onset of weight loss for G4 PPI is 470
°C), whereas PAMAM dendrimers undergo retro-Michael
addition at temperatures higher than about 100 °C.?° One
final point: both PAMAM and PPl dendrimers contain a
statistical distribution of defects, mainly in the form of
missing branches and loops.?*° Within the resolution of
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our measurements, however, these template imperfections
do not appreciably affect nanoparticle polydispersity.

Dendrimers as Host Materials. As a consequence of
their three-dimensional structure and multiple internal
and external functional groups, higher generation den-
drimers are able to act as hosts for a range of ions and
molecules. Dendrimers retain guest molecules selectively
depending on the nature of the guest, the chemical
composition of the dendrimer interior and periphery, and
the cavity size. The driving force for guest encapsulation
within dendrimers can be based on covalent bond forma-
tion, electrostatic interactions, complexation reactions,
steric confinement, various types of weaker forces (van
der Waals, hydrogen bonding, etc.), and combinations
thereof. Many examples of dendrimer-based host—guest
chemistry have been reported.??8

We endeavor to trap metal ions exclusively within the
interiors of dendrimers. It is possible to prevent metal—
ion complexation to the periphery of amine-terminated
dendrimers either by selective protonation of the primary
amines (for PAMAM dendrimers, the surface primary
amines (pK, = 9.5) are more basic than the interior tertiary
amines (pK, = 5.5))*8% or by functionalization with
noncomplexing terminal groups.>~° The latter approach
eliminates the restrictive pH window necessitated by
selective protonation. Accordingly, most of our work has
focused on nth-generation hydroxyl-terminated PAMAM
dendrimers (Gn-OH). Indeed, we have shown that many
metal ions, including Cu?*, Pd?*, Pt?*, Ni**, Au®t, and Ru®*,
sorb into Gn-OH interiors over a broad range of pH via
chemical interactions with interior tertiary amines.

Intradendrimer Complexes between PAMAM Den-
drimers and Cu?*. The first studies of dendrimer-
encapsulated metal ions focused on Cu?*,23! because Cu?*
complexes with PAMAM and PPI dendrimers have easily
interpretable UV—vis and EPR spectra. In the absence of
dendrimer (or other strong ligands) and in aqueous
solutions, Cu?* exists primarily as [Cu(H,0)¢]?", which
gives rise to a broad, weak absorption band centered at
810 nm (spectrum 2, Figure 1a) resulting from the d—d
transition for Cu?* in a ligand field.

In the presence of a fourth-generation hydroxyl-
terminated PAMAM dendrimer (G4-OH), Amax for the Cu?t
d—d transition becomes more prominent and shifts to 605
nm. In addition, a strong ligand-to-metal charge-transfer
(LMCT) transition centered at 300 nm emerges. The
complexation interaction between dendrimers and Cu?"
is strong: the d—d transition band and the LMCT transi-
tion do not decrease significantly, even after dialysis
against pure water for 36 h. We quantitatively assessed
the number of Cu?* ions extracted into each dendrimer
by spectrophotometric titration. UV—vis spectra for a 0.05
mM G4-OH solution containing different amounts of Cu?*
are given in Figure 1b. A summary of the titration results
(Figure 1b, inset) indicates that the absorbance at Amax
increases with the ratio of [Cu?*]/[G4-OH]. The titration
endpoint is obtained by extrapolating the two linear
regions of this curve, and this treatment indicates that
each G4-OH dendrimer can strongly sorb up to 16 Cu?"
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FIGURE 1. (a) Absorption spectra of 0.6 mM CuSO; in the presence
(spectrum 3) and absence (spectrum 2) of 0.05 mM G4-OH. The
absorption spectrum of 0.05 mM G4-OH vs water is also shown
(spectrum 1). (b) Absorption spectra as a function of the Cu?*/G4-
OH ratio. The inset is a spectrophotometric titration plot showing
absorbance at Ama as a function of number of Cuz* ions per G4-
OH. (c) The relationship between the number of Cu?* ions complexed
within Gn-OH and the number of tertiary amine groups within Gn-
OH. Data were obtained in unbuffered solutions (pH ~7.5).

ions at pH > ~7.5.32 We also investigated the effect of
dendrimer generation on the maximum number of Cu?*
ions that can bind within dendrimers of other generations,
and the endpoints of the spectrophotometric titration
curves for G2-OH, G3-OH, and G6-OH indicate strong
binding of 4, 8, and 64 Cu?' ions, respectively. Indeed,
Figure 1c shows that for Gn-OH there is a linear relation-
ship between the number of complexed Cu?* ions and the
number of intradendrimer tertiary amine groups.

Cu?* also binds to amine-terminated PAMAM den-
drimers (Gn-NH,). Spectrophotometric titrations of these
materials are consistent with the data for G4-OH, but there
is a more complex, pH-dependent equilibrium (a conse-
quence of the terminal primary amines) that is beyond
the scope of this discussion.®°

Intradendrimer Complexes between PAMAM Den-
drimers and Metal lons Other than Cu?*. In addition to
Cu?*, many other transition-metal ions, including Pd?*,
Pt2*, Ni?*, Fe3t, Mn%*, Audt, and Ru3*, can be extracted
into dendrimer interiors.*~ 63033736 For example, a strong
absorption peak at 250 nm arising from a ligand-to-metal
charge-transfer (LMCT) transition following purification
by dialysis indicates that PtCl?~ is sorbed within Gn-OH

VOL. 34, NO. 3, 2001 / ACCOUNTS OF CHEMICAL RESEARCH 183



Dendrimer-Encapsulated Metal Nanoparticles Crooks et al.

I
o w»

-
[&)]

plasmon peak

Absorbance
=
T

o o
o
T

200 600 800

Wavelength (nm)
FIGURE 2. Absorption spectra of a solution containing 0.6 mM
CuS0,4 and 0.05 mM G4-OH before (dashed line, spectrum 1) and
after (solid line, spectrum 2) reduction with a 5-fold molar excess of
NaBH,. Spectrum 3 was obtained under the same conditions as
those for spectrum 2 except 0.05 mM G4-NH, was used in place of
G4-OH.

dendrimers. The spectroscopic data also indicate that the
nature of the interaction between the dendrimer and
PtCl,2~ ions is quite different than for Cu?*. While Cu?*
interacts with tertiary amine groups by complexation,
PtCl,>~ undergoes a slow ligand-exchange reaction involv-
ing substitution of one chloride ion for one interior tertiary
amine. Importantly, the absorbance at 250 nm is propor-
tional to the number of Pt?' ions associated with the
dendrimer over the range 0—60 (G4-OH(Pt*"),, n = 0—60),
which indicates that it is possible to accurately control
the average Pt?*/G4-OH ratio.>3° Similar results have been
obtained for Pd?*.

Direct Reduction of Dendrimer/Metal—lon Compos-
ites. Chemical reduction of Cu?*-loaded G4-OH dendrim-
ers (G4-OH(Cu?"),) with excess NaBH, results in formation
of intradendrimer Cu clusters (Scheme 1). Evidence for
this comes from the immediate change in solution color
from blue to golden brown; that is, the absorbance bands
originally present at ~605 and 300 nm disappear and are
replaced with a monotonically increasing spectrum of
nearly exponential shape toward shorter wavelengths
(Figure 2). These spectral changes result from the appear-
ance of a new interband transition corresponding to
formation of intradendrimer Cu clusters. The measured
onset of this transition at 590 nm agrees with the reported
value for Cu clusters, and the nearly exponential shape is
characteristic of a bandlike electronic structure, strongly
suggesting that the reduced Cu does not exist as isolated
atoms, but rather as clusters.3” The absence of an absorp-
tion peak arising from Mie plasmon resonance (around
570 nm) indicates that the Cu clusters are smaller than
about 4 nm.383 The presence of metal clusters is also
supported by loss of signal in the EPR spectrum following
reduction of the dendrimer/Cu?" composite.

Intradendrimer Cu clusters are extremely stable despite
their small size, which provides additional strong evidence
that the clusters reside within the dendrimer interior.
Clusters formed in the presence of G4-OH or G6-OH
dendrimers and with a Cu?* loading less than the maxi-
mum threshold values were found to be stable (no
observable agglomeration or precipitation) for at least one
week in an O,-free solution. However, in air-saturated
solutions the clusters revert to intradendrimer Cu?* ions
overnight.
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FIGURE 3. Absorption spectra of solutions containing 0.05 mM G4-
OH(Pt2")s before and after reduction.

The ability to prepare well-defined intradendrimer
metal nanoclusters depends on the chemical composition
of the dendrimer. For example, when G4-NH,, rather than
the just-described hydroxyl-terminated dendrimers, is
used as the template, a maximum of 36 Cu?" ions are
sorbed at 8 < pH < 10; most of these bind to the terminal
primary amine groups. Reduction of a solution containing
0.6 mM CuSO,4 and 0.05 mM G4-NHj, results in a clearly
observable plasmon resonance band at 570 nm (spectrum
3, Figure 2),%738 indicating that Cu clusters prepared in
this way are larger than 4 nm in diameter. This increase
in size is a consequence of agglomeration of Cu particles
adsorbed to the unprotected dendrimer exterior.

The approach for preparing dendrimer-encapsulated
Pt metal particles is similar to that used for Cu: chemical
reduction of an aqueous solution of G4-OH(Pt?*), yields
dendrimer-encapsulated Pt nanoparticles (G4-OH(Pty)).
Spectra of G4-OH(Pt?")s, before and after reduction are
shown in Figure 3. After reduction, the absorbance is
much higher throughout the wavelength range displayed.
This change results from the interband transition of the
encapsulated zerovalent Pt metal particles. Control ex-
periments demonstrate that the Pt clusters are sequestered
within the G4-OH dendrimers. For example, BH,~ reduc-
tion of G4-NH,(Pt*"),, which exists as a cross-linked
emulsion, results in immediate precipitation of large Pt
particles. In contrast, Gn-OH-encapsulated particles do
not agglomerate for up to 150 days, and they redissolve
in solvent after repeated solvation/drying cycles.

High-resolution transmission electron microscopy (HR-
TEM) images (Figure 4) clearly show that dendrimer-
encapsulated particles are nearly monodisperse and that
their shape is roughly spherical. For G4-OH(Pt4) and G4-
OH(Ptgo) particles, the metal particle diameters are 1.4 +
0.2 and 1.6 £+ 0.2 nm, which are slightly larger than the
theoretical values of 1.1 and 1.2 nm, respectively, calcu-
lated by assuming that particles are contained within the
smallest sphere circumscribing a fcc Pt crystal. X-ray
energy dispersive spectroscopy (EDS) and X-ray photo-
electron spectroscopy (XPS) analyses were also carried out,
and they unambiguously identify the particle composition
as zerovalent Pt.°> The XPS data also indicate a 3:1 ratio of
CI=/Pt?>* prior to reduction, providing additional support
for the aforementioned ligand-exchange reaction, but CI~
is not detectable after reduction. Results similar to those
discussed for dendrimer-encapsulated Cu and Pt also
obtain for Pd, Ru, and Ni nanoclusters. An example of 40-
atom Pd nanoclusters confined within G4-OH is shown
in the bottom micrograph of Figure 4.
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FIGURE 4 HRTEM images of G4- OH(Pt40) G4- OH(Pteo) and G4-OH-
(Pdgo), which illustrate the size and shape distribution of the
encapsulated metal nanoparticles.

Intradendrimer Metal-Displacement Reactions. In the
previous section it was shown that dendrimer-encapsu-
lated metal nanoclusters could be prepared by direct
reduction if the corresponding metal ions could be
extracted into the dendrimer interior. However, this
approach is not suitable for encapsulation of nanoparticles
whose precursor ions are not strongly complexed. Such
is the case for Ag*.

Although it is not possible to prepare Ag particles inside
Gn-OH by direct reduction of interior ions, stable den-
drimer-encapsulated Ag particles can be prepared by a
metal displacement reaction.® In this approach, den-
drimer-encapsulated Cu nanoclusters are prepared as
described earlier,® and then upon exposure to Ag* the Cu
particles oxidize to Cu®" ions and Ag™" is reduced to yield
a dendrimer-encapsulated zerovalent Ag nanoparticle
(Scheme 3 and eq 1).

Cu + 2AgH = cu?" + 2Ag 1)

Figure 5 shows the spectroscopic evolution of an

Scheme 3
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intradendrimer displacement reaction between G6-OH-
(Cuss) and Ag™. Spectrum 1 is the UV—vis spectrum of G6-
OH(Cuss). When Ag* is added to this solution at pH 3.0, a
new absorbance band centered at ~400 nm appears
(spectrum 2), which corresponds to the plasmon reso-
nance of Ag particles.’” When the pH of the solution is
adjusted to 7.5 (spectrum 3), the Ag plasmon peak does
not change much, but a new peak at 300 nm appears. This
is the LMCT band for intradendrimer Cu?" discussed
earlier, and it indicates that at neutral pH both the metallic
Ag nanoparticles and the Cu?* ions generated by the
displacement reaction are simultaneously present within
the dendrimers. Such versatile and well-defined nanoen-
vironments provide a striking example of the value of
retaining the template following nanoparticle formation.
Composite materials such as these should find a variety
of fundamental and applied applications, especially in the
area of catalysis.
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FIGURE 5. Absorption spectra resulting from intradendrimer
displacement reactions. (1) 001 mM G6-OH(Cuss). (2) Same as
spectrum 1 after addition of 1.1 mM Ag™ at pH 3.0. (3) Same as
spectrum 2, but at pH 7.5. The inset compares spectra obtained 10
min (solid line) and 18 h (dashed line) after the displacement reaction
at pH 3. (4) Spectrum resulting from direct reduction of a solution
containing 1.1 mM Ag+ and 0.01 mM G6-OH.
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Scheme 4

1. Partial Displacement reaction method

i

Gn-OH(Ag,,)

3+ 2+

A, P, or PA™

Ag', ALY, P, or P4

2. Co-complexation method

Bimetallic cluster

/ Reduction

Gn-OH

The 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 5,
inset), and no precipitation is observed even after storage
in air for >2 months. XPS and TEM analyses confirm the
presence of dendrimer-encapsulated Ag metal particles
formed by displacement. This displacement method can
be used to prepare other types of noble metal particles
(Scheme 3), such as Au, Pt, and Pd, because the standard
potentials (E°) of the corresponding half-reactions are
more positive than those for Cu?*/Cu. Finally, Ag nano-
particles synthesized by primary displacement of den-
drimer-encapsulated Cu nanoparticles can themselves be
displaced to yield Au, Pt, or Pd nanoparticles by secondary
displacement reactions (Scheme 3).

Dendrimer-Encapsulated Bimetallic Nanoparticles.
Bimetallic metal nanoparticles are important materials
because they often display properties that are quite
different from those of the individual metals. Such materi-
als are particularly attractive for catalysis. Dendrimer-
encapsulated bimetallic nanoparticles can be synthesized
by the three routes shown in Scheme 4.

Preparation of mixed-metal intradendrimer nanopar-
ticles by partial displacement is a straightforward exten-
sion of the total displacement approach for forming single-
metal nanoparticles described in the previous section. For
example, if less than a stoichiometric amount of Ag™, Au®™,
Pd?*, or Pt*" is added to a G6-OH(Cu,) solution, it is
possible to form dendrimer-encapsulated Ag/Cu, Au/Cu,
Pd/Cu, or Pt/Cu bimetallic nanoparticles, respectively.

Dendrimer-encapsulated bimetallic nanoparticles can
also be prepared by simultaneous co-complexation of two
different metal ions, followed by a single reduction step.

186 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 34, NO. 3, 2001

For example, the absorption spectrum of a solution
containing G6-OH, PtCl,>~, and PdCl,?>" is essentially the
sum of the spectra of a solution containing G6-OH +
PtCl,2~ and a second solution containing G6-OH -+
PdCl,2~, which strongly suggests co-complexation of Pt2+
and Pd?" within individual dendrimers. After reduction
of these co-complexed materials, a new interband transi-
tion, which has an intensity different from that of either
pure Pt or pure Pd nanoparticles, is observed.

The sequential loading method is also effective for
preparing bimetallic nanoparticles. For example, den-
drimer-encapsulated Pt/Pd nanoparticles are synthesized
as follows. First, a solution containing G6-OH(Ptss) is
prepared by using the direct reduction approach already
described. Next, PdCl,2~ is added to this solution to form
a mixed metal—ion intradendrimer composite: G6-OH-
[(Ptss)+(Pd?")ss]. That is, Pd?t partitions into the den-
drimer and complexes with tertiary amine sites vacated
by Pt>" after the first reduction step. The existence of the
mixed-valent composite, which is nearly the sum of the
two individual components, can be confirmed by UV—
vis spectroscopy. However, after reduction of G6-OH[(Ptss)
+ (Pd*")ss], the intense LMCT band arising from Pd?*
complexed to interior tertiary amines essentially disap-
pears, and the interband transition due to the formation
of the bimetallic nanoparticles appears. TEM also indi-
cates a significant increase in particle size following the
second reduction step.

Presumably these three methods for preparing bime-
tallic, dendrimer-encapsulated nanoparticles can be ex-
tended to trimetallics, bi- and trimetallics having unique
structures, and perhaps even core/shell materials. Thus
far, however, we have not been able to conclusively prove
the existence of the latter.

Homogeneous Catalysis Using Transition-Metal Nano-
particles. Transition-metal nanoparticles are important in
the field of catalysis.*®*! As discussed earlier, catalytic
nanoparticles are usually prepared by reduction of metal
salts in the presence of stabilizers. The purpose of the
stabilizers, which include polymers, ligands, and surfac-
tants, is to control particle size and prevent agglomeration.
However, stabilizers can also passivate nanoparticle sur-
faces. For some applications, including catalysis, it is
desirable to prepare small, stable, but not-fully-passi-
vated particles so that substrates can access the particle
surface. Accordingly, two challenges that are important
in this area of catalysis are (1) the development of methods
for stabilizing nanoparticles by eliminating aggregation
without blocking most of the active sites on the nanopar-
ticle surfaces or otherwise reducing catalytic efficiency,
and (2) controlling nanoparticle size, size distribution, and
perhaps even particle shape. Because dendrimers can act
as both “nanoreactors” for preparing nanoparticles and
nanoporous stabilizers for preventing aggregation, we
reasoned that they would be useful for addressing these
two issues. As discussed below, dendrimer-encapsulated
catalysts (DECs) do exhibit a number of intriguing proper-
ties.

Homogeneous Catalysis in Water Using Dendrimer-
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encapsulated Pd nanoparticles. The dendrimer generation varies but
the average size of the Pd cluster is constant.

Encapsulated Metal Nanoparticles. Ligand- or polymer-
stabilized colloidal noble metals have been used for many
years as catalysts for the hydrogenation of unsaturated
organic molecules.*? Additionally, there is a special interest
in developing “green” methodologies for catalyzing or-
ganic reactions in aqueous solutions. Accordingly, we
investigated the homogeneous catalytic hydrogenation of
alkenes in aqueous solutions using dendrimer-encapsu-
lated nanoparticles.* The hydrogenation activities for
dendrimer-encapsulated Pd nanoparticles for a simple,
unbranched alkene (allyl alcohol) and an electron-
deficient, branched alkene (N-isopropyl acrylamide) in
water are given in Figure 6. GC and NMR confirmed the
presence of the saturated products. Similar data have been
obtained for dendrimer-encapsulated Pt nanoparticles.
G4-OH(Pdy) efficiently catalyzes hydrogenation of both
the linear and branched alkenes. For example, the turn-
over frequencies (TOFs, moles of H, per mole of metal
atoms per hour) for G4-OH(Pdy4) for hydrogenation of
N-isopropyl acrylamide and for allyl alcohol hydrogena-
tion compare favorably to those of water-soluble, polymer-
bound Rh(l) catalysts.*? The important result is that
substrates (the alkenes and hydrogen in this case) can
penetrate dendrimers, encounter the nanoparticle therein,
and undergo intradendrimer chemical reactions.
Importantly, the hydrogenation reaction rate can be
controlled by using dendrimers of different generations.
This key finding is a consequence of generation-depend-
ent dendrimer porosity: higher generation materials are
more sterically crowded on their periphery and thus less
porous and less likely to admit substrates to interior metal
nanoparticles than those of lower generation.*'%1? That
is, the dendrimer acts as a selective nanoscopic filter that
controls the catalytic activity of the composite. For
example, the TOFs for G6-OH(Pd4) and G8-OH(Pd,) are
only 10% and 5%, respectively, of that of G4-OH(Pdy) for
N-isopropyl acrylamide. However, when the same materi-
als are used to reduce the linear alkene, a much smaller
decrease in activity is noted. This result shows that it is
possible to control reaction rates and do selective catalysis

Scheme 5
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by adjusting the “mesh” of the dendrimer “nanofilter”. In
this case, the high-generation dendrimers selectively
excluded the branched alkene, but the linear molecule was
able to pass through the dense G6 and G8 exteriors and
encounter the catalyst. These findings represent an excel-
lent example of how a template (the dendrimer) can be
used to add functionality to a nanoparticle: by retaining
the template following casting of the nanoparticle, a
significant new property (gating) obtains.*!

Homogeneous Catalysis in Organic Solvents Using
Dendrimer-Encapsulated Metal Nanoparticles. We also
tested dendrimer-encapsulated Pd nanoparticles for their
hydrogenation activity in organic phases. As mentioned
previously, the solubility of dendrimers can be controlled
by functionalization of the terminal groups. For example,
alkyl functionalization renders the otherwise hydrophilic
PAMAM dendrimers soluble in toluene. Importantly,
functional groups need not be added to the dendrimer
by covalent grafting, although this is certainly a viable
strategy. A simpler and more versatile approach that is
suitable for many applications takes advantage of the
acid—base interaction between fatty acids and dendrimer
terminal amine groups.®

We were able to demonstrate this strategy as follows.
First, Pd nanoparticles were prepared within amine-
terminated PAMAM dendrimers. To prevent coordination
of Pd?* to the primary amine groups of the dendrimers,
which induces cross-linking and precipitation, the solution
pH was adjusted to ~2, which preferentially protonates
the exterior amines to a greater extent than the interior
tertiary amines. Accordingly, Pd?" binds preferentially to
the interior. Upon chemical reduction, Pd particles form
only within the dendrimer interior. G4-NH,-encapsulated
nanoparticles can then be quantitatively transported from
an aqueous phase into toluene by addition of 10—20% of
dodecanoic acid to the organic phase (Scheme 5).2 This
transition is readily visualized by the color change: the
brown aqueous solution of Pd nanoparticles becomes
clear after addition of the acid, while the toluene layer
turns brown. Our studies have shown that this is a
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FIGURE 7. lllustration of the approach used to carry out fluorous biphasic catalysis using dendrimer-encapsulated metal nanoparticles
modified on their exterior with perfluoroether “ponytails”. Here the catalyst is a G4-NH, PAMAM dendrimer electrostatically functionalized
with a perfluoroether fatty acid using a strategy similar to that shown in Scheme 5.

consequence of the formation of monodisperse, inverted
micelles templated by the dendrimer (Scheme 5). Remark-
ably, these interesting hybrid materials have catalytic
activities for hydrogenation exceeding those observed for
the same reactions run in aqueous solutions. This may
be a consequence of the relatively hydrophilic nature of
the dendrimer compared to the solvent; that is, mass
transfer of the substrate may be facilitated by the differ-
ence in polarity of the dendrimer interior relative to the
solvent.

Homogeneous Catalysis in Fluorous/Organic Biphasic
Solvents Using Dendrimer-Encapsulated Metal Nano-
particles. Reactions in biphasic fluorous/organic solvents
were suggested by Horvath and Raba in 1994 to facilitate
recovery and recycling of soluble catalysts. Such systems
consist of organic and fluorous layers: the catalyst is
designed to be selectively soluble in the fluorous phase,
while the reactants are preferentially soluble in the organic
solvent. Stirring or heating of the mixture leads to forma-
tion of a fine emulsion, and the catalytic reaction proceeds
at the interface between the two liquids. When the
reaction is complete, the phases are allowed to settle, the
product is isolated from the organic phase, and the
catalyst-containing fluorous layer is recycled as shown in
Figure 7.

We recently described two new approaches for using
dendrimer-encapsulated metal particles to perform bi-
phasic catalysis. The first is hydrogenation catalysis using
PAMAM dendrimers rendered soluble in the fluorous
phase by electrostatic attachment of perfluoroether groups.®
The second illustrates the use of perfluoroether groups
covalently linked to the exterior of PPl dendrimers to carry
out a carbon-coupling Heck reaction.” In both cases the
fluorous-soluble, dendrimer-based catalyst was recyclable.
Moreover, the reactions resulted in selectivities and
products that might reflect the unique nanoenvironment
of the reaction volume defined by the dendrimer interior.

For example, the Heck reaction between iodobenzene
and n-butyl acrylate resulted in 100% selectivity of n-butyl
trans-formylcinnamate, whereas in the absence of the
dendrimer the selectivity is 74—98%. Our studies have not
progressed far enough to allow us to draw correlations
between dendrimer structure and intradendrimer reactiv-
ity, but this will obviously be a fruitful avenue for
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additional study. Interestingly, the temperature at which
the reaction proceeds is also somewhat lower than that
in both the classic Heck reaction conditions* and those
used for stabilized colloidal Pd particles (90 °C vs >120
°C and 130 °C, respectively).*> Depending on the reactants
and conditions, the unoptimized yields range between 35
and 85%. Importantly, the success of this Heck reaction
conclusively proves that it is possible to catalyze syntheti-
cally useful carbon—carbon bond-forming reactions be-
tween two fairly large reactants within a dendrimer
interior.

Homogeneous Catalysis in Supercritical CO, Using
Dendrimer-Encapsulated Metal Particles. As mentioned
earlier, there are good reasons to search for reaction
conditions that eliminate the need for organic solvents.
The use of liquid or supercritical CO, (scCO,) addresses
the issues of catalyst recovery, toxicity, and product
recovery.*® Until recently, however, the use of scCO, had
been limited to organometallic Pd complexes function-
alized with perfluorinated ligands,*”~*° due to the limited
solubility of metal colloids in CO,, and often required the
use of water as a cosolvent.®® The work described here
shows that dendrimers can be used to solubilize Pd
nanoparticles in liquid and scCO,, and that this catalytic
system promotes Heck chemistry.

As discussed earlier, perfluorinated polyether “pony-
tails” can be covalently grafted onto dendrimers, and
DeSimone et al. showed that such materials are soluble
in liquid CO,.5* Preliminary results from a study of catalytic
activation of the heterocoupling between aryl halides and
alkenes using ponytail-functionalized dendrimer-encap-
sulated Pd nanoparticles have been promising. For ex-
ample, the classic Pd-catalyzed Heck coupling between
aryl halides and methacrylate yields predominately (>97%)
the trans-cinnimaldehyde product.>? On the other hand,
the CO,-soluble dendrimer nanocomposite exclusively
catalyzes the production of the highly unfavored 2-phen-
ylacrylic acid methyl ester isomer at 5000 psi and 75 °C.%0

Summary, Conclusions, and Outlook

This Account has described composite materials we call
dendrimer-encapsulated nanoparticles. We first reported
these interesting inorganic/organic hybrid materials in
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1998,% and within several months the results were con-
firmed by others.5® More recently, Amis and co-workers,®
Esumi et al.,% and Goodson® have provided remarkably
detailed microscopy, scattering, and photophysical data
that have yielded additional insight into dendrimer en-
capsulation of metal nanoparticles. New results from our
laboratory indicate that even semiconductor quantum
dots (CdS) are accessible by this synthetic route,® and
Amis et al. have further expanded the scope of dendri-
mer-encapsulated nanoparticles by preparing them with-
in monolithic dendrimer-containing polymer compos-
ites.29v34

The approach described here for preparing dendrimer-
encapsulated nanoparticles takes advantage of the unique
aspects of dendrimer structure: the chemistry of the
terminal groups, the generation-dependent size, the three-
dimensional structure, the radial distribution function of
polymer density, and the presence of endoreceptors
within the dendrimer interior.

The preparation of dendrimer-encapsulated nanopar-
ticles is generally rather simple. For example, the den-
drimers used in this study are all commercially available,
end-group modifications normally involve a single syn-
thetic step, and separations are generally straightforward.
Such simplicity should be a strong enticement to workers
in the fields of catalysis, biotechnology, medicine, elec-
tronics, photonics, physics, materials science, and engi-
neering to (1) begin to use the types of materials described
herein for technological applications and fundamental
discoveries, (2) invent new, related materials, and (3)
integrate these dendrimer composites into the next gen-
eration of molecular machines and devices.
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