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ABSTRACT: Given their size, in
the single-digit nanometer range,
and the versatility of their function-
ality, dendrimers and other dendritic
macromolecules are poised to make
a significant contribution to the rap-
idly expanding fields of nanoscience
and nanotechnology. This highlight
focuses on nascent applications of
dendrimers that take advantage of
their structural features and polyva-
lent character. In particular, the con-

ufaticcept of dendritic encapsulation of
function, borrowed from Nature-^Sn
be applied to the design of j^a
array of energy-harvesting, light-
emitting^, or catalytic macrornole-
cules. Similarly, the compact size
and hierarchical ordering of compo-
nents within dendrimers make them
ideal for exploring the limits of
nanolithography. Finally, the pres-
ence of differentiated functionalities
and the polyvalent character of den-

irons and dendrimers constitute
strong assets for their use injrolymer^
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right) suggest the existence of multiple cavities within
the volume that they occupy. The possible existence of
such cavities has remained a topic of some controversy.
Unlike a micelle, which is a dynamic supramolecular
assembly quite capable of incorporating a variable pay-
load, covalent dendrimers are generally static structures
with an internal volume that may be used to accommo-
date guest molecules,24 '' particularly when they are
enlarged by solvation with a good solvent. However,
with the possible exception of very specialized structures
such as shell-crosslinked dendrimers,'0'" they do not
possess a permanent and rigid cavity. Small guests,
which can penetrate the volume of a dendrimers as a
result of favorable enthalpic interactions, may remain
encapsulated after the collapse of the solvated structure.
Encapsulation may become permanent, as in Meijer et
al.'s dendritic box,2y if the peripheral density of the
dendritic structure is increased to rigidify the whole
macromolecule while guest molecules are located within
the extended volume of a dendrimer. Such encapsulation
may conceivably be used to prepare sensors, diagnostic
beacons, or functional components of molecular ma-
chines.

CONCEPT OF DENDRITIC
ENCAPSULATION

Nature is a wonderful source of inspiration, and our very
fractional understanding of natural processes such as
energy production, harvesting, and conversion, informa-
tion storage, chemical synthesis, reproduction, and a
myriad of other highly sophisticated processes can guide
us in the design of functional molecular assemblies.
Mimicry of Nature, combined with our enhanced abili-
ties to mesh chemical structure and function, is respon-
sible for many of the scientific and technological ad-
vances that have taken place over the past decades.

One area of natural mimicry of particular relevance to
this highlight is that of function derived from site isolar
JJon.18 Numerous biological systems make use of the
concept of site isolation, by which an active center or
catalytic site is encapsulated, frequently within a protein,
to afford properties that would not be encountered in the
bulk state. For example, the heme moieties of cyto-
chrome C or hemoglobin would not be active and would
not be able to perform their natural functions (catalysis
and oxygen transport) were they not encapsulated in
site-isolating proteins.

The dendritic shell is similarly capable of encapsulat-
ing functional core moieties to create specific site-iso-
lated nanoenvironments, thereby affecting molecular
properties. Taking advantage of the radially emanating
architecture of dendrimers, researchers have placed ac-

D-[G-n]8P

Figure 2. Two views of a porphyrin encapsulated in a den-
drimer. The dendrons are marked |G-n|, with n indicating the
generation number in the structure on the right side.

tive sites that have photophysical, photochemical, elec-
trochemical, or catalytic function at the core. For exam-
ple. Figure 2 shows a dendrimer used to encapsulate a
porphyrin moiety analogous to the hemes of many en-
zymes. Encapsulation is critical to function because it
prevents the deactivation of catalytic activity that would
result from intermolecular interactions if two porphyrin
rings came close enough to each other to effect ir-stack-
ing. Applying the general concept of site isolation to
problems in materials research is likely to prove ex-
tremely fruitful in the long term, with short-term appli-
cations readily accessed in areas such as the construction
of improved optoelectronic devices.

DENDRIMERS AND LIGHT: FROM
HARVESTING TO EMISSION

The self-assembly of dendritic carboxylate ligands
around a single lanthanide ion serving as a core was used
by Kawa32"33 to improve the luminescence properties of
the lanthanide metals, which are widely used as emitters
in optical communications. In Kawa's work, three spe-
cially designed dendrons, each with an interacting car-
boxylate focal point, self-assemble around erbium(III),
europium(III), or terbium(III) ions, leading in each case
to an enhancement of luminescence efficiency with in-
creasing generation because of site isolation of the lu-
mophores, which drastically reduces the normally trou-
blesomely high rate of self-quenching. Although it is of
fundamental significance, this demonstration is also im-
portant for its implications in the context of fiber-optic
applications. In such an application, an excellent match
exists between the 1350-nm wavelength used to carry a
signal through the fiber and the wavelength emitted by
Er3+ after excitation by light at 980 nm being pumped
into the amplifier module (Fig. 3). As the emission of the
erbium(III) core dendrimers matches the wavelength
used for signal transmission and dendrimer encapsula-
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Figure 3. Hncapsulation of an erbium ion in a self-assembled supramolecular dendrimer. The site
isolation of the erbium ion negates self-quenching and enables its use in fiber optics as an optical
signal amplifier.

tion eliminates self-quenching of the emission from
Er'+, they are extremely attractive for use in fiber-optic
amplifiers and other optoelectronic devices.34 Additional
structure-related antenna effects attributed specifically to
the Fr6chet-type dendrons (Fig. 3) used for encapsulation
have also been noted in the aforementioned systems and
may lead to useful device applications.

In addition to steric protection, which is responsible
for the site isolation used by Kawa et al.,32~'"' a den-
drimer molecule is uniquely suited to arrange multiple
peripheral functional groups around a single core unit.
Through the introduction of an energy-transfer interac-
tion or similar electronic link between the periphery and
the core, the design of dendritic light-harvesting anten-
nae becomes feasible. '^ In a dendritic antenna, anjurjiy
of terminal donor chromophores collects many photons
and transfers their energy through space (Forster energy
transfer) to an acceptor unit located at the core or focal
point of the dendrimerJFig. 4). The acceptor, which can
be excited independently of the periphery, also contrib-
utes to overall light harvesting. Because an emission is
observed from the core only, the, system serves as a
spatial and_spectral energy concentrator; in other words,
itjtcts as a molecular lens.

Such light harvesting is important as it mimics the
primary events in photosynthesis, in which the light-
harvesting complex funnels its excitation energy to the
special pair, leading to subsequent charge separation.
Light-harvesting dendrimers can be used to effect several
types of energy transformation: light into light (i.e.,
broad band into monochromatic, or upconversion of low-
energy radiation into high-energy radiation with mul-
tiphoton processes), light into electricity with applica-

tions in a variety of novel photovoltaic systems, and light
into chemical energy as done so masterfully in Nature.

In energy harvesting, two main types of systems can
be envisioned: one involving the dendritic architecture
solely as a scaffold'6 *3 and another in which the den-
drimer backbone itself participates in the energy-transfer
event.32''3' >s Using the former system, Gilat and Ad-
ronov36" t() have shown that a useful form of light am-
plification can be achieved as the core acceptor moiety
emits more light energy—transferred from the peripheral
donor chromophores—than it ever could by its direct
excitation. This amplification effect, which has its origin

Figure 4, Light-harvesting antenna. Light harvested by all
the chromophores (blue and red) is concentrated at the focal-
point (red) acceptor chromophore and re-emitted as monochro-
malic radiation.
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Figure 5. Multichromophoric light-harvesting antenna self-assembled on a surfaee sueh as silicon
(right) and the donor (blue) and aeeeptor (red) chromophores used to prepare the light-harvesting
monolayer (left).

'

in the enhanced donor absorption cross section and the
extremely fast rate of through-space Forster energy
transfer to the core, has been misunderstood by some. It
is, therefore, useful to point out that, just as is the case for
a classical audio amplifier, energy is not created out of
thin air, but amplification simply involves the reprocess-
ing of one form of energy into another.

Chrisstoffels et al.56 extended our dendrimer antenna
approach to a simpler self-assembled monolayer consist-
ing of two components: a light-harvesting multichro-
mophoric dendron and an isolated acceptor moiety. The
self-assembly of these two components on a silicon sur-
face with an optimized donor-to-acceptor chromophore
ratio of 4:1 afforded the desired energy transfer and
amplification of the acceptor emission (Fig. 5). We have

also performed similar self-assembly of antenna mole-
cules at the surfaces of other inorganic semiconductors
used for photovoltaic cells.

Very recent work by Serin et al.57 has further
demonstrated that cascade energy transfer between
three dendrimer-bound chromophores can be achieved
with very high efficiencies (Fig. 6, right). A somewhat
analogous cascade system was also reported recently
by Mullen et al.58 Similarly, Brousmiche, working in
collaboration with the Prasad group (University at
Buffalo), succeeded in achieving energy upconver-
sion59'60 through the use of two photon-harvesting
chromophores61 capable of direct energy upconver-
sion or energy transfer to an acceptor moiety (Fig. 6,
left).

FRET

Emission from core only

Figure 6. Two-photon energy-harvesting and upconversion process (left) and cascade energy
transfer (ET) with relays between two types of donor chromophorcs leading to emission solely from
the acceptor chromophore.
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Figure 7. Two encapsulated chromophores used as a mixture capable of simultaneous emissions
in an organic light-emitting diode. The coumarin moiety (the blue structure on the left) has been
enlarged for clarity.

Among other key findings, Moore et al.44 have shown
that energy transfer is accelerated in dendrimers with an
internal energy gradient, providing a stepwise decrease
of the highest occupied molecular orbital/lowest unoccu-
pied molecular orbital gaps of the branching units when
progressing toward the acceptor core. In yet another
approach relying on self-assembly, Balzani et al.4S have
constructed bipyridine-based polynuclear metal com-
plexes capable of controlling the direction of energy
transfer by altering the excited-state energies resulting
from the introduction of appropriate metals.

Dendritic scaffolds have also been used to spatially
arrange the different components necessary for the con-
struction of organic light-emitting diodes. The excellent
film-forming and unique encapsulation properties of
jnany dendritic materials can be combined to create
multicolor^single-layer devices, as demonstrated in the

Tecent fundamental work of Freeman and Furuta carried
out in collaboration with the Thompson research group at
the University of Southern California. In this work,
naphthyl diphenylamine terminated poly(benzyl ether)
dendrimers with a coumarin laser dye or a pentathio-
phene core were prepared (Fig. 7).62'

These encapsulated emitters were then used to prepare
two-component (i.e., two-color), single-layer devices
consisting of dendrimers acting as both hole transporters
and_ernitters, as well as an added oxadiazole serving as
an external electron transporter. Although a mixture of
the two dyes themselves only emitted light frornthe
lowest Da^g^p^eTitatriiopPierie chrofnophore, dendritic

encapsulation enabled simultaneous emissions^from _the
^wo^JesTd^rnonstrafing the ^aTJe^of the concept/The

fabrication of the two-color light-emitting diode was
facilitated by its single-layer design, and good matching
of photoluminescence and electroluminescence was ob-
served. The modular design of this approach, allowing
the incorporation of both electroactive and solubilizing
groups, along with the site isolation of the central dye by
the larger dendritic frameworks64 prepared by Furuta,
allows for a combination of more than two dendrimers
with differently emitting cores to be used, thus affording
a color-tunable or white-light-emitting system. As of this
writing, this approach remains one of only fundamental
value because the lengthy preparation of the encapsu-
lated dyes precludes their use in practical (i.e., poten-
tially commercial) systems.

In the area of photovoltaic systems, dendrimers have
excellent potential for increasing the light-absorbing
cross sections of various systems for a better match with
the solar spectrum.65'16 Current research in this area is
underway in our laboratory with dendrimers and several
combinations of organic and inorganic materials.67'

DENDRIMERS ON SURFACES: FROM
FUNCTIONAL MONOLAYERS TO
PATTERNING WITH NANORESISTS

More that a decade ago, we demonstrated that Frechet-
type poly(benzyl ether) dendrimers,4'5 or more generally

r
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Figure 8. Two modes of imaging a dendrimer resist: (a) the removal of the dendrimer, leaving an
area unproteeted for subsequent etching, and (b) the oxidation of the dendrimer and underlying
silicon, forming an image of Si()2 that may be used in etching.

f

dendrons with a hydrophilic focal point and hydrophohic
periphery, could be assembled into ordered monolayers
at the air-water interfaced Neutron reflectivity studies
also showed that the shape of the dendrons varied from
spherical to ovoidal, depending on the degree of com-
pression of the Langmuir film.70 These early findings,
coupled with the need for new, more performing resist
materials, suggested that dendrimer monolayers might be
used as resist materials or molecular pixels in nano-
lithography.71 Because dendrimer molecules occupy a
rather small volume, the opportunity for patterning mol-
ecule by molecule, possibly reducing the problems
caused by line-edge roughness, exists if a suitable pat-
terning tool with molecular resolution and sufficient
throughput can be found.

Therefore, Tully and Trimble72' 4 investigated the
preparation of ultrathin dendrimer films and monolayers
self-assembled on silicon surfaces for their possible use
as resist materials for scanning probe nanolithography.
Modified poly(benzyl ether) dendrimers4'5 that could
serve as passivation resists in scanning probe lithography
were covalently tethered to a silicon substrate through a
spacer group attached to their focal point.72'7' In the
nanolithography experiments carried out in collaboration
with Quate and Wilder (Stanford University), the con-
ductive tip of the scanning probe microscope acted as the
exposure source, degrading any organic monolayer lo-
cated within the intense electric field created between the
tip and the substrate [Fig. 8(a)]. At higher field strengths,
the underlying silicon wafer could also be oxidized, and
this resulted in the formation of raised oxide relief fea-
tures on the substrate [Fig. 8(b)]. The latent image
formed in the monolayer by this oxidation process could
later be transferred into the underlying substrate by a
selective wet-etching process.72" 4 In addition to co-
valently bound dendrimer self-assembled monolayers,
we have also investigated the preparation of ionically
bound dendrimer films by an acid-base self-assembly
process. In this instance, the poly(benzyl ether) dendrons
that we designed had a tethered carboxylic acid moiety at
their focal point. A monolayer of dendrons could then be
assembled onto an aminated silicon surface prepared by
the pretreatment of a clean silicon wafer with (3-amin-

opropyl)triethoxysilane. 4 Although both types of den-
drimers gave satisfactory performance, the exposure tool
itself proved incapable of performing at the molecular
level. The sizes of both the tip and the imaged features
far exceeded the sizes of the individual dendrimer mol-
ecules.

The practical implementations of this technology will
require a significant optimization of the tool and expo-
sure method to reduce the sizes of the individual pixels
achievable with scanning probe lithography tips. In ad-
dition, large-scale tip multiplexing will be required to
compensate for the extremely slow exposure speed of
each individual tip.

In related work carried out with the assistance of
Angelopoulos and Medeiros of IBM (Yorktown
Heights), we have demonstrated the imaging of den-
drimer resists with e-beam lithography.75

We are currently studying several approaches to nano-
lithography with dendrimers; some still make use of a
scanning tip as the exposure tool, whereas others involve
the use of a nanowriter for the creation of a latent
image.76 In all cases, it is expected that the molecular
makeup of the dendrimer itself, or of a novel anisotropic
tubular dendronized structure77 that we are starting to
explore for use as a nanoscale resist, will be sufficient to
provide the necessary etch resistance.

APPLICATION OF DENDRIMERS IN
CATALYSIS: DESIGNING FREE-ENERGY-
DRIVEN UNIMOLECULAR NANOREACTORS

Catalysis with highly branched macromolecules, primar-
ily dendrimers, is well documented in the literature.78

In one approach, the dendrimer merely acts as a support,
displaying multiple copies of the catalyst at its periphery.
In another approach, catalysis occurs within the den-
drimer, offering possibilities of encapsulation of the re-
active site to avoid its deactivation, or the creation of a
special nanoenvironment that assists and enhances the
catalytic process. Although several dendrimer catalysts
in which catalysis occurs within the dendrimer have been
described, only a few have performed better than a model
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nondendritic system. The dendritic manganese porphy-
rins of Moore et al.82 showed improved stability in
solution in comparison with the free metalloporphyrin as
a result of encapsulation by the surrounding polymer.
The catalysts also provided some regioselectivity en-
hancements in the simple epoxidation of various dienes.
Several other investigations of the effect of the dendritic
superstructure on the catalytic activity of encapsulated
sites have failed to uncover a dendrimer advantage.8'
However, a critical reading of some recently published
work suggests that several of these approaches merely
involved the incorporation of a well-known catalytic site
in a dendritic superstructure. Because many of these
designs did not provide for mass transport within the
dendritic shell, product inhibition may well have been
responsible for the relatively lackluster performance of
several systems.

In view of our reading of these previous findings, we
have taken a broader molecular system approach to the
design of dendrimer catalysts. In this approach, instead
of focusing only on the catalytic center and its immediate
vicinity, we consider the overall environment of the
catalytic site and its interaction with the surrounding
medium (solvent) to incorporate not only the features
responsible for catalysis but also the appropriate mass-
transport machinery. Thus, the dendrimers should not
only provide a shielded reaction center but also function,
much like an enzyme, as a unimolecular, nanometer-size
reactor, transporting and concentrating the substrate to
the environment that best promotes the reaction, while
also removing the product from the catalytic site as soon
as it is produced.

This concept has now been reduced to practice in our
laboratory87' '8 in an active collaboration with Hawker
(IBM Almaden Research Laboratory). Therefore, Piotti
used the chemical nature and structural features of the
dendritic building blocks to generate a tailored nanoen-
vironment that assists in transporting the substrate and
product and in stabilizing crucial intermediates and tran-
sition states. Transport is realized by the exploitation of
free energy with a broadly applicable amphiphilic design
that makes use of the contrasting polarity between the
dendritic inner and outer environments, coupling it with
a polarity difference occurring during the course of the
catalyzed chemical transformation.

The amphiphilic design of the dendrimer catalysts is
general: it leads to preferential accumulation of sub-
strates and, in some instances, stabilization of transition
states or intermediates in the interior, while the product is
simultaneously expelled into the external medium,
thereby preventing inhibition of the reactive site. An
added feature of this free energy-driven mass transport is
the fast kinetics that result from the comparatively high

Reactants
are drawn

inside

Figure 9. Dendrimer as a catalytic nanoreactor ensuring mass
transfer in and out of the dendrimer interior in which the
reaction lakes place.

local concentration of the substrate that can be achieved
near the catalytic site within the dendrimer.87

Piotti's initial demonstration involved a rather simple
El-type elimination reaction (Fig. 9) with a specially
constructed dendrimer acting as a nanometer-size cata-
lyst/reactor. The catalyst is designed with a radial gradi-
ent of polarity with a hydrophobic exterior and a hydro-
philic interior that favors a low-energy transition state for
the carbenium intermediate of the elimination reaction
while also providing for preferential entry of the sub-
strate. The peripheral alkyl chains provide solubility in
nonpolar solvents, such as hexanes, helping to drive the
starting alkyl halide reagent into the more polar den-
drimer in which it concentrates. Because the elimination
is a first-order reaction, its rate is greatly influenced by
the ability of the dendrimer to concentrate the reagent
inside its polar interior, and this translates into high
turnover numbers (17,400) with almost quantitative con-
versions at very low catalyst loadings (<0.01 mol %).87

The generality of this concept was demonstrated by
Hecht,88 who reversed the polarities of the inner and
outer zones of the dendrimer catalyst to carry out a
bimolecular reaction that involved excited-state cataly-
sis. A dendritic photocatalyst incorporating a triplet sen-
sitizer as the core, relatively hydrophobic dendrons fa-
vorable for singlet oxygen reactions, and a hydrophilic
periphery is assembled and used to perform a bimolec-
ular [4+2]-cycloaddition between singlet oxygen and
cyclopentadiene in a highly hydrophilic water-methanol
mixture used as the solvent. The cyclopentadiene natu-
rally concentrates within the hydrophobic dendrimer in-
terior, and the reaction is started by the irradiation of the
solution to create singlet oxygen through the action of
the photoactive core of the dendrimer (Fig. 10).

<
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Figure 11. General concept of the targeted dendrimer-drug conjugate with multiple copies of the
drug (D) attached to the dendrimer hy a cleavahle linkage (left) and a four-arm PKO dendron used
for the delivery of the anticancer drug doxoruhicin (right: refs. 98-100).

ison with the free drug (e.g., doxorubicin), and so dele-
terious side effects are therefore minimized. The release
of the free drug from the multivalent dendritic conjugates
is based on the low pH that prevails within tumor tissue,
causing cleavage of the acid-labile linkages between the
drug molecules and the dendritic carrier.98 '" Biodistri-
bution experiments carried out on a number of different
dendritic architectures based on aliphatic polyester den-
drons showed that the carrier molecules had no signifi-
cant toxicity and could be eliminated through normal
excretion mechanisms, mostly through the kidney. In the
case of dendritic-linear doxorubicin conjugates, a slight
accumulation of the drug in vital organs was observed,
whereas the serum half-life of the doxorubicin conjugate
was significantly higher than that of the free drug.98

Thus, this and similar types of nanoscale drug carri-
ers102'103 exhibit promising characteristics for the devel-
opment of new polymeric drugs.

As mentioned earlier, we have demonstrated in recent
work that smart polymer carriers with controlled struc-
tures also have great potential for the effective delivery
of vaccines and for gene therapy.97' '4 The role of den-
drimers in such applications is still in infancy, but it is
clear that the area of targeted delivery of therapeutic
agents is one for which dendrimers and dendritic poly-
mers in general show great potential.

Finally, it should be mentioned that one of the earliest
medical applications of dendrimers was in the area of
diagnostics: Wiener et al. and Bryant et al.10' )7 have
explored the use of dendrimer-gadolinium (Gd'+) com-
plexes as contrast agents in magnetic resonance imaging.
The molecular size, polyvalence, and solubility of the

dendrimers could be exploited to prepare diagnostic
agents with high relaxivity and long residence times in
the blood; this reduced the dose and the number of
injections while providing maximum contrast.

Today, it appears that dendrimers and nanoparticles
are poised to provide access to a future generation of
delivery vehicles that will combine diagnostic function
with the on-demand delivery of one or more therapeutic
agents.

CONCLUSIONS

Dendrimers and dendritic polymers are important com-
ponents of the developing areas of nanoscience and
nanotechnology. Given their size, typically in the single-
digit nanometer range, their remarkable architecture, and
their multifunctional character, dendrimers are nearly
ideal building blocks that may be assembled with other
functional components either covalently or in a supramo-
lecular fashion. Few other materials possess the internal
organization, functional versatility, and excellent physi-
cal properties of dendrimers. There is little doubt that
molecules possessing dendritic features and polyvalent
character can provide valuable functions in areas as
varied as optoelectronics, information storage, medical
diagnostics and therapeutics, and catalysis. Whether or
not these applications become commercial will depend in
large part on the cost effectiveness of dendritic materials.
As is the case with many new significant scientific de-
velopments involving novel materials, commercial im-
plementation will require a long lead time, and the im-
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