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Preface 

As a start to a "tetralogy" on dendrimers, the volumes "Dendrimers" and "Den° 
drimers II" have already appeared in print. This mini-series continues now with 
the latest volume "Dendrimers III" and will be completed by the fourth volume 
"Dendrimers IV" within the next few months. Volume III offers dendrimers 
based on novel design concepts leading to highly stiffened and shape persistent 
dendritic structures as well as to new families of rather soft and floppy den- 
drimers and focuses on new functional properties and materials aspects. As 
an example, the question of host-guest interactions with dendrimers, whose 
existence has been under intense debate for a long time, finds its final - and posi- 
tive - answer in this volume. As a consequence, dendrimers clearly represent a 
subset of supramolecular chemistry. 

The present volume not only contains an up-to-date collection of reviews by 
distinguished pioneers in the field of dendritic molecules, but also gives pro- 
found insight into interdisciplinary fields. Dendritic macromolecules are in- 
cluded as well as the analysis of the dendrimers' shapes and densities by small 
angle scattering techniques. Applications in nanotechnology range from the 
inclusion of finely dispersed metals to nano clusters and semi-conducting 
materials. The advantages of dendritic architectures - the control of solubility, 
their nanometer dimensions, their ability to bind guests in"dendritic boxes", the 
"additivity" of physical properties, the protection of sensitive core units by the 
dendrimer shell - have been used in many respects. Dendrimers as catalyst sup- 
port, sensing agents, diagnostic tools, or as promoters for gene transfection are 
under study or have already been realized. 

"Dendrimers III" is also intended to organize the impressive variety of scien- 
tific results from the field of dendrimers. This offers a basis for further develop- 
ment and helps to promote future applications. The reviews presented here 
should also prove useful in view of upcoming events such as the dendrimer 
workshop in Kiel/Germany (January 2001) and the second International Den- 
drimer Symposium in Tokyo/Japan (October 2001). 

Bonn, June 2000 Christoph A. Schalley, Fritz V6gtle 
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This chapter describes the state of the art of the synthesis, characterization, functionalization,
and possible applications of all-phenylene dendrimers. Due to their high number of benzene
rings, this type of dendrimer distinguishes itself by high stiffness, shape persistence, and na-
nometer dimensions. This allows their use especially as chemically and thermally inert nano-
supports for, e.g., chromophores, catalysts, but also as hosts for guest molecules due to large
stable cavities. In addition, the surface and bulk self-organization properties of these poly-
phenylene dendrimers are presented.

Keywords. Polyphenylene dendrimers, Dendrimer, Shape persistence, Self-assembly, Nanosup-
port
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1
Introduction

Since the first reported synthesis by Vögtle et al. [1] in 1978, dendrimers have re-
ceived increasing interest, well documented by an exponential growth of pub-
lished articles [2]. This interest is connected with properties like globular shape
and defined size resulting from low dispersities of these macromolecules with
regular and highly branched three-dimensional architectures.

Dendrimers are synthesized by the repetition of a sequence of reaction steps
leading after each repetition to a dendrimer one generation larger. Two different
synthetic approaches are known depending on the starting point: a divergent
one, building the dendrimer layer-by-layer from a central core to the periphery
and a convergent one, where the dendrimer grows from the periphery toward
the central core. The divergent approach has been used by Vögtle et al. [1], and
later Wörner and Mülhaupt [3] and de Brabander et al. [4] to synthesize
poly(propylene imine) or by Tomalia et al. [5,6] to synthesize the starburst-poly-
amidoamine (PAMAM) dendrimers. The construction process is by the addition
of dendrimer building units to a core molecule possessing one or more reactive
sites, representing the zeroth generation. After addition of the branching units,
each newly created branch is a starting point to which several further sub-bran-
ches may be connected. The number of branches that grow from a branching
point depends on the branching unit. For example, in the case of an A2B bran-
ching unit the number is two, in the case of an A4B branching unit, four. By re-
peating this addition process, dendrimers of successive generations are synthe-
sized. To obtain dendrimers with functional groups on the surface in defined
positions, monomer units carrying the corresponding groups must be added to
the growing dendrimer in the final step. The number of reactive sites, necessary
for the addition of a further layer of branching units, increases exponentially
with the number of generations. Therefore, the synthesis of macromolecules
with molecular masses higher than 10,000 g/mol is possible by using only a few
reaction steps. It is important, however, that all reactive groups react completely,
because separation of product mixtures is in most cases impossible due to the
small differences in properties, like molecular mass, size, or polarity.

In the case of the convergent approach, introduced in 1990 by Fréchet and co-
workers [7–9] and followed shortly thereafter by Miller and Neenan [10], syn-
thesis of dendrimers starts from the periphery of the dendrimer and ends by
attaching the branches to the core. The first step is the addition of one branching
unit to the terminal units. By repetition of the addition step, successive genera-

2 U. Wiesler et al.



tions of dendrons (dendrimer branches with reactive groups at the focal point)
can be synthesized. In the last step these dendrons are added to a polyfunctio-
nal core to yield dendrimers. In contrast to the divergent approach, only a con-
stant and low number of reactive sites have to be converted during the forma-
tion of a new generation. Therefore, every new generation can be purified and
the convergently-produced dendrimers are relatively defect free [11]. Another
advantage of the convergent approach is the possibility of obtaining dendrimers
with multiple types of functionalities at the periphery by the selective addition
of variously functionalized dendrons to a core [12–15]. Nevertheless, due to the
steric hindrance around the reactive site in the focus of the dendron, reactivity
decreases with increasing generations and therefore only lower generations of
dendrimers can be synthesized by the convergent approach. In summary the two
approaches may be regarded as complementary, with respect to product size,
purity, and functionalizability.

In addition to monodispersity at high molecular masses and high regularity,
the 3-dimensional structures of dendrimers have attracted the interest of chem-
ists. The first theoretical work was presented by de Gennes and Hervet, who de-
veloped the concept of dense [16]. Their self-consistent field model indicates
that dendrimers can freely grow up to a certain limiting generation. Due to the
fact that the number of branches increases exponentially with the number of ge-
nerations, whereas the radius of the dendrimer increases only linearly, the outer
shells have progressively higher densities leading to a globular architecture. De
Gennes and Hervet concluded that dendrimers must have lower densities in the
center than on the surface and that terminal reactive groups should be on the
surface. Recent empirical studies (especially on the position of functional
groups within dendrimers) cannot confirm the ideal structure which has been
postulated by de Gennes and Hervet. Viscosimetry [17], NMR [18], and fluo-
rescence depolarization [19] measurements have shown for Fréchet-type po-
lyaryl-ether dendrimers that, due to the flexible nature of these dendrimers, end
groups are found throughout the dendrimer volume. Furthermore, the shape
and size of the dendrimer are also solvent dependent. Small-Angle-Neutron-
Scattering confirms the flexible character of poly(propylene imine) dendrimers,
showing that this type has a homogenous density distribution [20]. Indirect evi-
dence for the high mobility is the self organization of alkyl or perfluoroalkyl sub-
stituted polyaryl ether dendrons, as shown by Percec et al., which requires fle-
xible dendrimers that can organize into spheres or columns [21–23]. Therefore,
flexible dendrimers tend to be neither shape persistent nor are their terminal
functional groups located on the surface of the dendrimer. This is also characte-
ristic for linear functional polymers. Their use as, e.g., support for dyes or cata-
lysts is limited and thus there is a need for inherently more rigid dendrimers.

Given the high mobility of dendrimers based on alkyl chains, other efforts
have been aimed at “stiffening” three-dimensional, nanometer sized dendrimers.
One approach is to connect benzene branching points by two s-bonds, as in the
polyaromatic dendrimers. Hart synthesized dendrimers based on extended trip-
tycenenes, and these dendrimers show high stiffness and shape-persistence [24].
Another approach is to connect the branching points of the dendrimer with in-
herently stiff chains, e.g., poly-p-polyphenylenethynylenes and poly-p-phenyl-
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enes. They allow rotation only around the chain axis and therefore conformatio-
nal isomerism is impossible. Examples of this kind are the dendrimers synthe-
sized by Moore and Xu [25, 26] and the polyphenylene dendrimers by Miller and
coworkers [10, 27, 28] and by us [15, 29–35], which will be presented in detail in
this chapter. The dendrimers by Moore and Xu and by Miller and coworkers are
based on 1,3,5-substituted benzenes 1 as branching points which, due to the
angles in the chains, exhibit conformational isomers and therefore mobility aro-
und the chain. Our dendrimers are based on 1,3,4-substituted branching points
2. Due to the 1,4-substitution, like in linear polyphenylenes, we have linear radi-
ating backbones in our dendrimers that dictate size and shape (Scheme 1).

4 U. Wiesler et al.

Scheme 1. Second generation of polyphenylene dendrimers based on palladium catalyzed
coupling (1) and Diels-Alder cycloaddition (2)
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To the best of our knowledge, apart from the above-mentioned systems of
Miller and Neenan and the dendrimers presented by our group, no further work
on large, highly branched polyphenylene dendrimers has been reported. This
chapter will start therefore with the different ways of synthesizing these den-
drimers, followed by their functionalization, characterization, and some appli-
cations. Finally, we present an outlook describing future work.

2
Synthesis of Polyphenylene-Dendrimers

2.1
Divergent Procedures

As a result of our effort to develop routes to extended polyaromatic hydrocar-
bons (PAH), we reported in 1997 the divergent synthesis of a new type of all-
polyphenylene dendrimer. The synthesis is based on two reactions with nearly
no side-reactions and yields above 99% – the Diels -Alder cycloaddition of
tetraphenylcyclopentadienones to ethynes, the “growing step” and the desilyla-
tion of triisopropylsubstituted alkynes, the “deprotection step.” The [2+4] Diels-
Alder-type cycloaddition of tetraphenylcyclopentadienones to ethynyl com-
pounds yields, on elimination of carbon monoxide, phenyl substituted ben-
zenes. In order to use this reaction for dendrimer synthesis, we introduced the
A2B building unit 3,4-bis[4-(tri-iso-propylsilylethynyl)-phenyl]-2,5-diphenyl-
cyclopentadienone (3, Scheme 2). This molecule contains a diene subunit for the
Diels-Alder cycloaddition, the tetraphenylcyclopentadienone, and two protect-
ed dienophile functions, the ethynes. The bulky triisopropylsilyl (TiPS) substi-
tuents serve to protect 3 from self-cycloaddition. After isolation of the TiPS-
ethynyl substituted dendrimer, the protecting groups can easily be removed by
fluoride salts, such as tetrabutylammonium fluoride, to give the ethynyl-substi-
tuted dendrimers. The starting material for this route, 3, can be synthesized via

Nanosized Polyphenylene Dendrimers 5
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the double Knoevenagel condensation of 4,4¢-bis(tri-iso-propylsilylethynyl)
benzil [29] and 1,3-diphenyl-2-propanone on a large scale with yields up to 85%.

The synthesis of dendrimers via the divergent method starts with the addi-
tion of the building unit to a polyfunctional dendrimer “core.” In Scheme 3 the
synthesis of the dendrimers based on the core tetra-(4-ethinylphen-1-yl)-me-
thane (4) is shown. The synthesis of these dendrimers starts with the “growing
step,” in this case the addition of the building unit 3, to core 4. Thus 5, the first-
generation dendrimer with TiPS-substituted ethynes, is obtained. Deprotection
with tetrabutylammonium fluoride yields the corresponding ethynyl substitut-
ed first-generation dendrimer 6. Now the free ethynes of 6 allow the build up of
the next generation by repeating the cycloaddition and the deprotection. In this
way, we could synthesize ethynyl-substituted monodisperse polyphenylene 
dendrimers up to the third generation. These dendrimers, in the case of the third
generation containing 144 phenylene rings, are obtained completely mono-
disperse and with yields of approx. 80% over all reaction steps (Scheme 3). By
Diels-Alder addition of tetraphenylcyclopentadienone to this third-generation,
ethyne-substituted dendrimer, a monodisperse dendrimer containing 304
phenylene rings, can be obtained. By comparison, attempts to construct the
ethynyl-substituted fourth generation by addition of our A2B building unit 3 re-
sults in incomplete reaction. Success with the sterically less demanding tetra-
phenylcyclopentadienone indicates that density is sufficiently high in the third
generation to prohibit higher generations.

The “growth step” procedures for the cycloaddition reaction are very simple.
Combination of an ethynyl-substituted dendrimer and an excess of the cyclo-
pentadienone in a refluxing solvent such as o-xylene, diphenylether, or methyl-
naphthalene (with b.p. higher than 130 °C) typically results in quantitative con-
version within 24 h. The refluxing of the solvent is necessary to accelerate the eli-
mination of the carbon monoxide in the cycloaddition. The purity of the
resulting compounds was checked by MALDI-TOF mass spectrometry which
showed quantitative reaction, facilitating work-up. By repeated precipitation in
methanol, the pure product can be isolated as white amorphous powders in
yields higher than 90%.

The “deprotection step” and subsequent purification are equally facile. Expo-
sure of a TiPS-ethynyl-protected dendrimer to tetrabutylammonium fluoride in
THF results in a quantitative reaction within 2 h. The tetrabutylammonium salts
can be removed by silica plug filtration rendering pure product, and the obtain-
ed yields are higher than 95%. If deprotection is effected instead with ammo-
nium fluoride and catalytic amounts of tetrabutylammonium fluoride, even si-
lica plug filtration is unnecessary.

Due to the inherent stiffness of 1,4-phenylene based polymers and based on
molecular modeling calculations (see below), the question arises whether the
shape of the dendrimer can be predetermined by choosing an appropriate core.
This should be important for the use of dendrimers in single molecule applica-
tions, as carriers for dyes for single molecule optical spectroscopy or as building
blocks for two- and three-dimensional assemblies. There are two possibilities:
variation of the core and variation of the building unit. Therefore, we synthesiz-
ed dendrimers based on cores with different symmetries presented in Scheme 4.

6 U. Wiesler et al.
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Scheme 3. Divergent synthesis of the polyphenylene dendrimers based on the Diels-Alder cy-
cloaddition
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The biphenyl core 9 promotes the growth of the dendrimer from the 3,3¢,5,5¢ po-
sitions. The aforementioned tetraphenylmethane core 4 allows a tetrahedral
growth of the dendrimer, whereas the 1,3,5-triethynylbenzene core 10 and the
hexa-(4-ethynylphenyl)benzene core 11 promote an anisotropic extension along
the plane of the central phenylene ring, so that propeller and pancake-shaped
dendrimers should be obtained (Scheme 4). From all these cores it is possible to
synthesize dendrimers up to the fourth generation, the properties of which will
be presented later.

Variation is not only limited to the core. By using building units with different
degrees of branching, the density of the dendrimers and therefore their shape
can also be influenced. We introduced, apart from the A2B building unit 3, the
A4B building unit 12 (Scheme 5).This building unit contains four dienophiles in-
stead of two, which allow the growth of four branches from each functional
group. Using this building unit we are able to synthesize the first-generation
dendrimers from the tetraphenylmethane core 4 and the biphenyl core 9 substi-
tuted with 16 TiPS-ethynyl functional groups. After deprotection of the ethyne
groups addition of tetraphenylcyclopentadienone yields the second-generation
dendrimers with 104 and 102 phenylene rings, respectively, with a calculated
dendrimer diameter of 4 nm. Due to this high density, the addition of a second
layer of A4B building unit to the first-generation ethynyl-substituted dendrimer
leads only to polydisperse products, indicating that structurally perfect higher
generations are not possible.

8 U. Wiesler et al.

Scheme 4. Variation of the shape of polyphenylene dendrimers by using different cores
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Scheme 5. Variation of the density of the dendrimer by variation of the multiplicity of the 
building unit
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2.2
Convergent Procedures

2.2.1
Via Pd-Catalyzed Coupling

The first report of all-phenylene dendrimers was presented in 1990 by Miller
and Neenan [10]. Via a convergent approach, they coupled arylboronic acids to
arylbromides under Suzuki-type conditions to synthesize the first two genera-
tions of polyphenylene dendrimers based on 1,3,5-triphenylene building units
(Scheme 1).

The synthesis begins with the coupling of 3,5-dibromo-1-(trimethylsilyl)
benzene to phenylboronic acid, yielding the first-generation dendron 16
(Scheme 6). The trimethylsilyl function is converted to the coupling-active
boronic acid by the action of boron tribromide followed by hydrolysis, yielding
the first-generation boronic acid substituted dendron 17. By repetition of the re-
action sequence, the second-generation dendrons 18 and 19 are obtained. To
synthesize, for example, the dendrimer 21 from the corresponding dendron, the
boronic acid 17 is coupled to 1,3,5-tribromobenzene (20) (Scheme 6). The over-
all yield, with 31%, is limited by the incomplete reactions in each step, as well as
side reactions in the Suzuki coupling and the subsequent boronic acid synthe-
sis.

In 1992 Miller and coworkers presented the synthesis of the third-generation-
1,3,5-benzene-based polyphenylene dendrimer 23 (Scheme 6) [27].Whereas the
Suzuki-coupling of 19 with 16 to the trimethylsilyl-substituted second-genera-
tion dendron occurs with 67% yield, the subsequent boronation with boron tri-
bromide yields only the protonated product. Therefore the authors turned to a
convergent/divergent approach where 19 is coupled to 22, a core having 4 phenyl
rings and 6 bromines. The yield of the coupling step is 58% and the overall yield
based on 16 and 22 is 26% after purification by column chromatography and
recrystallization. TLC-analysis of the progress of the Suzuki coupling reaction
indicates that the first three bromines are replaced rapidly, whereas the replace-
ment of the remaining bromines is slower. This result, typical for convergent
dendrimer synthesis, is caused by the reduction of the rate of bond formation by
nonproductive collisions of the large reactant [8, 27].

2.2.2
Via Diels-Alder Cycloaddition

In 1999 Wiesler and Müllen developed a convergent method for the synthesis 
of polyphenylene dendrimers based on a pentaphenylbenzene repeating unit
[15]. This synthesis is based on two alternating orthogonal reactions: (i) the
Diels-Alder cycloaddition of tetraphenylcyclopentadienones to phenylene-sub-
stituted ethynyls and (ii) the Knoevenagel-condensation of benzils with 1,3-di-
phenylacetones to cyclopentadienones. The starting point of the synthesis is
4,4¢-diethynylbenzil (24) which contains two ethynylic dienophile units and 
one ethanedione function which can react in a Knoevenagel condensation
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(Scheme 7). The two-fold Diels-Alder cycloaddition of an excess of tetra-
phenylcyclopentadienone (13), which is regarded as a first-generation dendron,
to 24 in refluxing o-xylene leads to the second-generation benzilic dendron 25.
The dendron is isolated as a pale yellow amorphous powder in 91% isolated
yield. The Knoevenagel condensation of 25 with 1,3-diphenylacetone (26) to the
corresponding cyclopentadienone dendron 27 is achieved in dioxane and in the
presence of tetrabutylammonium hydroxide as a base. Like 25, the cyclopentadi-
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Scheme 6. Palladium catalyzed synthesis of polyphenylene dendrimers
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Scheme 7. Convergent synthesis of the polyphenylene dendrimers based on the Diels-Alder
cycloaddition



enone dendron 27 can be easily precipitated in ethanol, in this case as a pale red
solid in 85% yield. The synthesis of the next generation of the cyclopentadi-
enone dendron, via the Diels-Alder cycloadditon of 27 to 24 and followed by the
base-catalyzed Knoevenagel condensation of 1,3-diphenylacetone (26) to the re-
sulting benzil dendron, fails due to the incomplete Knoevenagel condensation.

The fourfold cycloaddition of an excess of cyclopentadienone dendron 27 to
the tetraethynyltetraphenylmethane 4 in diphenylether at 200°C affords dendri-
mer 2 in 85% isolated yield, respectively (see Scheme 7). Dendrimer 2 corre-
sponds to the second-generation polyphenylene dendrimer made by the diver-
gent method [30]. It should be mentioned that while the addition of dendron 27
to the biphenyl core 9 takes two days the addition to the tetraphenylcore 4 takes
one week. This can be explained by the higher mobility of the biphenylic core
compared to the stiff tetrahedral core, which allows the proper orientation of the
ethynyl functions for reactions with the bulky dendrons.

Compared to the divergent approach, the convergent method at first glance
yields the same monodisperse products with similarly high yields. However,
though the convergent method can be used to synthesize dendrimers only up to
the second generation, this method opens the way to dendritic polymers carry-
ing substituents of more than just one kind. In contrast, the divergent approach
may be successfully used up to the fourth generation, but it only allows the or-
dered attachment of one kind of functional group. Both methods have in com-
mon that they yield monodiperse polyphenylene dendrimers in high yield.

3
Characterization

To characterize dendrimers, analytical methods used in synthetic organic
chemistry as well as in macromolecular chemistry can be applied. Mass spec-
trometry and NMR spectroscopy are especially useful tools to estimate purity
and structural perfection. To get an idea of the size of dendrimers, direct visual-
ization methods such as atomic force microscopy (AFM) and transmission elec-
tron microscopy (TEM), or indirect methods such as size exclusion chromato-
graphy (SEC) or viscosimetry, are valuable. Computer aided simulation also be-
came a very useful tool not only for the simulation of the geometry of a distinct
molecule, but also for the estimation of the dynamics in a dendritic system, es-
pecially concerning mobility, shape-persistence, and end-group disposition.

Good solubility (see below) of the polyphenylene dendrimers enables char-
acterization by mass spectrometry, which is an excellent tool for determining
their molecular mass and purity. Usually characterization is performed using
fast-atom-bombardment (FAB), matrix-assisted-laser-desorption-ionization-
time-of-flight mass spectrometry (MALDI-TOF) or field-desorption mass spec-
trometry (FD). Miller et al. characterize their dendrimers using FAB mass spec-
trometry for compounds with masses up to 3500 g/mol [27]. Concerning the
purity, they reported that, according to their mass spectra, clean parent ions for
each dendrimer are detected [10].We are able to characterize our polyphenylene
dendrimers up to the fourth generation using MALDI-TOF mass spectrometry
[36]. An example mass spectrum of one of several perfect dendrimers, in this
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case the fourth-generation dendrimer 30, is given in Scheme 8, showing only one
single peak corresponding to the molecular mass. The perfect agreement be-
tween the calculated and experimentally determined m/z ratios for different
generations of dendrimers confirms their monodispersity not only for these
unfunctionalized polyphenylene dendrimers, but also for those bearing func-
tional groups.

The characterization of our polyphenylene dendrimers via mass spectrome-
try is particularly valuable because it allows the detection of potential growth
imperfections during the [2+4] cycloaddition, even at the higher generations
with molecular masses above 20,000 g/mol. In this way, incompletely reacted
products give signals at lower molecular masses with characteristic mass differ-
ences in comparison to a perfectly reacted dendrimer.

Beside mass spectrometry, NMR spectroscopy is a useful and widely applied
tool to characterize the structure of dendrimers and estimate their purity [37].
In the case of polyphenylene dendrimers NMR spectroscopy is of only limited
value for determining structure and purity. This is due to the large number of

14 U. Wiesler et al.

Scheme 8. MALDI-TOF mass spectrum of 30. The calculated molecular weight of [C1812H1210 ,
Ag]+ 30 is 23091 g/mol



aromatic protons and carbons within each new dendrimer generation, leading
to an increasing number of overlapping signals in the spectra. Nevertheless, for
the smaller dendrimers (up to the second generation) structural characteriza-
tion is possible.Characterization of higher generations is also feasible if the den-
drimers possess symmetry, such as D3h symmetry for the polyphenylene den-
drimers developed by Miller and coworkers, which diminishes the number of
NMR signals and makes them more easily distinguishable and assignable [10,
28]. In our case, the appearance of characteristic signals, such as a singlet for the
proton of the central benzene of the pentaphenylbenzene subunits, allows the
identification of different layers of the dendrimer.

To obtain some insight into the dynamics of our polyphenylene dendrimers
based on a biphenyl and tetrahedral core, we subjected them to solid-state NMR
experiments. These experiments should provide information on the mobility of
different parts of the dendrimers. For the detection of slow dynamics within the
dendrimer, (typical frequencies between 10–1 and 103 Hz), static 13C exchange
and CODEX (centerband-only-detection of exchange) experiments have been
applied in cooperation with Spiess et al. [38, 39]. They show that our polypheny-
lene dendrimers are surprisingly rigid dendrimers and that slow dynamic pro-
cesses are limited to local flip motions of single phenyl rings with flip frequen-
cies of 10 Hz. Spiess et al. [39, 40] also demonstrated that the mobility of the 
dendrimer increases with each further generation. This can be an explanation
for the observed better solubility of higher generation dendrimers. These expe-
riments also reveal that dendrimers based on the tetrahedral core, like 2, are less
mobile than those based on the biphenyl core, like 15, which shows mobility
along the inner biphenyl bond of the core. Fast motional processes with correla-
tion times on the µs scale were characterized by 13C-1H-Multiple-Quantum
Spectroscopy. These motional processes can be attributed to 60° vibration of
phenyl groups around their linking bond.

SEC (size exclusion chromatography) can be a useful tool in the analysis of
the molecular mass, but is more reliable for the dispersity of the resulting den-
drimers. However the molecular weights obtained for polyphenylene dendrim-
ers are at best approximately correct and may in some instances be seriously in
error, as is typical when dealing with molecules differing from the polystyrene
standard. Size-exclusion chromatograms of Miller and Neenan dendrimers sup-
port the assertion that they are single compounds [10, 27]. Their chromato-
grams show monomodal single peaks whose retention times decrease with in-
creasing molecular weight. The narrow monodispersity of these dendrimers
compares quite favorably with those of polystyrene molecular weight standards.
As is typical, the higher the molecular masses of our dendrimers, the shorter are
the retention times on the SEC column. The measured molecular masses calcu-
lated from the SEC traces of our dendrimers based on polystyrene standards are
lower than the nominal masses and the differences increase with increasing
molecular mass [41]. One can interpret this phenomenon by noting the adop-
tion of a more globular shape for the dendrimers compared to polystyrene ran-
dom coils. The Mw/Mn-ratio obtained by SEC is found to be between 1.03 and
1.05 which is characteristic for monodisperse dendrimers [7]. Compared to
MALDI-TOF mass spectrometry, results obtained from SEC give only qualitative
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answers about the dimension and the purity because the resolution of SEC is not
high enough to detect small defects on the dendrimers. Very good agreement
between nominal molecular masses and measured ones is given by vapor pres-
sure osmometry. Whereas for the second-generation dendrimer 2 the measured
mass corresponds very well to the nominal ones, for higher generations the mea-
sured masses are lower due to the experimental limitations of this method for
high molecular masses [42].

Polyphenylene dendrimers are thermally extremely stable, as expected for
molecules consisting of benzene units. The unsubstituted polyphenylene den-
drimers based upon 1,3,5-trisubstituted benzene synthesized by Miller and co-
workers as well as our unsubstituted dendrimers start to decompose at temper-
atures above 450 °C as revealed from TGA under air and nitrogen [27]. The de-
composition temperature for substituted dendrimers strongly depends on the
introduced functionality. DSC experiments have been performed to study the
thermal behavior and possible phase transitions of polyphenylene dendrimers.
Miller and coworkers observed glass-transitions due to higher conformational
mobility for their dendrimers. The glass-transition temperatures increase with
molecular weight from 126 °C for the first generation to 220 °C in the third 
generation (23). Our unfunctionalized dendrimers show neither glass transi-
tions nor other phase changes below the decomposition temperature due to the
higher stiffness as well as the larger molecular weight.

It is difficult to evaluate the shape of such dendritic particles experimentally.
However, some insight can be gained by atomic force microscopy (AFM) and
transmission electron microscopy experiments (TEM). AFM experiments can
give information about the overall size of the dendrimers, as shown by De
Schryver [43], by spincoating very dilute solutions of dendrimers like 30 on
mica, then visualizing single dendrimers. Their height measured in this manner
corresponds very well to the diameters calculated by molecular mechanics si-
mulations. First results from TEM measurements also confirm the expected di-
mensions [44]. Unfortunately, due to resolution limits, up to now direct visual
information could not be obtained about the shape of the dendrimers.

In recent years, computer simulation has become a widely used tool giving
the chemist a good indication of the three-dimensional structure and the
dynamic behavior of a molecule. Molecular calculations therefore seems to be
suitable for the consideration of structural aspects.

Molecular mechanics optimization gives information about the theoretical
extension of a molecule which can be compared with experimentally obtained
data, e.g., AFM to get a better idea about the size and shape of these molecules.
We estimated the diameters of the first- to the fourth-generation dendrimers
based on the biphenyl core by using the Cerius2 molecular modeling package
(Scheme 9) [31, 45, 46]. Table 1 gives an overview of the number of phenylene
rings, molecular masses, and calculated sizes of different generations of unfunc-
tionalized polyphenylene dendrimers from us and those synthesized by Miller
et al. [27]. It is obvious, that our dendrimers grow much faster and have a higher
packing density of phenylene rings in comparison to those of Miller et al.

Molecular mechanics calculations on dendrimer 28 and 15 reveal the exis-
tence of several local minima. To obtain the global energy minimum, one-half of

16 U. Wiesler et al.



the molecule was optimized in the first step by energy minimization using 144
and 1024 different conformers. Following this method, one conformer for half of
28 and 15 with a lower energy than any other has been found (Scheme 10) [47].
This conformer has been used to build the complete dendrimer. Thus the pro-
posed three-dimensional structure of 15 finally consists of a twisted central bi-
phenyl unit carrying four branches which are nearly orthogonal to the central
biphenyl unit.

Molecular dynamics calculations on a second-generation dendrimer, like 15,
based on a biphenyl core have shown that this molecule does not significantly
change size and shape when allowing rotations about the inter-ring bonds. The
observation of the intermolecular distances shows that all distances changed by
only 5–10% throughout the whole simulation time, which indicates that the
overall shape of the molecule is persistent. This behavior can be due to the very
large number of benzene rings in a defined space (high packing density) causing
strongly correlated rotations within the molecule as well as the rigidity of the
poly-p-phenylene chain in each branch [45]. In fact they can thus be regarded as
shape-persistent nanoparticles. This is in strong contrast to conventional den-
drimers, which are built up from aliphatic bonds, where the conformational
mobility allows backfolding of the branches.

This stiffness also has an influence on the shape of the dendrimers, when dif-
ferent core building units are employed. The biphenyl core 9 leads to the dumb-
bell shaped molecule whose most stable conformers show a twist between 20°
and 60° around the central biphenyl unit. 2, based on the tetrahedral core 4, with
a diabolo-like molecular shape which resembles the shape of the core very well.
Due to the large number of benzene rings around the central methane unit, the
branches are hindered in their rotation (Scheme 4), lowering the internal mobil-
ity of the molecule compared to 15.

According to these simulations, the dendrimers based on core 10 adopt 
a false-propeller structure, while the dendrimers based on the hexaphenyl-
benzene core 11 adopt a true-propeller type structure. The difference lies in 
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Table 1. Overview of the number of phenylene rings, molecular masses, and calculated sizes of
different generations of unfunctionalized polyphenylene dendrimers from us and those syn-
thesized by Miller et al. [27]

Number of Molecular mass Size (nm)
phenyl rings g/mol

Dendrimers based on Pd-catalyzed coupling
(G1) 10 760 2.0
(G2) 22 1670 2.8
(G3) 46 3500 3.5
Dendrimers based on Diels-Alder cycloaddition
Biphenyl core (G1) 22 1670 2.5
Biphenyl core (G2) 62 4720 3.8
Biph A4B (G2) 102 7760 3.6
Biphenyl core (G3) 142 10810 5.1
Biphenyl core (G4) 302 22980 6.4
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Scheme 9. Three-dimensional stick-and-ball model of the first four generations of a poly-
phenylene dendrimer built from the biphenyl core and the A2B building blocks
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the orientation of the branches around the center of the molecule. In the case 
of the false propeller, there is no rotational symmetry around the center [34,
45].

The shape of the entire polyphenylene dendrimer is also determined by the
building block used. Dendrimers based on the A4B-branching unit 12 tend to
adopt a spherical shape, even at lower generations, regardless of the type of the
core. This is not only due to the extremely high density of phenyl rings (40
phenyl rings more in comparison to a 15 dendrimer) within the dendrimers 14,
but also to the fact that the A4B-branching unit 12 allows a more even growth in
all directions than unit 3 [33].

4
Functionalization

In contrast to dendrimers built up from aliphatic chains, polyphenylene dendrim-
ers exist as shape persistent nanoparticles as we have demonstrated above.The pre-
paration of functionalized dendrimers is the key step towards various applications.

Functional groups can be introduced at different locations in the dendrimer.
Placement in the core of the dendrimer results in a topological isolation and
protection of the functional group from the environment [48, 49]. Furthermore,
single shells of the dendrimer corresponding to different generations can be en-
dowed with functionalities [50]. Thus particles with functions having a defined
depth under the surface can be realized. The decoration of the dendrimer sur-
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28 15

Scheme 10. Chemical structure and procedure for the calculation of the polyphenylene den-
drimer generations G1 and G2. The dotted lines mark “half-G1” and “half G2,” respectively



face with functionalities yields a multiplication of the functional groups placed
strictly at the outer perimeter [51].

It has been shown that the variation of the dendrimer core strongly influ-
ences the structure of polyphenylene dendrimers (Scheme 4). However, the in-
troduction of functional groups at the periphery does not influence the shape of
the polyphenylene dendrimers, because of their rigid structure where a back-
folding of the branches is barely possible [31]. In this way, functionalization of
the stiff dendrimer leads to a shell consisting of the functional groups shielding
the aromatic interior. This constitutes a strong contrast to dendrimers built up
from aliphatic chains where the functional groups of the outer generation are
distributed evenly throughout the molecular volume [11]. Therefore, poly-
phenylene dendrimers are attractive targets as they allow tailor-made modula-
tion of their physical and chemical properties, e.g., volatility, polarity, solubility
and adsorption by introduction of functional groups into the last generation.
They also allow selective group insertion into the “microsphere” inside of the
macromolecule.
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Scheme 11. Palladium catalyzed synthesis of fluorinated polyphenylene dendrimers



Miller et al. reported the convergent synthesis of different generations of
polyphenylene dendrimers bearing perfluorinated phenyl rings in the outer
sphere [27]. These fluorinated materials are of interest due to their more hy-
drophobic behavior and their increased volatility [27]. The synthesis of these
fluorinated dendrimers is achieved via Suzuki-coupling of a 3,5-bispentafluoro-
phenylboronic acid (31) with 1,3,5-tribromobenzene (20) for the first-genera-
tion or with 1,3,5-tris(3,5-dibromophenyl)benzene (22) for the second-gen-
eration dendrimer (Scheme 11). In this way Miller et al. were able to synthesize
polyphenylene dendrimers decorated with 30 (second-generation 32) and 60
(third-generation 33) fluorine substituents at the periphery.

We are able to functionalize our polyphenylene dendrimers via three differ-
ent methods: the use of functionalized cyclopentadienones, polymer-analogous
reactions (group conversions), and electrophilic aromatic substitution.

4.1
A Priori Group Introduction

The introduction of the functional group in the course of the synthesis (a priori)
presents an elegant way to place the functionalities in topologically well defined
locations in the dendrimer.

4.1.1
Cyclopentadienone-Route

By means of this synthetic approach, we are able to place a defined number of
groups in any shell (i.e., generation) of the dendrimer. This can be achieved by
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Scheme 12. Functionalization of polyphenylene dendrimers via the cyclopentadienone route



using cyclopentadienone building units carrying the functional groups 34
(Scheme 12) [29, 34, 35, 47].

We thus obtain defined, monodisperse, defect-free functionalized dendrim-
ers, which are easily purified due to the high mass differences between the
cyclopentadienone and the final dendrimer. However, for each new functional-
ity, an appropriate cyclopentadienone building unit has to be synthesized. This
can be achieved via a double Knoevenagel reaction of an already functionalized
benzil 35 and diphenylacetone 24. For example, 4,4¢-dibromobenzil (35a) as well
as 4,4¢-dimethoxybenzil (35b) are commercially available and give the cyclo-
pentadienone building unit with two bromo- or methoxy substituents in high
yields [30, 34]. Furthermore the bromo substituent of the dibromocyclopenta-
dienone can be quantitatively converted into a cyano (37) or amino (38) func-
tion (Scheme 13) [52].

22 U. Wiesler et al.

Scheme 13. Synthetic ways to functionalized cyclopentadienones (i, CuCN, DMF; ii,
(C6H5)2NH, tris(dibenzylideneacetone)dipalladium (0), 2,2¢-bis(diphenylphosphinol)-1,1¢-
binaphthyl (rac.), CsCO3, toluene)
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Since the Diels-Alder reaction takes place at high temperatures only, an im-
portant requirement of the functional groups is their thermal stability, which in
some cases necessitates protection. So far we were able to decorate our poly-
phenylene dendrimers via this method with various functional groups includ-
ing methoxy-, amino-, cyano-, halogen-, thiomethyl-, perylenemonoimidyl-, and
thiophenyl.

The cyclopentadienone chemistry also represents a powerful method for the
synthesis of dendrimers bearing two different types of functional groups at the
surface of a single dendrimer [52]. We started from a partially protected tetra-
hedral core (39, Scheme 14) and used a Diels-Alder reaction with the free acetyl-
ene unit of the core and a cyclopentadienone building block containing a func-
tional group of type “A” 40. Deprotection of the protected acetylene units of the
core and Diels-Alder reaction with a cyclopentadienone coated with a function-
ality of type “B” 42 leads to a first-generation dendrimer 43 with two kinds of
functionalities (type A and type B) in a well defined spatial arrangement at the
rim. We also achieved the synthesis of a second-generation bifunctional den-
drimer 47 using the convergent synthetic approach as presented in Scheme 7
with functionalized dendrons [52].

In contrast to aliphatic dendrimers coated with cyano and benzyl ether moie-
ties or amphiphilic groups reported by Fréchet et al. [14, 53–56], our bifunctio-
nal dendrimers have the advantage that the distance of the two functionalities is
predetermined.

4.2
A Posteriori Group Introduction

The generation of functional groups after the completed synthesis of the den-
drimer (a posteriori) constitutes a quick and variable way to get access to a large
number of functionalized dendrimers.

4.2.1
Polymer-Analogous Reactions

The conversion of an already existing group A on the dendrimer into a sub-
stituent B by subsequent addition of an electrophile is presented in Scheme 15.
In the ideal case, this reaction should be quantitative, but the possibility of in-
complete conversions or byproducts is always a danger [57]. We are able to
functionalize our dendrimers via this method with carboxy-, hydroxy-, amide-,
and lithium groups at the periphery (Scheme 15) [52]. Except for the conversion
of an amino group to an amide, all the other groups given in the scheme are
obtained quantitatively. The hydrolysis of a cyano group on a second-generation
polyphenylene dendrimer with a tetrahedral core for example leads to a den-
dritic molecule 48 bearing 16 carboxylic acid functions at the periphery
(Scheme 17).
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Group Conversion

A B

CN æÆi COOH

OMe æÆii OH

NH2 æÆiii NHCOR

Br æÆiv Li

i KOH/TEG;
ii BBr3/DCM, 1d;
iii RCOOH/DCC/DMAP, DCM 1:3, 3d
iv n-BuLi/THF

Scheme 15. Polymer-analogous reactions on polyphenylene dendrimers

4.2.2
Electrophilic Aromatic Substitution

Furthermore, we applied electrophilic aromatic substitution on the final den-
drimer as a quick method for functionalization, because no further building
units have to be synthesized (Scheme 16) [58]. However, this approach leads to a
statistical distribution of the functionalities over the surface of the dendrimer.
It is nevertheless possible to adjust the approximate number of groups via the 
electrophile/dendrimer ratio. So far, chloromethyl, aminomethyl, and sulfonic
acid groups have been attached. A second-generation dendrimer with a tetra-
hedral core has been substituted, for example, with 3–4 sulfonic acid groups by
using a small electrophile/dendrimer ratio. By applying a high electrophile con-
centration, up to 40 sulfonic acid functions can be attached.



5
Functional Dendrimers – Applications

In recent years, nanochemistry – and in this context, the preparation and char-
acterization of nanoparticles and nanostructured materials – has opened up ex-
citing new possibilities for applications in a number of areas including automo-
tive, sensors, color imaging, printing, computer chips, and medicine [59]. The re-
latively new dendrimers provide fascinating access to discrete molecules of
molecular masses in the kDa scale. The polymers used until now for “nano-
applications” were limited in certain respects by not having a distinct size and
chemical nanoenvironment. It can be anticipated that these limitations might be
overcome by dendrimers and polyphenylene dendrimers are particularly at-
tractive due to their shape persistence. Functionalities at the periphery of poly-
phenylene dendrimers can modulate their polarity and open the way to water-
soluble systems, which are of interest as hosts for hydrophobic molecules. They
can also serve as linkers for further modifications, e.g., the attachment of cat-
alysts and fluorescent dyes is quite feasible [60, 61]. It is noteworthy that the in-
variant shape of polyphenylene dendrimers gives access to the study of interac-
tions of neighboring groups, e.g., interactions of dyes in a close but defined
vicinity, and can be used for spatial isolation of a functionality in the interior.
This is a distinct advantage over more flexible aliphatic dendrimers. The appli-
cation of some of our polyphenylene dendrimers as precursors for the synthesis
of large graphite subunits, which goes along with a reduction in dimensionality
of the dendrimer, will be discussed at the end of this chapter.

5.1
Water Soluble Polyphenylene Dendrimers as Nanocarriers

Recently, several articles have been published dealing with water soluble den-
drimers, due to their outstanding structure and properties which are similar to
natural micellar systems, e.g., liposomes. Scheme 17 shows such an example of a
dendritic micelle containing a hydrophobic inner core surrounded by a hydro-
philic layer of carboxylate groups. The most important difference to natural
micelles is that dendritic micelles are covalently bound structures and not dyn-
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Scheme 16. Functionalization via electrophilic aromatic substitution of unsubstituted poly-
phenylene dendrimers



amic associations of individual molecules [62]. This property has been used to
design recyclable solubilization and extraction systems which might be applied
in the recovery of organic materials from aqueous solutions [55, 63]. Dendritic
micelles do not display a critical micelle concentration and therefore they also
show solvation ability at low concentration.

In contrast to dendrimers built up from aliphatic chains, polyphenylene den-
drimer micelles possess shape and size persistent cavities due to their rigid scaf-
fold which strongly depends on the type of dendrimer. In this case a selective in-
corporation of guest molecules, e.g., fluorescent dyes, should be possible, de-
pendent on the size of the guest molecule and the cavity of the host. The
non-covalent uptake of dyes with an appropriate size thus allows the investiga-
tion of their interactions within the dendritic micelle. In our case we made the
second-generation polyphenylene dendrimer 48, which bears 16 carboxy-func-
tions at the periphery, by starting from a tetrahedral core and an appropriately
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Scheme 17. Water soluble second-generation polyphenylene dendrimer decorated with 16 car-
boxy-functions

48



functionalized cyclopentadienone [58]. The sodium salt of this dendrimer is
water-soluble. The solvatation properties of dendrimer 48 have been investi-
gated by using the amphiphilic dye pinacyanol chloride as a solvatochromic
probe.

To estimate how many dye molecules fit into the dendritic micelles, UV-titra-
tion experiments have been employed. In comparison with the spectra of a pure
pinacyanol chloride solution in water, the peaks of the absorption maxima of
the dye in the presence of the dendrimer are shifted bathochromically due to
solvatochromic effects, which indicates the incorporation of the dye within the
branches of the dendrimer. At dye-to-dendrimer molar ratios higher than 4:1,
in addition to the bathochromic shifts, hypsochromically shifted peaks start to
appear, indicating that the dendrimer is not incorporating further dyes. We in-
terpret this as an incorporation of up to four dyes within the branches of the
dendrimer. This observation correlates with the calculated available space with-
in the dendrimer, obtained from the molecular simulations. Further studies of
the interactions of the dyes within the dendritic micelle are in progress.

5.2
Polyphenylene Dendrimers as Nano-Supports

As previously mentioned, functionalized polyphenylene dendrimers can also be
used as supports with the already existing functional groups at the periphery,
serving as linkers for further modifications. The attachment of several func-
tional centers on the surface of polyphenylene dendrimers leads to a multiplica-
tion of the properties of a single functionality, such as an increase in fluores-
cence intensity via the decoration of polyphenylene dendrimers with a distinct
number of fluorescent dyes. Furthermore, the fact that the functional groups
have a predetermined and defined distance from each other allows the study of
the dependence of their interactions on the distance between them. Such inves-
tigations could give a deeper insight into the differences of single molecule be-
havior in comparison to the ensemble behavior. A perfect example of this con-
text will be discussed in this chapter for the substitution of polyphenylene den-
drimers with fluorescent dyes.

5.2.1
Support for Catalysts

For a long time, there has been a great interest in the development of new cata-
lysts as well as the optimization of already existing catalytic systems, including
the investigation of the mechanisms involved. For this purpose, polyphenylene
dendrimers can be used as supports for the attachment of catalytically active
groups. Such a system combines both advantages of homogeneous and hetero-
geneous catalysis, e.g., placement of the catalyst at the periphery of the support,
good solubility of the dendrimer-catalyst, and recovery of the catalyst. In parti-
cular the good solubility is a key feature of this system which allows the study in
solution and opens the way to analytical methods such as NMR spectrometry.
However, shape persistent dendrimers are valuable as model compounds for ca-

28 U. Wiesler et al.



talysis studies because the catalytically active groups are located at the peri-
phery of the dendrimer and not in the interior.

We previously synthesized and characterized a polyphenylene dendrimer
carrying zirconocene functions at the surface (Scheme 18) [65]. This target
molecule has been achieved by starting from a second-generation dendrimer
with a tetrahedral core bearing 16 bromine functions at the rim. After lithium
exchange,subsequent addition of dimethylfulvene,and further reaction with cy-
clopentadienylzirconium chloride, we obtained a polyphenylene dendrimer
functionalized with about eight zirconocene groups.

After activation with MAO (molar ratios [Al]:[Zr] = 1000) the polymerization
of ethylene has been successfully carried out using the zirconocene functionalized
dendrimer at 40 bar ethylene pressure and 70 °C. We obtained high activity and
productivity values for the ethylene polymerization and polymers with very high
molecular masses in the range of 2 ¥ 106 g/mol.The polydispersity of the polymer
is quite low (3.0) indicating the single site character of the catalytically active spe-
cies.Optimization of this system and study of the mechanism are still under inves-
tigation. Nevertheless, these preliminary results reveal the suitability of poly-
phenylene dendrimers as supports for zirconocene catalysts.

5.2.2
Support for Fluorophores

The attachment of a distinct number of fluorescent dyes at the periphery of a
stiff three-dimensional nanoparticle is of fundamental interest to study interac-
tions between single chromophores in close vicinity to each other. We chose as
a dye one of the rylene series, perylenemonoimide, for the decoration of our
polyphenylene dendrimers due to their outstanding properties. Rylene dyes
show an exceptional chemical and photochemical stability and therefore are
well suited for single molecule spectroscopy (SMS) [66].

We have decorated different generations of polyphenylene dendrimers based
on a biphenyl core with up to 16 perylenemonoimide chromophores at the peri-
phery [67]. This has been achieved via the Diels-Alder reaction of a perylenemo-
noimide functionalized cyclopentadienone as a terminating reagent with the
ethynyl precursor dendrimers. A strongly emitting nanoparticle is thus obtained.
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Scheme 18. Introduction of a catalytically active group on the dendrimer surface



The energy dissipation in the dendrimer bearing a certain number of pery-
lenemonoimide chromophores can be followed by applying time resolved fluo-
rescence techniques. These measurements indicate excimer-like interactions
among neighboring perylenemonoimide dyes. Furthermore, two types of mo-
tion are detected: a rotation of the whole molecule and a fractional motion
maybe of the dendrimer branch [68].

With the use of single molecule spectroscopy (SMS) it is possible to observe
the occurrence of sudden changes in fluorescence intensity. This is often called
on-off behavior or “blinking.” The investigation of differences between single
molecule spectroscopy of a single chromophore and of multichromophoric sys-
tems allows the exploration of parameters determining the transition from
typical on-off single molecule behavior to ensemble behavior.

Confocal fluorescence microscopy images in a polymer film of a second-gen-
eration polyphenylene dendrimer with eight perylenemonoimide functions at
the periphery 49 and a model compound bearing one single perylenemonoim-
ide 50 reveal that the dendrimer exhibits a three- to fourfold intensity and an ob-
vious blinking in comparison to the model compound which shows only uni-
form spots with less dynamics (Scheme 19) [69].

5.3
Polyphenylene Dendrimers Bearing a Functional Group in the Interior

As well as localizing chromophores at the periphery of a dendrimer it is also
possible to incorporate a chromophore in the center of a shape persistent den-
drimer. Such a spatial isolation of a photostable chromophore in a discrete and
inert nanoenvironment is highly interesting for a variety of applications such for
light emitting diodes (LEDs) or single molecule spectroscopy (SMS). The out-
standing chemical and photochemical properties of rylene chromophors again
make them attractive for this purpose. Therefore, a perylenediimide chromo-
phore has been functionalized with four ethynyl groups in the imide structure
from which the polyphenylene dendrons are grown 53. Scheme 20 shows pery-
lenediimide encapsulated by four second-generation dendrons [70].

In general, perylene dyes show a strong aggregation tendency. However, by
means of the covalent encapsulation of such a chromophore in a polyphenylene
dendritic shell this aggregation can be avoided. Furthermore, the dendrons also
serve as solubilizing groups shielding the chromophore from atmospheric de-
gradation. They further show good filmforming properties and hindered mi-
gration in a polymer film. These properties implicate these materials as highly
interesting candidates for luminescent layers in LEDs.

Moreover, a chromophore surrounded by a perfectly defined environment
might be regarded as a potential candidate for SMS, allowing study of the inter-
actions of a fluorophore with the surrounding matrix with a very high spatial re-
solution, which is currently under investigation.

Recently, Kimura et al. have reported the encapsulation of electrochemically
and photochemically active groups such as a porphyrin unit (51) or a ruthe-
nium(II) bis(terpyridyl) (52) unit in the interior of a 1,3,5-polyphenylene-based
dendritic structure (Scheme 21). The dendritic porphyrins have been synthesiz-
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ed up to the second generation in high purities characterized by NMR, SEC, and
UV-vis spectroscopy and MALDI-TOF mass spectrometry [49]. They further
observe an efficient energy transfer from the phenylene-based dendron units to
the porphyrin core within the dendrimer and a high efficiency of energy trans-
fer for the first as well as the second generation is obtained.

Kimura et al. also presented the synthesis and characterization of a second-
generation ruthenium(II) bis(terphenyl)polyphenylene dendrimer 52, an at-
tractive molecule with regard to its electrochemical and photochemical pro-
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Scheme 19. Second generation polyphenylene dendrimer based on a biphenyl core decorated
with 8 perylenemonoimide dyes



perties [71]. Cyclic voltammetry experiments reveal that the metallodendrimer
exhibits one oxidation and two reduction processes where the maxima of the re-
duction and return oxidation wave have a large voltage difference from each
other. This is explained by a slower electron transfer of the dendritic metallo-
dendrimer in comparison to a non-dendritic complex.

5.4
Core-Shell Dendrimers

By covalent linkage of different types of molecules it is possible to obtain mate-
rials with novel properties that are different from those of the parent compo-
unds. Examples of such materials are block-copolymers, soaps, or lipids which
can self-assemble into periodic geometries with long-range order. Due to their
amphiphilic character, these molecules tend to micellize and to phase-separate
on the nanometer scale. By this self-assembly process the fabrication of new na-
noscopic devices is possible, such as the micellization of diblock-co-polymers
for the organization of nanometer-sized particles of metals or semiconductors
[72–74]. The micelle formation is a dynamic process, which depends on a num-
ber of factors like solvent, temperature, and concentration. Synthesis of micelles
which are independent of all of these factors via appropriately functionalized
dendrimers which form unimolecular micelles is a straightforward strategy. In
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Scheme 20. Isolation of a perylenediimide chromophore in a dendritic environment
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Scheme 21. Second generation polyphenylene dendrimers bearing a porphyrin 51 and a ru-
thenium(II) bis(terpyridyl) 52 core
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this case, the dendrimer can be seen as the inner core and the functions, e.g.,
alkyl chains, linear polymers may be considered as the outer shell.

Up to now only amphiphilic dendrimers with soft cores and soft shells were
used. Unfortunately the shape and the size of this type of dendrimer also show
a dependence on the factors mentioned above [75–77]. By using dendrimers
with a hard inner core it would be possible to study the self-organization of am-
phiphilic dendrimers as related to shape and size of the core.

Therefore we synthesized polyphenylene dendrimers substituted with do-
decyl chains 54, like those presented in Scheme 22. Depending on the number of
alkyl substituents and the size and shape of the core, these alkyl substituted den-
drimers show different properties including melting points, mesophase forma-
tion, organization on surfaces or three-dimensional organization. In this context
the role of the shape of the core has to be emphasized. In the case of the trigo-
nal-shaped dendrimers, based on core 55, melting occurs at temperatures higher
than 200 °C and birefringence is observable. However tetragonal shaped dendri-
mers, like 54, show no phase transitions below 450 °C, the decomposition tem-
perature. Small and wide angle X-ray scattering also reveals for 55, as for 54, re-
flections characteristic for nematic mesophases with columnar packing which
laterally form a two-dimensional hexagonal lattice. From the diffraction pat-
terns the intermolecular distance can be calculated as 5.48 nm for dendrimer 54,
and 3.8 nm for dendrimer 55, which fits very well with our molecular mechanics
calculation. AFM-measurements of the spin-coated alkyl-substituted den-
drimers on HOPG also show the hexagonal arrangement of the dendrimers and
confirm the dimensions obtained by X-ray diffraction.

Core-shell dendrimers can also be synthesized by using a dendrimer as an in-
itiator for polymerization, as core, and the polymers as shell [78, 79]. These poly-
mers, often called star polymers, should have a broad range of applications, like
stiffeners for polymeric materials [80] or high performance additives for adhe-
sives, lube oils, and lubricants. Therefore we synthesized such a system using a
hydroxymethyl-substituted dendrimer as an initiator for the ring-opening poly-
merization of e-caprolactone. The size of these dendrimers can be varied by
using different generations of dendrimers or different monomer to initiator ra-
tios. To study the properties of these core-shell dendrimers the analysis of the
structure, the thermal behavior, and the viscoelasticity is under investigation.

5.5
Planarization of Polyphenylene Dendrimers – from 3-D to 2-D

A key feature of our polyphenylene dendrimers is that they can be planarized
and thus reduced in dimensionality by intramolecular dehydrogenation [29, 35].
This results in large, fused polycyclic aromatic hydrocarbons (PAHs). PAHs
serve as structurally distinct, two-dimensional subunits of graphite and show
attractive properties such as high charge carrier mobility, liquid crystallinity,
and a high thermal stability, which qualifies these materials as vectorial charge
transport layers [81].

We planarized the appropriate oligophenylene derivative via oxidative intra-
molecular cyclodehydrogenation, which has been introduced by Kovacic and
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Scheme 22. Second generation polyphenylene dendrimer surrounded by 16 dodecyl chains
used as a hard-core-soft-shell system
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Koch [82] and optimized further by us. The polyphenylene 28, which represents
a first-generation dendrimer, forms 28 new bonds yielding the planar polycyclic
aromatic hydrocarbon 56 (Scheme 23). Owing to its extreme insolubility in all
common solvents, PAH 56 is characterized by laser desorption mass spectrome-
try based on its M+ peak at m/z = 1621.
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Scheme 23. Planarization of polyphenylene dendrimers yielding two-dimensional polycyclic
aromatic hydrocarbons (PAHs)
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PAH chemistry is of practical as well as theoretical interest. PAHs can be re-
garded as well defined subunits of graphite, an important industrial material,
which is so far not totally understood at the macroscopic level. In this context, it
is our aim to delineate the molecular size at which the electronic properties of
PAHs converge to those of graphite. Furthermore, alkyl substituted derivatives
of hexabenzocoronene (HBC) form discotic mesophases and, therefore, provide
opportunities for materials which allow one-dimensional transport processes
along their columnar axis [83, 84]. Their application for photovoltaics and Xerox
processes is also of current interest.

6
Conclusion and Outlook

Polyphenylene dendrimers show a variety of unique characteristics and can be
fenced off from their aliphatic analogues.Their synthesis is very straightforward
so that monodisperse dendritic molecules are obtained in high yields. Note-
worthy is also their availability in a variety of molecular mass ranges, their ap-
pearance in different geometries, and their shape persistence. Due to the invari-
ant shape of polyphenylene dendrimers, functional groups can be topologically
predetermined within the molecule. In this context we have emphasized a func-
tionalization strategy via cyclopentadienones carrying different functionalities.
This approach facilitates the introduction of functional groups whether in the
core, in the dendritic scaffold, or at the periphery of dendrimers. Furthermore,
we pointed out some applications of polyphenylene dendrimers which are tak-
ing advantage of these special features, such as the multiplication of functional-
ities at the periphery by using them as nano-supports for, e.g., catalysts or chro-
mophores or the isolation of a functionality by its surrounding with polyphenyl-
ene dendrons. Until now polyphenylene chemistry still keeps its attraction not
only for the organic chemist by building up tailor-made macromolecules but
also due to possible applications of these nanoparticales in the recent and ex-
panding field of nanotechnology.

A current example of the value of shape persistent dendrimers in fundamen-
tal research is their use in the study of electron transfer processes between dif-
ferent redox centers. If one redox center is situated in the core and another re-
dox center is located in the shell at a distinct distance from the other center, the
distances which are necessary for an electron transfer to take place can be stud-
ied. This currently presents an objective of our research. Furthermore, den-
drimers coated with two types of functionalities at the periphery are currently
under intense investigation. The attachment of two different types of dyes at the
periphery is of interest in the study of the energy transfer between these dyes
(light harvesting antenna).

In the field of molecular biology, the substitution of a polyphenylene den-
drimer with fluorescent dyes and receptor units can be used for fluorescence
labeling of biologically active compounds. The multiplicative effect of the num-
ber of dyes or receptor units can result in an increase in fluorescence sensitivity
and an augmentation of the binding constant in the substrate receptor complex.
Since we have shown that perylenemonoimide dyes at the periphery of our den-
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drimers behave as single nanoemitters, a polyphenylene dendrimer bearing se-
veral dyes at the periphery can be regarded as a superchromophor which is of
high interest for diagnostic applications in vivo and in vitro.
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Hyperbranched polyesteramides based on commercially attractive monomers have been suc-
cessfully developed, affording polymers with a high number of end groups and especially 
multifunctionality on the same molecule. Beside hydroxyl and carboxylic acid groups, hyper-
branched polyesteramides can be modified with a broad variety of other functionalities such
as unsaturated groups, tertiary amines, or long alkyl chains. Thus the concept of the synthesis
allows a broad variety of structures and the resulting properties like polarity or viscosity can
be adjusted and fine-tuned for a broad number of applications. This enables the hyperbranch-
ed polyesteramides to be used in a variety of (potential) applications, such as crosslinkers in
coatings, as toner resin, for dyeing polyolefins, as surfactants, or in cosmetics. Especially im-
pressive is the disperse dyeing of polypropylene fibers, which has been a problem for decades.
Hyperbranched polyesteramides based on phthalic anhydride and diisopropanolamine, par-
tially functionalized with stearic acid represent amphiphilic molecules, which are able to fix
the dyes via their polar core and at the same time are compatible with the polypropylene ma-
trix through their long alkyl chains.
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Dyeing polyolefins
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List of Abbreviations

DIPA diisopropanolamine
GA glutaric anhydride
HHPA cis-1,2-cyclohexane-dicarboxylic anhydride
OSA 1-oct-2-ene-succinic anhydride
PA phthalic anhydride
SA succinic anhydride
THPA cis-1,2-cyclohex-4-ene-dicarboxylic anhydride

1
Introduction

The attractiveness of dendritic molecules follows from their unique structure
like the large number of end groups, enabling multi-functionality on the same
molecule, special rheological behavior and cavities due to the spherical struc-
ture. Such materials appeal to the industrial user and their potential use lies in
many fields, e.g., as molecular container [1], contrast agent [2], dye booster [3],
etc. Interestingly, the first commercialized dendritic products were dendrimers,
namely Astramol (polypropyleneimine) and Starburst (polyamidoamine). The
synthesis of dendrimers requires a costly stepwise buildup with intermediate
purification steps, limiting their use to high added value products. However, the
advantage of dendrimers is their mono-dispersity which makes them valuable
for use in medical applications such as MRI contrast agent [2] in which one of
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the requirements is a defined size of the molecules. Polydisperse hyperbranched
polymers could not be used without fractionation for such applications.

For most purposes, polydispersity is not an obstacle, and currently the po-
tentially cheaper hyperbranched polymers are successfully entering industrial
research and application. Nevertheless, their success is based on the know-how
built up in research on dendrimers.

In this chapter we describe the synthesis of new hyperbranched polyester-
amides carried out with standard melt condensation technology as well as the
properties of these new structures.

2
General Concept

The theoretical concepts of the syntheses of hyperbranched polycondensates
were first developed by Flory [4]. The first report of the synthesis of hyper-
branched structures from commodity chemicals, albeit unintentionally, is even
older, from 1929, when Kienle et al. [5] reacted glycerol with phthalic anhydride
and realized only ten years later that this synthesis afforded a resinous product
with a “three-dimensional complexity.” Since then, many hyperbranched struc-
tures have been described from more elaborate building blocks. Most of the hy-
perbranched polymers reported are synthesized from AB2 monomers, mole-
cules equipped with two functional groups B and a functional group A. Exam-
ples are the work of Fréchet et al. [6], who used 3,5-bis(trimethylsiloxy)-benzoyl
chloride, Kim and Webster [7] (3,5-dibromophenyl)boronic acid (Suzuki condi-
tions), Malmström and Hult [8] 2,2-bis(methylol)propionic acid, Kricheldorf
and Stöber [9] silylated 5-acetoxyisophthalic acid and recently trimethylsilyl
3,5-diacetoxybenzoate [9], and Feast et al. [10] who described diethylhydroxy-
glutarate. Our own approach deviates significantly, although appearing to look
like an AB2 system at first glance. In fact we use an Aa B2b system, which bears 
a strong resemblance to an A2/B3 approach (Fig. 1). In contrast to this classic
approach, the a of the Aa-compound and the b-group of the B2b component are
preferentially reactive towards each other. In this way, by virtue of a prereaction
A-[a-b]-B2-units are formed. In order to enable control of molecular weight, an
excess of B2b-units is used in the system. Simultaneously, however on a longer
time scale, the polycondensation reaction of the AB2-units starts to form hyper-
branched polymeric materials. The excess of B-groups in the system limits
molecular weight build-up and results in a predictable and stable viscosity,with-
out the risk of gel formation with higher molecular weights as in the classic
A2/B3 approach.According to Flory [4],at least 35 % excess of one of the two com-
ponents (A2 or B3) are needed to prevent gelation, assuming 100 % conversion.

A different approach, presently applied by the Perstorp company in the pro-
duction of hyperbranched aliphatic polyesters from 2,2-bis(methylol)propionic
acid [8],utilizes a Bx starter molecule with ABx-groups condensed in consecutive
steps; see Fig. 1 in the middle of the diagram. In principle, the function of the Bx
component can also be regarded as a chain stopper when all building blocks are
polycondensed in one step. This also leads to a predictable and stable molecular
weight at total conversion due to the excess of B-groups in the system.
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2.1 
Hydroxyl Functional Hyperbranched Polyesteramides

2.1.1
Molecular Weight Build-Up

In the first step of the synthesis of the hyperbranched polyesteramides, a cyclic
carboxylic anhydride is reacted with diisopropanolamine, ideally forming a
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Fig. 1. Top: general approach to hyperbranched polycondensates: from “AB2” monomers;
Middle: modified approach using Bx starters/chain stoppers; Bottom: new approach to hyper-
branched polycondensates by reacting Aa monomers with a molar excess of bB2 monomers



molecule with one carboxylic acid and two 2-hydroxy-propylamide groups
(Fig. 2).

Although both the alcohol groups and the secondary amine group of diiso-
propanolamine are capable of reacting with the anhydride, the amine group will
react preferentially. The enhanced reactivity of the two hydroxylalkylamide
groups towards carboxylic acids plays a crucial role in the further polyconden-
sation reaction as well as in the functionalization reactions. The esterification
reaction occurs much faster than with normal alcohols. Moreover, it does not
proceed in accordance with the normal addition-elimination mechanism, since
the reaction cannot be catalyzed with Lewis or Brönsted acids or bases [11]. It
was established in 1993 [12] that this reaction proceeds via an oxazolinium-car-
boxylate ion pair intermediate (Fig. 3). Ring opening of the oxazolinium species
via nucleophilic attack of the associated carboxylate group affords the forma-
tion of the ester linkage.

This picture is, however, incomplete because the dynamic nature of the amide
bond is not taken into account. We have established through real-time IR spec-
troscopy that a rapid rearrangement of the hydroxyl-amide to the correspond-
ing ester-amine (see Fig. 4) and vice versa allows a dynamic equilibrium be-
tween these two species which is strongly temperature dependent. Such a dy-
namic equilibrium has also been reported, albeit on a longer time-scale, for
4-hydroxyalkylamides [13].

As an illustrative example, the IR spectrum of tetrakis(2-hydroxy-propyl)adi-
pamide (Fig. 4) was measured as a function of temperature. It appeared that
ester absorptions (C=O,1720–1740 cm–1) appeared rapidly after melting and in-
creased to a certain constant value with respect to the amide absorptions (C=O,
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Fig. 2. Reaction of cyclic carboxylic anhydride with diisopropanolamine

Fig. 3. Reaction mechanism of esterification of 2-hydroxyalkylamides via an oxazolinium in-
termediate



1680–1700 cm–1) at a given temperature. This value increased with temperature
and decreased upon cooling to the original respective values.

The same rearrangement can be observed for the AB2 building block, as
shown in Fig. 5.

The occurrence of secondary amine groups as a result of this equilibrium in
the reaction mixture of the hyperbranched polyesteramides can influence the
molecular weight build-up. Since amines are known to react with oxazolines as
well, the reaction of two 2-hydroxyalkylamides between each other (Fig. 6, path-
way C) represents the unwanted reactivity among B-groups in the AB2-type
polycondensation. With this side reaction, there is a risk of uncontrolled molec-
ular weight increase and finally gelation. Indeed, this was the case when we
started our experiments in 1995 with diethanolamine instead of diisopropanol-
amine. Chemical and physical analyses confirmed that macromolecules were
formed in which diethanolamine moieties were directly coupled (Fig. 6, product
from pathway C). A change to diisopropanolamine circumvented most of these
problems. However, it is probable that the extra methyl group suppresses path-
way C in Fig. 6 to a considerable extent both by shifting the ester-amine/hy-
droxy-amide equilibrium in favor of the latter, and by sterically hindering the
attack by the secondary amine on the methyl substituted oxazolinium species.

The use of diisopropanolamine in the synthesis of the hyperbranched poly-
esteramide resins has led to defined molecules according to the predicted struc-
tures (Fig. 7) as confirmed by MALDI-TOF (Matrix Assisted Laser Desorption
Ionization – Time Of Flight ) and ESI (Electro Spray Ionization) mass spectra
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Fig. 4. Tetrakis(2-hydroxypropyl)adipamide and its thermal rearrangement product

Fig. 5. Addition reaction products from hexahydrophthalic anhydride and diisopropanol-
amine; rearrangement from AB2 to ABB¢ monomer



(Fig. 8). Signals from molecules with ratios of anhydride (A)/diisopropanol-
amine (D) of n:n and n:(n+1) were predominantly observed. Other signals, for
example composed of n:(n+2), n:(n+3), etc., indicative of the reaction proceed-
ing via pathway C in Fig. 6 (observed abundantly in resins made of diethanol-
amine) appeared only in minor amounts. The signals with n:n ratios of an-
hydride/diisopropanolamine, also present in minor amounts (usually between
5% and 20%) compared to the n:(n+1), can be ascribed to cycle formation [14].
The relative abundance of these perspective peak series varied considerably
with the monomer ratios, i.e., molecular weights and the type of cyclic anhy-
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Fig. 6. Possible side-reactions in the esterification of 2-hydroxyalkylamides

Fig. 7. Idealized structure of hyperbranched polyesteramide resin based on HHPA and diiso-
propanolamine (molar ratio 7:8, respectively, molecular weight 2016 g/mol)



dride used. In a detailed study it was observed that the faulty n:(n+2) structures
are formed predominantly in the initial reaction phase, when unreacted diiso-
propanolamine is still present. It is therefore assumed that the n:(n+2) struc-
tures are formed by oligomer/monomer reactions rather than by oligomer/oli-
gomer reactions.

The key to a controlled molecular weight build-up, which leads to the control
of product properties such as glass transition temperature and melt viscosity, is
the use of a molar excess of diisopropanolamine as a chain stopper. Thus, as a
first step in the synthesis process, the cyclic anhydride is dosed slowly to an ex-
cess of amine to accommodate the exothermic reaction and prevent unwanted
side reactions such as double acylation of diisopropanolamine. HPLC analysis
has shown that the reaction mixture after the exothermic reaction is quite com-
plex. Although the main component is the expected acid-diol, unreacted amine
and amine salts are still present and small oligomers already formed. In the ab-
sence of any catalyst, a further increase of reaction temperature to 140–180°C
leads to a rapid polycondensation. The expected amount of water is distilled
(under vacuum, if required) from the hot polymer melt in approximately 2–6 h
depending on the anhydride used. At the end of the synthesis the concentration
of carboxylic acid groups value reaches the desired low level.

Suitable cyclic carboxylic anhydrides for this process are for example cis-1,2-
cyclohexane-dicarboxylic anhydride (HHPA), cis-1,2-cyclohex-4-ene-dicarbo-
xylic anhydride (THPA), phthalic anhydride (PA), succinic anhydride (SA), 1-
oct-2-ene-succinic anhydride (OSA), and glutaric anhydride (GA) – see Fig. 9.
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Fig. 8. Part of an ESI mass spectrum of hyperbranched polyesteramides based on HHPA and
diisopropanolamine; A = DIPA, D = HHPA



2.1.2
Analysis

An analytical comparison of hyperbranched polyesteramide resins with differ-
ent ratios of diisopropanolamine and HHPA demonstrates the control of molec-
ular weight. GPC analysis in THF (based on linear polystyrene standards) of re-
sins synthesized with molar ratios of diisopropanolamine to anhydride varying
from 1.50 to 1.10, in D 0.05 steps, leading to theoretical molar masses of
670–2700 g/mol, showed that the measured number average molar masses
(Mns) are higher than those expected based on theoretical calculations [15] (Ta-
ble 1). This would seem to contradict a branched structure, but is probably a re-
sult of higher interactions between these polymers and the solvent compared to
the more apolar polystyrene used as standard. This leads to an apparent higher
hydrodynamic volume. The trend of a decrease of the difference between Mn
measured and calculated with decreasing excess of diisopropanolamine can be
clearly seen in Table 1. At ratios of 1.15–1.10 the measured Mns are even lower
than calculated. This is in accordance with what would be expected for an aver-
age increasingly branched structure.

The universal calibration, derived from GPC viscosimetry online coupling,
has further confirmed the predicted molecular weights. Absolute verification of
this calibration principle, which neglects differences in viscosity of molecules of
equal molecular weight but with different architectures, is still underway [16].

A Mark-Houwink plot results in a = 0.3 ± 0.1 in the range of approximately
1000–40,000 g/mole, clearly indicating a high degree of branching. The deter-
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Fig. 9. Suitable cyclic carboxylic anhydrides for hyperbranched resin synthesis

Table 1. Molecular weights of HHPA-based polyesteramides as determined by GPC

Molar ratio DIPA/HHPA Mn calculated (g/mol) Mn measured (PS standard)

1.50 670 1000
1.45 735 1060
1.40 800 1070
1.35 900 1160
1.30 1040 1350
1.25 1200 1540
1.20 1500 1720
1.15 1950 1810
1.10 2700 2070



mination of the exact degree of branching is also currently under investigation.
Computer simulations resulted in a degree of branching of 0.3–0.45, according
to Hölters definition [17] of the degree of branching and varying with the excess
of diisopropanolamine, i.e., the molar mass.

The glass transition temperatures determined with these polyesteramide re-
sins appeared to be strongly dependent on the type of anhydride used and of
their molecular weight. Figure 10 shows the dependence of glass transition tem-
perature on molecular weight for hyperbranched polyesteramides based on
hexahydrophthalic anhydride. In general, the Tg for HHPA- and THPA-based
resins were about 45–90 °C, PA based resins about 70–100 °C, and SA and GA
about 20–40 °C.

The glass transition temperature is further strongly dependent on the water
content of the polymer. In general, polyesters or polyesteramides of comparable
molecular weight absorb 5–8% water in a humid environment. In the case of the
hyperbranched polyesteramides based on HHPA and diisopropanolamine, the
water absorption can rise up to 25% in a 100% humidity environment. This re-
sults in a strong decrease of the glass transition temperature as the intermolec-
ular forces, namely hydrogen bonds, are weakened by the water molecules. For a
hyperbranched polyesteramide resin, based on HHPA and diisopropanolamine
with a theoretical average molecular weight of 1500 g/mol, this drop can be as
high as 50 °C. The water absorption is strongly dependent on the nature of the
building blocks and functional groups and can, for example, be controlled
through partial modification of the hydroxyl groups by esterification with, for
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Fig. 10. Dependence of the glass transition temperature on molecular weight of hyper-
branched polyesteramides based on HHPA and diisopropanolamine, measured for different
samples and intrapolated



example, stearic acid. A hyperbranched polyesteramide based on phthalic an-
hydride and diisopropanolamine, from which 4 of the 8 hydroxyls are esterified
with stearic acid, takes up only 3.7% of water, also under the conditions of a
100% humidity environment.

Besides the water absorption, the unexpected high hydrophilic character 
of the hydroxyl functional hyperbranched polyesteramides is also reflected 
in its solubility behavior. A resin, based on hexahydrophthalic anhydride 
and diisopropanolamine (see Fig. 7), is soluble in water/ethanol mixtures with
up to 50% water! By means of GPC we followed the hydrolytic stability of this
resin in 50:50 water/ethanol mixtures at different pH values (4, 7, and 10) at
room temperature. Even after 28 days no degradation was observed. Only under
drastic conditions, such as reflux in 50:50 ethanol/water mixture at pH 14 for
16 h was the resin completely destroyed. At other pH values such as 1 or 12, but
under the same conditions, the hyperbranched polyesteramide was partly de-
graded.

2.2
Modifications Based on Hydroxyl Functional Hyperbranched Polyesteramides

2.2.1
Esterification with Mono Acids

The hyperbranched polyesteramides described above can also easily be func-
tionalized by esterification with various mono carboxylic acids like acetic acid,
benzoic acid, 2-ethylhexanoic acid, stearic acid, (un)saturated fatty acids, or
(meth)acrylic acid. With the exception of the latter mentioned acids, which give
highly temperature sensitive products, the synthesis of these functionalized hy-
perbranched polyesteramides can be performed in two different ways:

1. A one-pot three-step reaction, starting first with the exothermic addition re-
action of the cyclic anhydride and diisopropanolamine, followed by polycon-
densation, and finally the esterification with the mono acid.

2. A one-pot two-step reaction, again first the exothermic addition reaction 
of the cyclic anhydride and diisopropanolamine, then concomitant poly-
condensation and esterification. Both procedures result in very similar pro-
ducts.

More detailed information on the reaction course of the three-step functiona-
lization of an HHPA polyesteramide resin was obtained by functionalization
with benzoic acid, after the polycondensation step. The reaction proceedings
were monitored by multiple detector GPC (UV/RI) and titration. In the UV de-
tector of the GPC the absorption of the aromatic acid is very dominant over the
aliphatic resin itself, so that differentiation between free benzoic acid and ben-
zoate-functionalized resin is feasible. It was observed that the titrated total acid
concentration decreased much slower than the amount of free benzoic acid
(Fig. 11).

During the end-group esterification the average molecular mass of the hy-
perbranched polyesteramides decreases at the beginning of the reaction (as
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determined with the RI detector of the GPC) and increases again to the ex-
pected values as the acid value approaches zero. Thus transesterification plays
an important role in the esterification reactions of both polycondensation and
functionalization. Important molecular characteristics such as molecular
weight distribution and degree of branching are directly related to the average
ratio of “linear” (esterified once) to “branched” (esterified twice) and “end”
(unesterified) diisopropanolamide units in the polymer backbone [17]. Since
this average ratio is apparently thermodynamically determined as a result of
the relatively fast transesterification process, it is relatively difficult to control
polydispersity and degree of branching of these resin types. When transester-
ification via the a–b bond (see Figs. 1 and 4 ) should also be taken into account,
the system starts to bear properties of an A2/B3 system and gelation is risked 
at certain monomer ratios and very long reaction times or very high tempera-
tures.

2.2.2
Properties

As is also known from dendrimers [18], the properties of highly branched struc-
tures depend strongly on the nature of the end groups. Typically a resin, based
on HHPA and diisopropanolamine, was functionalized with different mono
acids, demonstrating the expected drastic change of the glass transition temper-
ature (Fig. 12).
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Fig. 11. Esterification of hyperbranched polyesteramide resin, based on HHPA and diisopro-
panolamine, with benzoic acid, as followed by titration and GPC analysis
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Unexpectedly, modification with benzoic acid does not influence the Tg. In
this case the number of functional groups can be varied independently from the
molecular weight of the hyperbranched core.

Esterification of at least 45% of the hydroxyl groups with long chain fatty
acids, e.g., stearic or behenic acid, results in a semi crystalline material (side
chain crystallization). The obtained materials are characterized by melting
point ranges which are approximately 10 °C lower than the comparable methyl
esters.

The esterification with methacrylic acid is performed at substantially lower
temperatures than the above-mentioned procedures.An aerobic polymerization
inhibitor is needed and an azeotropic removal of water with suitable solvents is
also necessary.

3
Carboxylic Acid Functional Hyperbranched Polyesteramides

To the best of our knowledge, only one other example of a carboxylic acid func-
tionalized hyperbranched structure is known in the literature, and this concerns
a polyamide [19]. The synthesis reported starts from A2 (aminofunctional) and
B3 (carboxylic acid functional) units and leads to low molecular weight products
due to low conversion in dilute solution. These conditions were mandatory to
prevent gelation [20]. Two different approaches to the synthesis of carboxylic
acid functional hyperbranched polyesteramides are presented below [21].

Fig. 12. Dependence of the glass transition temperature of hyperbranched polyesteramides, ba-
sed on HHPA and diisopropanolamine, on amount of functionalization and type of mono acid



3.1
Carboxylic Acid Functional Hyperbranched Polyesteramides: Two-Step Synthesis

The most simple way to introduce carboxylic acid functionalities onto hy-
perbranched polyesteramides is to modify the hydroxyl functions with suit-
able diacid derivatives. The modification can either be done in melt or in so-
lution.

A possibility to functionalize in melt is the use of cyclic anhydrides to react
with the hydroxyl groups. In the exothermic ring opening reaction the hydroxyl
groups become esterified and carboxylic acid groups form the end groups. In or-
der to ensure a good mixing of the components and a good temperature control,
low viscous hyperbranched polyesteramides are more suitable to be modified in
that way.The temperature control is quite crucial for the balance of the reactivity
of the hydroxyl end groups with the cyclic anhydride and possible side reactions
such as condensation of acid groups with residual hydroxy groups. Therefore a
number of precautions have to be taken in order to prevent undesired molecular
weight increase or other side reactions like the hydrolysis of the cyclic anhydri-
des, as residual water might not have been completely removed from the origi-
nal polycondensation reaction. Figure 13 shows the idealized structure of a
typical example which is characterized by a relatively low viscosity at modifica-
tion temperatures, based on adipic acid and diisopropanolamine (A2/B3) and
partially functionalized with stearic acid. The functionalization in that example
is done with octenylsuccinic anhydride, also for viscosity reasons. In general,
carboxylic acid functional resins obtained via the above-mentioned way indeed
possess a somewhat higher molecular weight than theoretically expected due to
condensation reactions.

Functionalization can, of course, also be carried out in solution, e.g., in te-
trahydrofuran. In this case, temperature control is much easier and the problem
of undesired condensation in the functionalization step is reduced. The viscos-
ity increase due to the stronger hydrogen bondings of the formed carboxylic
acid end groups is not of importance in the modification step in solution as vis-
cosity can be adjusted through the amount of solvent. Nevertheless, complete
solvent removal afterwards sometimes turns out to be laborious.

3.2
Carboxylic Acid Functional Hyperbranched Polyesteramides: Direct Synthesis

Another way to synthesize carboxylic acid functional hyperbranched poly-
esteramides is to invert the monomer ratio by using an excess of cyclic anhy-
dride with respect to diisopropanolamine. In this case the theoretical A2B build-
ing block consisting of 2 carboxylic acid and 1 hydroxyl function can be envi-
sioned (Fig. 14).

At first glance this inversion of the monomer ratio seems to be logical and
simple, but it is not. In the first reaction step, as described in Fig. 1, the advan-
tage of the chemoselectivity of the anhydride reacting with the secondary amine
is used to obtain AB2 monomers. If an excess of anhydride is used, this selectivity
is lost and not only amides but also esters are formed. From the synthesis of
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hydroxyl functionalized hyperbranched polyesteramides we have found that
acidolysis of the esters formed plays an important role in the reaction proceed-
ings. Hence the polycondensation of A2B monomers leads to the formation of
substantial amounts of free diacid together with the desired condensation pro-
ducts (Fig. 15).

At a certain conversion, esterification and acidolysis are in an equilibrium, if
only the above-mentioned reactions occur. In a pure stochastic approach the ra-
tios depicted in Scheme 1 are expected.

These theoretical results are confirmed experimentally. In attempts to
prepare a resin with a ratio of the starting materials of HHPA:diisopropanol-
amine 2.3:1 the mixture gelated. This is reflected in Scheme 1, example 1 (n = 2).
If a ratio of HHPA:diisopropanolamine 3.2:1 is chosen (Scheme 1, example 2,
n = 5/6), the system does not gelate. By GPC analysis it was verified that the theo-
retical assumptions made in Scheme 1 are valid for this system. Besides the
hyperbranched material, the presence of hexahydrophthalic acid is demon-
strated. The quantity of the acid is in close agreement (29%) with the calculated
value (28%).

Remarkable here is the fact that this special system enables one to create a re-
latively high molecular weight hyperbranched polymer beside starting material,
as a result of the thermodynamic nature of the polymerization process. If this
system were kinetic, one would have always obtained low molecular weight oli-
gomers with ratios similar to example 2 in Scheme 1. In the case of a kinetic pro-
cess, molecular weight is limited as it can be regarded as a conventional A2/B3
system. The limit has been predicted by Flory [4]. He calculated that one needs
at least 35% excess of one of the two components, assuming 100% conversion.
In our case, we obtain the same average molecular weight for the total system,
but, as mentioned above, our products consist of monomers beside high molec-
ular weight hyperbranched material. Upon removal of the monomers by extrac-
tion or crystallization the pure hyperbranched material can be isolated. Thus,
theoretically any average molecular weight of the hyperbranched polyesterami-
des can be obtained. Figure 16 shows idealized molecular weight distributions as
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Fig. 14. Primary reaction step in the synthesis of carboxylic acid functional hyperbranched
polyesteramides to obtain A2B-type monomers from HHPA and diisopropanolamine



they would be obtained from GPC for the kinetic (a) and the thermodynamic
product (b).

The above-mentioned concept of the synthesis of carboxylic acid functional
hyperbranched polyesteramides is not limited to cyclic anhydrides as building
blocks. It can be carried out with diisopropanolamine and any dicarboxylic acid
as well. The same ratios as written above and calculated in Scheme 1 have been
applied in the synthesis of carboxylic acid functional hyperbranched poly-
esteramides starting from adipic acid and diisopropanolamine. The first one
(ratio 2.3:1) gelates as expected, the second one (ratio adipic acid:diisopro-
panolamine 3.2:1) affords the expected product.Again, with GPC the amount of
free adipic acid detected is in good agreement with theory (Fig. 17).
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Starting situation: A2 = cyclic anhydride 2n + 1 mol
B3 = diisopropanolamine n mol

assuming a complete conversion (p) of all B groups
pB = 1

this means for the total conversion (p) of A groups
3n

pA = 924n + 2

split into the probabilities of:
3n 2

A2 two twice reacted = �93�4n + 2
n + 2 3n

A2 once reacted = 2 �93� �93�4n + 2 4n + 2
n + 2 2

A2 unreacted = �93�4n + 2

two illustrative examples: 1) 2)
n = 2 n = 5/6
A2 twice reacted = 36% A2 twice reacted = 22%
A2 once reacted = 8% A2 once reacted = 50%
A2 unreacted = 16% A2 unreacted = 28%

For the A2B monomer the value for the critical branching coefficient is:
ac = 0,5

the branching coefficient for this system is:
3n

a = rpB = 92 pB
2

4n + 2

pB is replaced by the critical conversion and a by the ac

974n + 2
pB, critical = �0,5 93n

This means for the first example, n = 2, that pB, critical = 0,913, thus gelation is predicted.
For the second example, n = 5/6, pB, critical > 1, no gelation is predicted.

Scheme 1. Stochastic approach of different monomer ratios
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Fig. 16. Theoretical molecular weight distributions: a kinetic reaction product; b thermody-
namic product (left side represents the “monomer signal”)

Fig. 17. GPC trace of carboxylic acid functional hyperbranched polyesteramide based on adi-
pic acid and diisopropanolamine

a

b



End group analysis of the product via titration results in 6.3 mmol acid
groups/g which is in good agreement with the theoretical expected amount of
end groups, namely 6.4 mmol acid groups/g.

4
Alternatives for Diisopropanolamine in Hyperbranched Polyesteramides

The general concept of the synthesis of hyperbranched polyesteramides allows
the use of any secondary amine with at least two b-hydroxyalkyl groups such as
diisobutanolamine or di-b-cyclohexanolamine for the build-up of the highly
branched structure. In the case of secondary mono b-hydroxyalkyl amines, e.g.,
methyl isopropanolamine, one obtains linear polymers. Primary amines cannot
be used as they form imides in the polycondensation step.

In contrast to b-hydroxyalkylamines, other secondary amines work in our
concept of our hyperbranched system as chain stoppers. As a precondition,
however, they should not interfere with the oxazolinium-carboxylic acid ion 
pair polycondensation mechanism or react with carboxylic acid or hydroxyl
groups at processing temperatures. Diisopropanolamine and secondary amines
can be used simultaneously, the former for molecular weight build-up, the latter
for obtaining (unreactive) end groups. Thus the amount of secondary amines 
is limited to at most the number of peripheral units of diisopropanolamine 
used in the concept of the original hydroxy functional hyperbranched poly-
esteramide synthesis. This maximum can be calculated according to the general
formula giving the ratios of anhydride to diisopropanolamine to secondary
amine as 2n +1:n:n + 2. These secondary amines, for example, dioctylamine,
di(cyanoethyl)amine, diallylamine, morpholine, or 3,3¢-iminobis(N,N-dime-
thylpropylamine), allow the introduction of various functional end groups. As
the esterification via oxazolinium-carboxylic acid ion pairs is strongly pH-
dependent, some amines might lead to incomplete conversion through their
impact on the pH. Of course, mixed end group functionalities are of special in-
terest, e.g.,with hydroxyl groups and tertiary amines in polyurethane chemistry.
Dialkylamines especially represent an interesting alternative for the introduc-
tion of long alkyl chains at the periphery in hyperbranched polyesteramides
compared to the esterification of hydroxyl functional hyperbranched poly-
esteramides with fatty acids. An idealized structure of such a resin is presented
in Fig. 18.

4.1
Tertiary Amine Functionalized Hyperbranched Polyesteramides

A special example, in which tertiary amine groups are introduced via 3,3¢-imi-
nobis(N,N-dimethylpropylamine) [22] is illustrated in Fig. 19.

Molecular weights of the products as measured with vapor pressure osmo-
metry were in good agreement with the calculated ones. Interestingly, resins
based on hexahydrophthalic anhydride and diisopropanolamine with tertiary
amines as functional groups are soluble in water without quaternization of the
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tertiary-amines despite its relatively hydrophobic core illustrating the influence
of the end groups on the resin’s properties. Resins with tertiary-amine function-
alities, based on other cyclic anhydrides like phthalic anhydride, succinic anhy-
dride, etc., are also assumed to be water soluble.

5
Applications for Hyperbranched Polyesteramides

The successful application development for hyperbranched polyesteramides is
primarily based on the many research programs started several years ago for
dendrimers. For most of the potential and existing applications the high num-
ber of end groups and the multifunctionality are the predominant advantages.
These characteristics are shared by dendrimers and hyperbranched materials
alike. Only in some special cases, such as medical applications [23], is monodis-
persity the main issue and thus dendrimers are preferred in this particular case.

5.1
Coating Applications

With coatings being a broad field, the possibilities for highly branched materials
are manifold. In the following some of the developed applications in this field
are presented. In all cases the special shape and the large number of end-groups
of highly branched structures are the predominant advantages for the introduc-
tion of hyperbranched materials.

5.1.1
Hydroxyl Functional Polyesteramides as Crosslinkers for Powder Coatings

A powder coating is the result of the application of a powder binder system,
which generally consists of a resin, a crosslinker, flow additives, degassing
agents, pigments or dyes, charge control agents, etc. Such a binder system is ap-
plied to the substrate as a fine, extruded powder (Fig. 20, step A), then melted at
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Fig. 20 a – d. Schematic representation of the different phases of the application of a powder
binder system: left – the ideal case; right – the unbalanced flow/cure of a system, resulting in
an “orange peel” surface of the coating



temperatures generally between 170 °C and 200 °C (Fig. 20, step B). When the
temperature is raised not only does melting occur, but crosslinking also starts.
These two processes have to be balanced very carefully to obtain a flat surface of
the coating (Fig. 20, step C, left) before the binder is totally crosslinked (Fig. 20,
step D). If crosslinking occurs too early, the flow is not ideal and the coating
shows a pattern, known in the powder coating world as “orange peel” as the pat-
tern resembles the skin of an orange (Fig. 20, step D, right).

Unfunctionalized, i.e., 2-hydroxypropylamide functional, hyperbranched
polyesteramides have been tested in powder coating formulations together with
stoichiometric (OH/COOH) amounts of acidic polyesters (Uralac). It was antici-
pated that the reaction of the hydroxyl end groups of the polyesteramide with
the carboxylic acid end groups of the polyester would provide a well-crosslinked
film with good mechanical properties by polymer/polymer cure.

We realized, however, that if the polyesteramides merely acted as multi 2-hy-
droxypropyl-amide functional polymers, they could never provide good flow
and optical appearance of the coatings. From the mathematical theory of net-
work formation [24] it is known that a binder formulation with a 2-functional
resin and a crosslinker bearing many (> 5) functional groups reaches its gel-
point at low chemical conversion, as shown in Fig. 21.

This means that the time for flow-out of the powder becomes shorter with in-
creasing functionality of the crosslinker, with respect to the total cycle time re-
quired for reaching satisfactory film properties (mechanical, chemical, Fig. 20,
step D). The reduced flow-phase time results in a poorer film surface quality.
Moreover, when volatiles are set free as a result of the crosslinking reaction, in
this case water, they will cause blister formation after the gel-point. Blister for-
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Fig. 21. Calculations for the gelation of a two functional resin (Mn of 3000 g/mol) with multi-
functional crosslinkers



mation in thick layers (>100 mm) is a known phenomenon in powder coatings
formulated with water or alcohol releasing crosslinkers [25]. From this point of
view, extremely poor flow and optical appearance could be expected along with
a very low blister formation threshold.

The compositions, according to Table 2, were prepared by mixing and extrud-
ing (Prism extruder, 120 °C). The polyesters (Uralac P 5040 and Uralac P 5261
from DSM Resins) comprise units of terephthalic acid, adipic acid, neopentyl-
glycol, and trimellitic anhydride, and are regarded as four-functional. The for-
mer had an acid number of 55 mg KOH/g resin, and the latter 47 mg KOH/g re-
sin. The hyperbranched polyesteramides (shown in Table 2) 1a and 1b were syn-
thesized from diisopropanolamine and phthalic anhydride (PA), 2a, 2b, and 2c
from 1,2-cis-cyclohexanedicarboxylic anhydride (HHPA), 1a and 2a having a
number average molecular weight of approximately 1500 (molar ratio 1.20) and
a number average functionality of 8, 1b and 2b having a number average molec-
ular weight of approximately 900 (molar ratio 1.33) and a number average func-
tionality of 6, and 2c having a number average molecular weight of approxima-
tely 2000 (molar ratio 1.14) and a number average functionality of 10. Gel times
of these compositions were determined at 200 °C. The compositions were milled
and sieved (< 90 mm) and electrostatically sprayed (Corona) on aluminum pa-
nels.After the cure cycle, carried out in a circulation oven, the panels were tested
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Table 2. Powder paint formulations and coating properties

Composition A B C D E F G

Polyester resin (g)
P 5261 155 159 164 152
P 5040 156 162 160

HB-Crosslinker (g)
1a (PA, f = 6) 45 44
1b (PA, f = 8) 38
2a (HHPA, f = 6) 43 42
2b (HHPA, f = 8) 36
2c (HHPA, f = 10) 47

Additives (g)
TiO2 2160 100 100 100 100 100 100 100
Benzoin 3.0 3.0 3.0 3.0 3.0 3.0 3.0
BYK 361 1.5 1.5 1.5 1.5 1.5 1.5 1.5

Cure cycle
Minutes 10 10 10 15 15 15 15
Temperature (°C) 200 200 200 180 180 180 180

Properties
Gel time (s) 151 80 116 85 100 80
Hardness (s) 235 225 215 215 210 195 240
Impact (inch.pound) >160 >160 >160 >160 >160 >160 >160
Erichsen (mm) >8 >8 >8 >8 >8 >8 >8
Adhesion Gt O Gt O Gt O Gt O Gt O Gt O Gt O
Flow OK OK OK OK OK OK OK
Blister threshold (m) 120 120 130 140 140 140 120



for their optical appearance (visually, OK stands for generally accepted high
quality), flexibility (mm Erichsen), reverse impact resistance, chemical resi-
stance (acetone double rubs), adhesion (cross hatch adhesion test), and
hardness (König). The threshold indicates the highest average layer thickness on
a plate (plates varying between 80 µm and 150 µm average layer thickness) that
did not show blisters.

It was therefore found, surprisingly, that powder paint formulations (Table 2)
of even four-functional acidic polyesters (so called “TMA-resins”) with the hy-
perbranched polyesteramides gave smooth films of high quality and with a sur-
prisingly high blister formation threshold. In addition, the measured gel times
of the formulation were in agreement with that normally found with cross-
linkers of ordinary functionality, i.e., two to four. Interestingly, these findings
were irrespective of the molecular weight and the functionality of the hyper-
branched polyesteramides, e.g., compare rows D, F, and G.

It is apparent that the mode of reaction of the hyperbranched polyesterami-
des must be distinctively different from those of the known commercial cross-
linkers. In order to explain these results, the hyperbranched polyesteramides
should in our view not be regarded as simply multifunctional polymeric cross-
linkers but rather as precondensed forms of two-functional crosslinkers (the ad-
dition product of diisopropanolamine and the cyclic anhydride), as depicted in
Fig. 22, left. Bearing in mind the chemical fate of benzoic acid (2.2.1, Fig. 11)
which was condensed with a polyesteramide resin and which appeared to 
transesterify at least as fast as it esterified, the mode of reaction of polyesters
comprising aromatic acid end groups must be in accordance and comprised of
both transesterification and esterification.

When we consider transesterification to be by far the dominant process,the aci-
dic polyester will break down the hyperbranched structure entirely and find itself
esterified on all end groups with one hydroxyl group of the amine/cyclic anhy-
dride adduct.In other words the polyester originally bearing aromatic acid groups
then bears an equal number of aliphatic acid end groups and also an equal num-
ber of 2-hydroxyalkyl end groups. When these new end groups start to esterify
among each other, a network is formed. As a result of this two-phase reaction
mode, the overall viscosity of the binder system is lowered and the gel formation
is postponed with respect to the total chemical conversion (Fig. 20, step D, left).
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Fig. 22. Proposed mode of reaction of polyesteramide crosslinker with acidic polyesters



It is known from the literature [12] that aliphatic acids are less reactive to-
wards 2-hydroxyalkylamide groups than aromatic ones. Since the final network
formation with the polyesteramides involves predominantly aliphatic acid
groups, this could explain (in part) why the gel times found were longer than the
commercial 2-hydroxyalkylamide crosslinkers, which react directly by esterifi-
cation alone with the aromatic acid end groups of the polyester.

5.1.2
Air Drying Coatings

Solvent emissions from alkyd paints have received increasing attention in the
last few years, not only in the light of global warming and ozone creation but also
because of increasing number of government directives associated with the
risks to human health. For this reason there is a strong demand from paint for-
mulators [26] for new air drying “high solid” resin types. This again favors den-
dritic architectures, since the classic alkyd resins are at the end of their formu-
lating latitude. The combination of reduced viscosity and solvent content with-
out compromising film hardness is particularly desired.While increasing the oil
length (percentage of fatty acid in the total system) with normal alkyds reduces
viscosity and speeds up the chemical drying process, the hardness of the obtain-
ed films becomes unacceptably low.

The alkyd resins can be roughly described as normal branched polyester
polyols which are esterified with unsaturated fatty acids. The advantage of using
a core polymer with a more dendritic architecture lies in further reduction of
chain entanglements and more globular molecular shape, resulting in lower in-
trinsic viscosities. Furthermore, when higher molecular weights can be obtain-
ed, the drying process is accelerated by the higher functionality per molecule.
This principle has already been demonstrated by Petterson et al. [27] with air
drying resins made from hyperbranched poly-(bismethylolpropionic acid) ester-
ified with tall oil fatty acids. The authors reported markedly lowered viscosities
and shortened drying times in comparison with a classic high-solid alkyd resin.
However, the low film hardness typically associated with high oil length alkyds
(thus high amount of fatty acids) was reported here as well.

An air drying hyperbranched polyesteramide resin was compared to a nor-
mal alkyd purposely designed for high solid application (XP 3782, DSM Resins).
A solution in white spirits of this resin was found to have a much lower viscosity
than the normal alkyds including the high-solid resin, despite the relatively low
oil length. This resulted in a much higher solids content (87%) in a paint for-
mulation on application viscosity. Even more remarkable was the high film
hardness after drying which by far outperformed the normal alkyd paints.
Weatherometer tests did not show any significant differences in gloss retention
at 20°C between these three resins, nor did Erichsen penetration tests show 
any differences in flexibility. However, a distinct disadvantage of the polyester-
amide resin was its slow initial drying (tack free only after more than 12 h). This
was attributed [28] to free secondary amine groups naturally occurring in the
base resin (see introduction) interacting with the cobalt catalyst in the first
hours.
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The high hardnesses found in the high-solid and high-gloss white paints,
which are in sharp contrast to reports on hyperbranched polyesters [27], have in
our opinion their origin in the much higher Tg of the polyesteramide backbones
(ca. 70 °C for HHPA and ca 100 °C for PA-based resins; hyperbranched polyesters
based on bismethylolpropionic acid have a Tg close to room temperature).While
the alkyl end groups determine overall resin properties such as Tg, viscosity
[29], and the crosslinking density in the coating, the high rigidity of the polymer
backbone, especially when nanoscale domains are formed, could still contribute
to film stiffness after crosslinking.

5.2
Dyeable Polypropylene Fibers

Contrary to other synthetic fiber materials, polypropylene fibers cannot be co-
lored by contacting them with an aqueous solution or dispersion of organic
dyes. Due to its highly apolar nature, polypropylene is not able to interact with
conventional dye molecules, so that it cannot take up any dye from the dye bath.

In the past, several approaches to circumvent this shortcoming of the other-
wise very attractive polypropylene fiber have been investigated. Modification of
polypropylene by the addition of polar (co)polymers can result in a material
which is dyeable in acid, basic, or disperse dye processes. However, this requires
a relatively large quantity of additive, which unfortunately may have a negative
effect on the processing behavior of the polymer and the properties of the final
fiber. Another approach is the addition to the polypropylene matrix of organo-
nickel compounds, which can form colored complexes with special chelating
dyes that are added to the dye bath. The use of nickel, however, has caused ob-
jections due to its negative environmental and health aspects.

For, e.g., the coloration of carpet fibers, the industry currently uses pigments
which are added to the polypropylene before the spinning process (also known
as “solution dyeing”). The use of pigments strongly limits the end producers in
the selection of colors, as only a limited variety of colored base fibers can be kept
in stock. Moreover, many pigments have a negative influence on the mechanical
behavior of the fibers.

Earlier we found that the addition of alkyl-modified poly(propylene imine)
dendrimers to polypropylene leads to fibers which can be dyed in conventional
acid or disperse dyeing processes [3]. The alkyl chains make the additive com-
patible with the polypropylene matrix,while the polar core of the dendrimer can
act as a receptor for the dye molecules. This host-guest behavior is analogous to
the principle of the “dendritic box” as described by Meijer et al. [30] and elabo-
rated by Baars et al. for dye extraction processes [31].

Based on our dendrimer know-how, we have investigated a partially stea-
rate-modified hyperbranched polyesteramide (Fig. 23) as a dyeability improver
for polypropylene. Using normal extrusion blending conditions, compounds 
of fiber-grade polypropylene with up to 4% of additive have been prepared
without problems. The stearate carbon chains ensure a compatibility with the
polypropylene matrix, so that the resulting blends are homogeneous. Using
standard industrial spinning operations, these compounds were melt spun into
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fibers at temperatures up to 260°C (a normal condition for polypropylene pro-
cessing). The spinning and drawing behavior of the fibers, and also the final
mechanical properties, were indistinguishable from unmodified polypropylene
fiber.

Under conventional dyeing conditions we have succeeded in producing deep-
ly colored fiber. This has been achieved with aqueous disperse dye systems,
which are normally used for the dyeing of, e.g., polyester fibers. The coloration
of the resulting materials has an excellent wash and rub resistance. Obviously,
the polar amide and ester groups as well as the hydroxyl groups in the hyper-
branched molecule’s core enable it to give a sufficiently strong interaction with
the dye molecules.

We are currently developing this concept towards a commercially viable pro-
duct for application to, e.g., carpets and textiles.

6
Water Solubility and Future Developments

6.1
Water Soluble Resins

There are two ways to make hyperbranched polyesteramides water soluble. One
is to functionalize the periphery of the molecule with hydrophilic groups, the
other the use of suitable anhydrides to obtain water solubility via the core. These
approaches are shown in Fig. 24.

The hydrophilicity can be easily controlled from being totally soluble in wa-
ter, such as the two examples in Fig. 24, via dispersible in water (partly modified
with stearic acid) (Fig. 25), to completely water insoluble hyperbranched poly-
esteramides, such as in Fig. 22.

Especially interesting are water soluble and non-toxic resins which can be used
in a broad range of potential applications.Toxicity tests are currently under review.

6.2
Poly(ethyleneoxide) Functional Hyperbranched Polyesteramides

One of our future research targets is to develop poly(ethyleneoxide) functional-
ized hyperbranched polyesteramides, as these might, for example, be very inter-
esting as water soluble extraction agents or carriers. An envisaged example is
shown in Fig. 26. The idealized structure depicted in Fig. 26 can be considered as
a unimolecular micelle [32] with a hydrophilic periphery and a hydrophobic po-
lar core. Both can be varied: the core can be made more hydrophilic by, e.g., par-
tially replacing hexahydrophthalic anhydride with succinic anhydride or the po-
larity can be changed by, e.g., partially replacing hexahydrophthalic anhydride
with octenyl succinic anhydride.

The hydrophilicity of the periphery can be adjusted by chain length of the
polyethyleneglycol. If this system proves to be non-toxic it might be useful for
pharmacologically active compounds, e.g., as carrier.
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6.3
Fluoroalkyl Functional Hyperbranched Polyesteramides

Hyperbranched polyesteramides, partially or fully functionalized with fluoro-
alkyl chains, are expected to be valuable additives for numerous applications. A
fully functionalized derivative could be considered to be a unimolecular micelle
(like the polyethyleneoxide functionalized analogue) suitable for, e.g., extrac-
tions in organic media. An idealized example is shown in Fig. 27.

A 50% functionalization evokes the interesting question, bearing in mind facile
transesterification,of how the fluoroalkyl chains will be distributed over the molec-
ules and how they will be distributed on one particular molecule? This question
has been examined in detail for dendrimers of the poly(propyleneimine) type
functionalized with stearic acid [33]. It was proven that the compositional hetero-
geneity (distribution of degree of substitution) is random, but the positional he-
terogeneity (spatial distribution of the substituents over the dendrimer molecule)
is not random. However, due to flexibility, no particular effect of the spatial distri-
bution can be observed. Unlike the dendrimers, we expect the hyperbranched
polyesteramides to be stiffer, so that spatial distribution could lead to interesting
effects if the molecule were composed of a functionalized side and a non-func-
tionalized side (Fig. 28), as shown possible for dendrimers via a convergent syn-
thesis [34].

Fig. 28. Potential schematic structure of a 50% fluoralkylchain functionalized hyperbranched
polyesteramides
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6.4
Multifunctional Hyperbranched Polyesteramides

The easy modification of the hyperbranched polyesteramides can be used to in-
troduce different functionalities on the same molecule. The term multifunctio-
nality refers to different kinds of functional groups rather than a high number
of end-groups of one kind. Figures 29 and 30, give some ideas of idealized hy-
perbranched polyesteramides which could in future carry more than two types
of functional groups on the one molecule.

We are currently investigating the synthesis and characterization of such mole-
cules for numerous different applications such as surfactants, cosmetics, and to-
ner resins. A point of interest in the preparation and characterization of multi-
functional hyperbranched molecules is the compositional heterogeneity (how
many and what type of functional groups are on a particular hyperbranched po-
lyesteramide molecule) and the positional heterogeneity (spatial distribution of
the functional groups on a particular hyperbranched polyesteramide molecule).

As the hyperbranched polyesteramide resins are characterized by high poly-
dispersity the distribution of the functional groups might vary greatly from one
hyperbranched molecule to the other, even in that one particular molecule car-
ries only one type of functional groups.

7
Conclusions

Hyperbranched polyesteramides constitute a new and promising class of resins.
They can be made following a very straightforward melt polycondensation
procedure which allows the use of a broad range of raw materials for optimal
versatility. The synthesis does not require any catalyst, which would afterwards
have to be removed, as the esterification occurs via oxazolinium/carboxylate ion
pairs. Due to the easy modification, numerous different functional groups can
be attached, e.g., esters, carboxylic acids, and tertiary amines. Characteristics of
these resins such as molecular weight, glass transition temperature, number and
type of end groups, solubility, and polarity are adjustable and thus hyperbranch-
ed polyesteramides can be tailor-made.

In powder coating formulations, the unfunctionalized base resins have prov-
en to be valuable components, curable with acid polyesters, offering excellent
mechanical, chemical, and optical properties, and a high blister threshold. It is
postulated that, during the curing process of these coatings, the hyperbranched
structure is at first degraded by transesterification and, concomitantly, fully
integrated in the network formation by esterification.

In solvent-borne formulations such as air drying paints, the hyperbranched
polyesteramide resins partly or wholly functionalized with various alkyl substi-
tuents offer important advantages in comparison with conventional resins as a
result of their dendritic structure, i.e., lacking chain entanglements and the high
rigidity of the polyesteramide backbone. These structural characteristics result
in properties such as low viscosity/high solids content, efficient and fast network
formation/good drying properties, and, most of all, exceptionally high film
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hardness. This hardness allowed for formulation of relatively low molecular
weight resins without compromising film properties, and also allowed the use of
entirely aliphatic monomers, which in turn resulted in excellent weatherability.

The dyeing of polypropylene fibers, being an item of research for decades, is
successfully accomplished with partially stearate-modified hyperbranched
polyesteramides. The long alkyl chains ensure compatibility with the polypro-
pylene matrix. The mixing-in of hyperbranched polyesteramides via extrusion
affected neither the melt spinning process nor the final polypropylene fiber pro-
perties. The modified fibers are dyeable under standard conditions as are, e.g.,
polyesters or cotton. They can even be used for printing: for example a picture
pattern on a polypropylene carpet.

Our future research will lead to new types of hyperbranched polyesterami-
des. The ideas presented will enable properties such as water solubility
(poly(ethyleneoxide) functional groups) or reduction of surface tension (fluoro-
alkyl functionalized resins) to be precisely controlled. Last, but not least, mixed
functional highly branched molecules with their (expected) unique set of com-
bined properties have a huge potential to enter numerous technical fields.
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This chapter describes composite materials composed of dendrimers and metals or semicon-
ductors. Three types of dendrimer/metal-ion composites are discussed: dendrimers contain-
ing structural metal ions, nonstructural exterior metal ions, and nonstructural interior me-
tal ions. Nonstructural interior metal ions can be reduced to yield dendrimer-encapsulated
metal and semiconductor nanoparticles. These materials are the principal focus of this chap-
ter. Poly(amidoamine) (PAMAM) and poly(propylene imine) dendrimers, which are the two
commercially available families of dendrimers, are in many cases monodisperse in size.
Accordingly, they have a generation-dependent number of interior tertiary amines. These are
able to complex a range of metal ions including Cu2+, Pd2+, and Pt2+. The maximum number
of metal ions that can be sorbed within the dendrimer interior depends on the metal ion,
the dendrimer type, and the dendrimer generation. For example, a generation six PAMAM
dendrimer can contain up to 64 Cu2+ ions. Nonstructural interior ions can be chemically re-
duced to yield dendrimer-encapsulated metal nanoparticles. Because each dendrimer con-
tains a specific number of ions, the resulting metal nanoparticles are in many cases of nearly
monodisperse size. Nanoparticles within dendrimers are stabilized by the dendrimer frame-
work; that is, the dendrimer first acts as a molecular template to prepare the metal nanopar-
ticles and then as a stabilizer to prevent agglomeration. These composites are useful for a
range of catalytic applications including hydrogenations and Heck chemistry. The unique
properties of the interior dendrimer microenvironment can result in formation of products
not observed in the absence of the dendrimer. Moreover the exterior dendrimer branches act
as a selective gate that controls access to the interior nanoparticle, which results in selective
catalysis. In addition to single-metal nanoparticles, it is also possible to prepare bimetallic
nanoclusters and dendrimer-encapsulated semiconductor nanoparticles, such as CdS, using
this same general approach.

Keywords. Dendrimer, Nanocomposite, Nanoparticle, Catalysis, Polymer
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1
Introduction

Since the first report of the synthesis of dendrimers twenty years ago [1], there
has been a remarkable increase in interest in these fascinating materials. For ex-
ample, the number of publications relating to dendrimers was about 15 in 1990,
but this number increased to 150 in 1995, and 420 in 1997. Until very recently
emphasis in this field was placed on the synthesis of new families of dendrimers
having novel architectures, but more recently there has been interest in finding
technological applications for these materials [2–5]. The pursuit of applications
has been greatly accelerated by the recent commercial availability of dendrimers
through Dendritech, Inc. (Midland, MI), Dutch State Mines (DSM, The Nether-
lands), and the Aldrich Chemical Co. (Milwaukee, WI).

In this chapter we discuss an aspect of dendrimers that has yielded a rich
body of fundamental information about the properties of dendrimers as well as
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some clues to possible technological applications. Specifically, we address the
synthesis, characterization, and applications of dendrimer hosts that contain
metal-ion, metal, or semiconductor guests. These interesting composite mater-
ials have proven applications for homogeneous and heterogeneous catalysis,and
they are likely to have a significant impact in the fields of chemical sensing, bio-
sensing, and gene therapy in the future. There are two means for introducing
metal ions into dendrimers: either as structural elements or as nonstructural
components. An example of the former is dendrimers that contain a metallo-
porphyrin core. This class of metal-containing dendrimers was reviewed in the
first book in this series [6] in 1998, so only a few illustrative examples are de-
scribed here. The focus of this chapter is on nonstructural metal ions, as well as
metal and semiconductor particles, sequestered within the interior of high-
generation dendrimers.

1.1
Dendrimer Synthesis

Dendrimers are outstanding candidates for addressing a vast range of chemical,
biological, and medical technological needs because of their regular structure
and chemical versatility. Dendrimers have three basic anatomical features: a
core, repetitive branch units, and terminal functional groups [2–5]. The physi-
cal and chemical properties of dendrimers depend strongly on the chemical
structure of all three components as well as on the overall size and dimensional-
ity of the dendrimer. For example, larger dendrimers are generally spherical in
shape and contain interior void spaces, whereas lower generation materials are
flat and open.Also, terminal groups largely, but not solely, determine the solubil-
ity and adsorption properties of dendrimers.

Dendrimers are usually synthesized by either the divergent method or con-
vergent approach. An excellent introduction to the basic principles of den-
drimer synthesis is given in [3] and therefore only the briefest of introductions
is provided here. In the divergent method, growth is outward from the core to
the dendrimer surface. This method of synthesis generally involves serial repe-
tition of two chemical reactions and appropriate purification steps.For example,
the generation 0 dendrimer (G0) is formed after the first cycle of reactions on
the dendritic core. The generation, and thus the diameter of a dendrimer, in-
creases more-or-less linearly with the number of the cycles. The number of sur-
face functional groups increases exponentially with each ensuing cycle and, be-
cause 2 or 3 monomers are usually added to each branch point in the reaction
cycle, the maximum size or generation of a dendrimer is governed by steric
crowding at the end groups.

Like the divergent approach, the convergent method also involves repetition
of several basic chemical reactions. However, the reaction cycles are used to syn-
thesize individual dendrons (dendrimer branches) instead of complete den-
drimers. The dendrons have a protected “focal point” which can be activated in
the last synthetic step and linked to two or more attachment points of a core
molecule. Dendrimers synthesized by either method contain defects, but the
problem is less pronounced for materials prepared by the convergent method,
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Fig. 1. Synthesis and structure of PAMAM dendrimers
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because impurities (imperfect dendrons or other smaller molecules produced
during synthesis) are very different in size from the fully assembled dendrimers
and can therefore be removed easily by chromatography. However, very high
generation dendrimers cannot be prepared efficiently by the convergent ap-
proach because the reaction yield between high generation dendrons and the
core is usually low. Accordingly, the convergent approach is typically limited to
the synthesis of generation 8 (G8) and lower dendrimers, while up to G10 den-
drimers can be prepared by a divergent method. The divergent approach is
perhaps more amenable to scale-up and, indeed, it has been used to synthesize
kilogram quantities of the two commercially available materials poly(amido-
amine) (PAMAM) and poly(iminopropane-1,3-diyl) (PPI) dendrimers through
G4. Because these two materials figure prominently in this chapter, a brief in-
troduction to their synthesis is given next.

Figure 1 shows the synthesis of amine-terminated PAMAM dendrimers hav-
ing an ethylenediamine core. Preparation of PAMAM dendrimers consists of a
reiterative sequence of two basic reactions: a Michael addition reaction of amino
groups to the double bond of methyl acrylate (MA), followed by amidation of the
resulting methyl ester with ethylene diamine (EDA). The ester-terminated, half-
generation dendrimers are denoted as Gn.5 and the full-generation amine-ter-
minated dendrimers are denoted Gn. By using different monomers for the last
step of the dendrimer synthesis,or by modifying the terminal groups of primary
amine-terminated dendrimers, different terminal groups can be introduced
onto the dendrimer periphery. For example, if ethanolamine (NH2-(CH2)2-OH)
is used in the last amidation reaction instead of ethylene diamine (NH2-(CH2)2-
NH2), hydroxyl-terminated dendrimers result. If the synthesis is stopped at the
half-generation stage, carboxylate- or methyl ester-terminated dendrimer can
be prepared.

PPI dendrimers are synthesized via the reaction sequence as shown in Fig. 2.
This repetitive reaction sequence involves a Michael addition of two equivalents
of acrylonitrile to a primary amine, followed by hydrogenation of the nitrile
groups to primary amines. Commercially available PPI dendrimers are usually
terminated with amine groups.

1.2
Chemical and Physical Properties of Dendrimers

Table 1 provides some general information about the evolution of size and
molecular conformation as a function of generation for PAMAM and PPI den-
drimers [7]. It is important to recognize that the data in this table are for ideal-
structure dendrimers, while in practice both PAMAM and PPI dendrimers con-
tain a statistical distribution of defects [3]. The diameter of PAMAM dendrimers
increases by roughly 1 nm per generation, while the molecular weight and num-
ber of functional groups increase exponentially. The surface density of den-
drimer terminal groups, normalized to the expanding surface area, also in-
creases nonlinearly. Simulation results [8] show that up to G2, PAMAM den-
drimers have an expanded or ‘open’ configuration, but as the dendrimer grows
in size, crowding of the surface functional groups causes the dendrimer to adopt



86 R.M. Crooks et al.

Fig. 2. Synthesis and structure of PPI dendrimers



a spherical or globular structure. Perhaps it is helpful to think of G4 PAMAM 
as a wet sponge and of G8 as having a somewhat hard surface like that of a 
beach ball. That is, the interior of high-generation dendrimers are rather hollow,
while their exteriors are far more crowded. Both of these factors figure promi-
nently in the work described later in this chapter.

As a consequence of their three-dimensional structure and multiple internal
and external functional groups, higher generation dendrimers are able to act as
hosts for a range of ions and molecules. Endoreception occurs when analyte
molecules penetrate interstices present between densely packed surface groups
and are incorporated into the interior cavities. Exoreception occurs when
molecular species interact strongly with functional groups on the dendrimer
surface. To prepare dendrimer-encapsulated metal and semiconductor nano-
particles, which are the main focus of this chapter, we rely on endoreception to
bind the metal ions of choice to the dendrimer interior prior to chemical reduc-
tion. The exoreceptors are useful for attaching dendrimers to surfaces and other
polymers, and they can be manipulated to control access to the dendrimer inte-
rior and the contents thereof (see below).

PAMAM dendrimers are large (G4 is 4.5 nm in diameter) and have a hydro-
philic interior and exterior; accordingly, they are soluble in many convenient
solvents (water, alcohols, and some polar organic solvents). Importantly, the in-
terior void spaces are large enough to accommodate nanoscopic guests, such as
metal clusters, and are sufficiently monodispersed in size so as to ensure fairly
uniform particle size and shape.As we will show later, the space between the ter-
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Table 1. Physical characteristics of PAMAM and PPI dendrimers

Generation Surface Tertiary Molecular Weight a Diameterb, nm
Groups Amines

PAMAM PPI c PAMAM PPI c

0 4 2 517 317 1.5 0.9
1 8 6 1,430 773 2.2 1.4
2 16 14 3,256 1,687 2.9 1.9
3 32 30 6,909 3,514 3.6 2.4
4 64 62 14,215 7,168 4.5 2.8
5 128 126 28,826 14,476 5.4 –
6 256 254 58,048 29,093 6.7 –
7 512 510 116,493 58,326 8.1 –
8 1024 1022 233.383 116,792 9.7 –
9 2048 2046 467,162 235,494 11.4 –

10 4096 4094 934,720 469,359 13.5 –

a Molecular weight is based on defect-free, ideal structure dendrimers.
b For PAMAM dendrimers, the molecular dimensions were determined by size-exclusion

chromatography and the dimensions of PPI dendrimers were determined by SANs; data for
the high-generation PPI dendrimers are not available.

c We have used the generational nomenclature typical for PAMAM dendrimers throughout
this chapter. In the scientific literature the PPI family of dendrimers is incremented by one.
That is, what we call a G4 PPI dendrimer (having 64 endgroups) is often referred to as G5.



minal groups can act as size-dependent gates between the exterior and interior
of dendrimers. As shown in the two-dimensional projections of PAMAM and
PPI dendrimers in Figs. 1 and 2, higher generations have more closely spaced
terminal groups and therefore only admit small molecules such as metal ions
and O2. For example, the exterior of G8 can distinguish linear and branched hy-
drocarbons (see below).

As shown in Table 1, the diameter of the amine-terminated, G4 PPI den-
drimers, determined by small-angle neutron scattering (SANS), is 2.8 nm, so it
is considerably smaller than the equivalent G4 PAMAM (4.5 nm) [7]. Like the
PAMAM dendrimers, the PPI dendrimers have interior tertiary amine groups
that may interact with guest molecules and ions, but in contrast they do not con-
tain amide groups. As a consequence, PPI dendrimers are stable at very high
temperatures (the onset of weight loss for G4 PPI is 470°C) [9], which is a criti-
cal factor for some applications, including catalysis. In contrast, PAMAM den-
drimers undergo retro-Michael addition at temperatures higher than about
100°C [10]. Commercially available PPI dendrimers are terminated in primary
amines, and they are soluble at synthetically useful concentrations in water,
short-chain alcohols, DMF, and dichloromethane. Of course, simple amidation
chemistry can be used to functionalize the endgroups, and thereby control solu-
bility.

1.3
Dendrimers as Host Molecules

Dendrimer interior functional groups and cavities contain guest molecules se-
lectively depending on the nature of the guest and the dendritic endoreceptors,
the cavity size, and the structure and chemical composition of the terminal
groups. The driving force for guest encapsulation within dendrimers can be 
based on electrostatic interactions, complexation reactions, steric confinement,
various types of weaker forces (van der Waals, hydrogen bonding, the hydro-
phobic force, etc.), and combinations thereof. Many examples of dendrimer-
based host-guest chemistry have been reported [3–5].

Meijer and co-workers were the first to demonstrate physical encapsulation
and release of guest molecules from a “dendritic box” [11, 12]. In their early ex-
periments, they encapsulated guest molecules such as the dye Bengal Rose or the
EPR probe 2,2,3,4,5,5-hexamethyl-3-imidazolinium-1-yloxy methyl sulfate by
allowing PPI dendrimers and guest molecules to equilibrate with one another
and then adding bulky substituents to the dendrimer exterior. Guest molecules
could subsequently be released by removing the protecting groups using any of
several chemical approaches. Such encapsulation and controlled release of small
molecules from macromolecular hosts has obvious applications to drug deliv-
ery, fluorescent markers, catalysis, and fundamental studies of chemical and
physical properties of isolated molecules.

By manipulating the chemical properties of dendrimer functional groups,
hydrophilic guest molecules can be dissolved in nonpolar solvents and hydro-
phobic molecules can be dissolved in polar solution. This is possible because,
independent of an encapsulated guest, dendrimers terminated in hydropho-
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bic groups are generally soluble in nonpolar solvents, while those having hydro-
philic terminal groups are generally soluble in polar solvents such as water and
low-molecular-weight alcohols [13–15]. Accordingly, it has been shown that
hydrophobic molecules can be dissolved in water using water-soluble PAMAM
dendrimers [16] and hydrophilic molecules can be dissolved in nonpolar
solvents using dendrimers terminated with hydrophobic groups [13, 15, 17, 18].
Recently we showed that hydrophilic molecules can be transferred to low po-
larity solvents by extraction of guest-containing dendrimers having hydro-
philic terminal groups. This is accomplished by complexation of the dendrim
er’s amine terminal groups with the acid groups of fatty acids [19]. This 
finding provides a very simple (non-covalent) means for using dendrimer-en-
capsulated guests (especially for catalysis) in organic, fluorous, and perhaps 
supercritical solvents.

In addition to molecules, dendrimer endoreceptors can also be used to se-
quester metal ions within dendrimers. In a later section we will describe how it
is possible to take advantage of this property to prepare nanocomposite mater-
ials consisting of a dendritic shell (the host) and a metal or semiconductor par-
ticle encapsulant (the guest). Small clusters of metals [20] and semiconductors
[21] are interesting because of their unique mechanical, electronic, optical, mag-
netic, and chemical properties. Of particular interest are transition-metal nano-
clusters, which are useful for applications in catalysis and electrocatalysis
[22–26]. There are two main challenges in this area of catalysis. The first is the
development of methods for stabilizing the nanoclusters by eliminating aggre-
gation without blocking most of the active sites on the cluster surfaces or other-
wise reducing catalytic efficiency. The second key challenge involves controlling
cluster size, size distribution, and perhaps even particle shape. Because den-
drimers can act as both “nanoreactors” for preparing nanoparticles and nano-
porous stabilizers for preventing aggregation, we reasoned that they would be
useful for addressing these two issues. As discussed in Sect. 2, this turns out to
be the case. Specifically, this section includes a discussion of the synthesis and
characterization of dendrimer-encapsulated Cu, Ag, Au, Ni, Pd, Pt, and Ru clus-
ters, and the application of some of these materials to heterogeneous O2-reduc-
tion electrocatalysis, homogeneous hydrogenation catalysis of alkenes in water,
organic, and fluorous solvents, as well as Heck chemistry in biphasic fluorous
and supercritical solvents.

The terminal groups of dendrimers can function as exoreceptors to host suit-
able guests. A simple example involves complexation between metal ions and
terminal functional groups. For example, by using the native acid or amine ter-
minal groups of PAMAM dendrimers [27], or dendrimers modified with imine-,
phosphino-, crown-containing, and other ligands [28–32], alkali- and transi-
tion-metal ions can be bound to dendrimer surfaces. For example, in an early ex-
ample of this approach, a chelator for Gd3+ was attached to the periphery of
amine-terminated PAMAM dendrimers. The composite showed superior pro-
perties as a contrast agent for molecular imaging [33]. The exoreceptive pro-
perties of dendrimers can also be used to bind organic molecules. For example,
a variety of polyelectrolytes [34], dyes [35], and electroactive molecules [36]
have been attached to dendrimer surfaces by electrostatic binding.
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1.4
Dendrimers as Building Blocks for Surface Modification

Thus far, most of this discussion has been focused on the properties of den-
drimers in bulk-phase solutions. However, the same physical and chemical pro-
perties that impart unique functions to these materials in solution could also
lead to interesting properties of surface-immobilized dendrimers. For example,
self-assembled monolayers (SAMs) prepared from small molecules are of wide-
spread interest because of their potential applications to corrosion passivation
[37, 38], lithography [39, 40], biochemical and chemical sensing [41, 42], and ad-
hesion [43, 44]. However, for some applications SAMs prepared from molecules
dominated by simple alkyl chains have significant disadvantages; for example,
strictly two-dimensional surfaces and limited stability [45–50] arising from
monopodal surface attachment. Clearly, SAMs prepared from dendrimers,
which have a well-developed three-dimensional structure and a large number of
potential surface attachment points per molecule, should exhibit improved sub-
strate adhesion, stability, and other properties associated with their three-
dimensional structure. For example, we have shown that surface-confined den-
drimers are suitable as permselective membranes and as a component of cor-
rosion passivation coatings [51, 52]. A vast range of other applications for
surface-confined dendrimers have been reported or can be imagined. Many are
summarized in recent review papers [3–5, 53].

The first report of surface-immobilized dendrimers was in 1994 [54]. Subse-
quently, our research group showed that the amine-terminated PAMAM and PPI
dendrimers could be attached to an activated mercaptoundecanoic acid (MUA)
self-assembled monolayer (SAM) via covalent amide linkages [55, 56]. Others
developed alternative surface immobilization strategies involving metal com-
plexation [10] and electrostatic binding [57]. These surface-confined dendrimer
monolayers and multilayers have found use as chemical sensors, stationary pha-
ses in chromatography, and catalytic interfaces [41, 56, 58, 59]. Additional appli-
cations for surface-confined dendrimers are inevitable, and are dependent only
on the synthesis of new materials and the development of clever, new immobi-
lization strategies.

2
Dendrimer-Encapsulated Metal Ions, Metals, and Semiconductors

As discussed in the first section of this chapter, interest in dendrimers has
increased rapidly since the successful synthesis of the first cascade molecules
two decades ago. Much of this interest has been driven by the expectation that
dendrimers will exhibit unique properties [2–5, 60]. Because dendrimers in
many cases interact strongly with metal ions, it seems reasonable to expect that
such composite materials might provide additional heretofore unknown or
biomimetic functions. This is particularly true in light of the high number of
metal ions that can be complexed to a single dendrimer and (in some cases)
their well-defined position in the dendrimer. For example, there has been much
recent speculation that these materials will be useful for catalysis [3, 4, 53,
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59–62]. Other applications that take advantage of the photonic, electronic, and
magnetic properties of these interesting materials are also envisioned [53,
61, 62].

Two main classes of metal-containing dendrimers will be discussed in this
section: metal-ion/dendrimer composites and metal (or semiconductor)-clus-
ter/dendrimer composites. For metal-ion/dendrimer composites, metal ions 
are electrostatically or covalently linked to endo- or exoreceptors of the den-
drimer. One might expect that such composite materials would have proper-
ties that are not a simple linear combination of the properties of the individual
components. For example, the close proximity of metal ions in such materials
might result in cooperative catalytic properties, such as is observed frequently
in natural enzymatic materials. Metal-nanoparticle-containing dendrimers are
prepared by reduction of metal-ion-containing dendrimers. The metal clusters 
are contained within the dendritic cavity by both steric and chemical inter-
actions, and like the previously described metal-ion-containing composites,
the properties of dendrimer-encapsulated metal particles are not a linear
combination of the starting materials. Finally, we have recently shown that
semiconductor nanoclusters (quantum dots) may also be trapped within den-
drimers, and these interesting new photonic materials will also be described in
this section.

2.1
Introduction to Dendrimers Containing Metal Ions

There are three general categories of metal-ion-containing dendrimers. The first
is composed of dendrimers that use metal ions as an integral part of their chem-
ical structure. This includes, for example, dendrimers having an organometallic
core and dendrimers that use metal ligation to assemble the dendrimer branch-
es into the complete dendrimer. The second consists of dendrimers that have
peripheral groups that are good ligands for metal ions. The surface functional
groups of such dendrimers are usually distinct from the rest of the molecule;
that is, they are added after the dendrimer is synthesized. The third group of
metal-ion-containing dendrimers contains internal ligands that result in the
partitioning of metal ions into the dendritic interior. Most of the metal-ion-con-
taining dendrimers reported so far belong to the first and second classes. Such
dendrimers are usually referred as organometallic dendrimers. Several review
articles addressing all three types of dendrimers have appeared in recent years
[3, 5, 53, 62–65].

2.1.1
Dendrimers Containing Metal Ions that are an Integral Part of their Structure

Metal ions within organometallic dendrimers can be incorporated at the core, in
the branches, or at branch points. Examples of dendrimers having metal-ion-
containing cores included the dendritic metalloporphyrins [66, 67] and related
materials reported by Aida and Enomoto [68], Diederich et al. [69], Moore et al.
[70], and Fréchet et al. [71], dendritic terpyridine-ruthenium complexes report-
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ed by Newkome et al. [72], dendritic terpyridine-iron(II) complexes reported by
Chow et al. [73], and metal-sulfur clusters reported by Gorman et al. [74]. These
dendrimers have been synthesized by either connecting a metal ligand to the
focal point of a dendron, and then connecting multiple dendrons to a suitable
metal ion, or by synthetically linking dendrons to a preformed metal complex.
Both of these are examples of the convergent synthetic approach first described
by Hawker and Fréchet [75].

By employing coordination complexes as branch points, dendrimers can be
synthesized that contain metal ions throughout their structure. The repetitive
unit of such dendrimers contains M-C, M-N, M-P, or M-S bonds [53, 62]. The me-
tal ions act as “supramolecular glue” [63], in which the complexation chemistry
directs the assembly and structure of the dendrimer [53]. One of the synthetic
procedures used to prepare organometallic dendrimers with coordination cen-
ters in every layer is based on a protection/deprotection procedure in which two
complexes are used as dendritic building blocks wherein one acts as a metal and
the other as a ligand [64, 76].

2.1.2
Metal Ions Bound to Ligands on the Surface of Dendrimers

To prepare dendrimers having metal ions on their periphery, the dendrimer is
usually synthesized by the divergent approach and then the synthesis is com-
pleted by addition of a suitable ligand. The coordinating surface ligands are
usually derived from pyridine, phosphine, sulfur, or amines [3, 65]. One of the
first examples of metal-terminated dendrimers came from Newkome’s group
[77]. They prepared polyether dendrimers terminated with terpyridine ligands,
and then reacted these with terpyridinyl ruthenium chloride to yield dode-
caruthenium macromolecules.

Silicon chemistry also provides a means for preparing dendrimers capped
with metal ions [3, 65]. For example, ferrocene [78, 79], Co2+, [80], Ru+ [81], and
Ni2+ [9] have been linked to the periphery of silicon-based dendrimers. These
materials are prepared by displacing reactive Si-Cl functional groups with any
of a variety of nucleophiles, such as amines, alcohols, or Grignard reagents, con-
taining the metal complexes or ligands.

Amine-terminated, full-generation PAMAM and PPI dendrimers, as well as
carboxylate-terminated half-generation PAMAM dendrimers, can directly bind
metal ions to their surfaces via coordination to the amine or acid functionality.
A partial list of metal ions that have been bound to these dendrimers in this way
includes Na+, K+, Cs+, Rb+, Fe2+, Fe3+, Gd3+, Cu+, Cu2+,Ag+, Mn2+, Pd2+, Zn2+, Co3+,
Rh+, Ru2+, and Pt2+ [18, 19, 27, 36, 54, 82–96]. Turro et al. have also shown that the
metal ion complexes, such as tris(2,2¢-bipyridine)ruthenium (Ru(bpy)3), can be
attached to PAMAM dendrimer surfaces by electrostatic attraction [97]. A wide
variety of other families of dendrimers have also been prepared that bind metal
ions to their periphery. These have recently been reviewed [3]. Such surface-
bound metal ions can be used to probe dendrimer structure using optical spec-
troscopy, mass spectrometry, and electron paramagnetic resonance (EPR)
[86–88, 90, 97–99].
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2.1.3
Dendrimers Containing Nonstructural Metal Ions Within their Interior

Because PAMAM and PPI dendrimers are commercially available and can direct-
ly bind metal ions to their surface, they are perhaps best suited for technological
applications at the present time. However, composites prepared from metal ion-
terminated dendrimers may precipitate from solution because of metal-ion-in-
duced dendrimer crosslinking. Moreover, dendrimers functionalized with exte-
rior metal ions cannot be further functionalized (to modulate solubility, for ex-
ample). Although such composite materials contain a high density of metal ions
per macromolecule, they do not take full advantage of the many unique structural
features of dendrimers,such as the hollow interior,the unique chemical properties
of the interior nanoenvironment, the terminal-group-tunable solubility, or the 
nanofiltering capability of the dendrimer branches (see below).Accordingly, den-
drimers containing non-structural metal ions within their interiors are attractive
for certain applications, including catalysts and chemical sensing, because such
composites retain the desirable structural properties of the uncomplexed den-
drimers and leave free their terminal groups for subsequent modification.

Importantly, unmodified PAMAM and PPI dendrimers have functional
groups within their interior as well as on their exterior. Specifically, PAMAM
dendrimer interiors contain both tertiary and secondary (amide) amines, and
both of these are ligands for many metals [19, 82, 83, 87, 89]. For example, Turro
et al. [87, 89] investigated the binding of Cu2+ ions to integer and half-integer
PAMAM dendrimers. Their EPR results indicated that Cu2+ can bind to both
exterior acid and amine groups, as well as to interior tertiary amines and amides.
Similarly, PPI dendrimers have interior tertiary amines and are also able to bind
metal ions, such as Cu2+, Zn2+, and Ni2+ within their interior [90, 100].

We are especially interested in trapping metal ions exclusively within the in-
teriors of unmodified, commercially available PAMAM dendrimers, because
such composites are easy to prepare and retain the desirable structural pro-
perties of the uncomplexed dendrimers. It is possible to prevent metal-ion com-
plexation to amine-terminated PAMAM dendrimers by either selective proto-
nation of the primary amines or by functionalization with non-complexing
terminal groups. The latter approach eliminates the restrictive pH window ne-
cessitated by selective protonation and generally results in more easily interpre-
table results [2, 101, 102]. Accordingly, most of our work has focused on hydro-
xyl-terminated PAMAM dendrimers (Gn-OH), although the amine-terminated
PAMAM dendrimers (Gn-NH2) are useful for control experiments, certain mo-
del studies, and perhaps catalysis. We have shown that many metal ions, inclu-
ding Cu2+, Pd2+, Pt2+, Ni2+, and Ru3+, sorb into Gn-OH interiors via complexation
with interior tertiary amines [59, 82, 83, 103]. Binding of metal ions to Gn-NH2
is highly pH-dependent, but it is possible to find conditions under which metals
only bind to the interior tertiary amines [19, 82].
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2.2
Introduction to Dendrimers Containing Zero-Valent Metal Clusters

This section briefly describes dendrimer-encapsulated metal particles, a new fa-
mily of composite materials, and their applications to catalysis.

2.2.1
Dendrimer-Encapsulated Metal Nanoparticles

A significant aspect of our recent work involves the first description of a general
template-based method for preparing transition-metal nanoparticles suitable
for fundamental studies and for use in electrocatalysis and homogeneous cata-
lysis. Our approach involves the use of higher generation (Gn, n>3) PAMAM
dendrimers as both template and stabilizer. As discussed in the first section of
this chapter, higher generation dendrimers are nearly monodisperse, hyper-
branched polymers, which are roughly spherical in shape, highly functionalized,
sterically crowded on the exterior, and somewhat hollow on the interior. Den-
drimers that are sufficiently large to have evolved a three-dimensional structure
contain cavities that have the ability to trap guest molecules [11, 12, 17]. As de-
scribed in the first part of this section, transition-metal ions, including Cu2+,
Pt2+, Pd2+, Ru3+, and Ni2+, partition into the interior of PAMAM dendrimers
where they are strongly complexed by interior functional groups. The number
of complexed metal ions per dendrimer can be nearly monodisperse [82]. Thus,
by preloading a dendrimer “nanotemplate” with suitable metal ions and then
chemically reducing this composite in situ, a dendrimer-encapsulated metal na-
nocluster results (Fig. 3). The dendrimer stabilizes the metal cluster by prevent-
ing agglomeration; however, it does not fully passivate the metal surface and
therefore the sequestered clusters can be used as electrocatalysts for the reduc-
tion of O2 [59], and homogeneous catalysts for Heck chemistry [100] and the
hydrogenation of alkenes (Fig. 3) [83, 103].

2.2.2
Catalysis Using Transition-Metal Nanoparticles

Transition-metal nanoparticles are of fundamental interest and technological
importance because of their applications to catalysis [22, 104–107]. Synthetic
routes to metal nanoparticles include evaporation and condensation, and che-
mical or electrochemical reduction of metal salts in the presence of stabilizers
[104, 105, 108–110]. The purpose of the stabilizers, which include polymers, li-
gands, and surfactants, is to control particle size and prevent agglomeration.
However, stabilizers also passivate cluster surfaces. For some applications, such
as catalysis, it is desirable to prepare small, stable, but not-fully-passivated, par-
ticles so that substrates can access the encapsulated clusters.Another promising
method for preparing clusters and colloids involves the use of templates, such as
reverse micelles [111,112] and porous membranes [106,113,114].However,even
this approach results in at least partial passivation and mass transfer limitations
unless the template is removed. Unfortunately, removal of the template may re-
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sult in slow agglomeration of the naked particles. By using dendrimers as both
monodisperse templates and stabilizers, we achieve particle stability and control
over particle size, while simultaneously allowing substrates to penetrate the
dendrimer interior and access the cluster surface. To the best of our knowledge
this advantageous set of properties is unique.

2.3
Intradendrimer Complexes Between PAMAM Dendrimers and Metal Ions

The first step in the preparation of dendrimer-encapsulated metal and semi-
conductor particles involves complexation of metal ions with the dendrimer in-
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Fig. 3. Schematic illustration of the synthesis of metal nanoparticles within dendrimer tem-
plates. The composites are prepared by mixing of the dendrimer and metal ion, and subse-
quent chemical reduction. These materials can be immobilized on electrode surfaces where
they serve as electrocatalysts or dissolved in essentially any solvent (after appropriate end-
group functionalization) as homogeneous catalysts for hydrogenation and other reactions



terior (Fig. 3). Because the size and composition of the sequestered nanopar-
ticles depends on this step, it is worth considering it in more detail than was pre-
sented in the introduction to this chapter.

2.3.1
Intradendrimer Complexes Between PAMAM Dendrimers and Cu2+

The first studies of dendrimer-encapsulated metal nanoparticles focused on Cu
[82]. This is because Cu2+ complexes with PAMAM and PPI dendrimers are very
well behaved and have easily interpretable UV-vis and EPR spectra. For exam-
ple, Fig. 4a shows absorption spectra for Cu2+ coordinated to different ligands.
In the absence of dendrimer and in aqueous solutions Cu2+ exists primarily as
[Cu(H2O)6]2+, which gives rise to a broad, weak absorption band centered at
810 nm. This corresponds to the well-known d-d transition for Cu2+ in a tetra-
gonally distorted octahedral or square-planar ligand field.

In the presence of G4-OH, lmax for the d-d transition shifts to 605 nm
(e ~100 M–1 cm–1, based on the equivalents of Cu2+ present). In addition, a strong
band centered at 300 nm (e ~ 4000 M–1 cm–1) emerges, which can be assigned to
a ligand-to-metal-charge-transfer (LMCT) transition. The complexation inter-
action between dendrimers and Cu2+ is strong: the d-d transition band and the
LMCT transition do not decrease significantly even after 36 h of dialysis against
pure water. These data show that Cu2+ partitions into the dendrimer from the
aqueous phase and remains there.

To learn more about the Cu2+ ligand field,we quantitatively assessed the num-
ber of Cu2+ ions extracted into each dendrimer by spectrophotometric titration.
Spectra of a 0.05 mmol/l G4-OH solution containing different amounts of Cu2+

are given in Fig. 4b. The absorbance at 605 nm increases with the ratio of
[Cu2+]/[G4-OH], but only slowly when the ratio is larger than 16. The titration
results are given in the inset of Fig. 4b, where absorbance at the peak maximum
of 605 nm is plotted against the number of Cu2+ ions per dendrimer.We estimat-
ed the titration endpoint by extrapolating the two linear regions of the curve,
and this treatment indicates that each G4-OH dendrimer can strongly sorb up to
16 Cu2+ ions. Because a G4-OH dendrimer contains 62 interior tertiary amines
and Cu2+ is tetravalent, it is tempting to conclude that each Cu2+ is coordinated
to about 4 amine groups. However, EPR and ENDOR data [99] indicate that most
of the ions bind to the outermost 16 pairs of tertiary amine groups, and CPK
models indicate that the dendrimer structure is not well configured for com-
plexation between the innermost amines and Cu2+. Thus, on average, each Cu2+

is coordinated to two amine groups, and the remaining positions of the ligand
field are likely to be occupied by more weakly binding ligands such as amide
groups or water (Fig. 5).

We also investigated the effect of dendrimer generation on the maximum
number of Cu2+ ions that can bind within dendrimers. Figure 6a shows absorp-
tion spectra of 0.05 mmol/l Gn-OH (n = 2, 4, and 6) + 3.0 mmol/l CuSO4 in the
Cu2+ d-d transition region.

For G2-OH, there is an absorption shoulder at 605 nm and a band centered at
810 nm, which indicates only partial complexation of Cu2+. For G4-OH, the band
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at 605 nm becomes more pronounced, and it is the only absorption feature for
G6-OH. This result is due to an increase in the concentration of tertiary amine
groups as the dendrimer generation increases, which is due in turn to the fact
that the number of interior amines increases geometrically as the dendrimer
generation increases (Table 1). The end points of the spectrophotometric titra-
tion curves for G2-OH and G6-OH (Fig. 6b, c) indicate strong binding of 4 and
64 Cu2+ ions, respectively. A similar titration was carried out for G3-OH and it
was found to bind tightly up to 8 Cu2+ ions. Interestingly, G2-OH, G3-OH, and
G6-OH contain 4, 8, and 64 pairs of tertiary amines, respectively, in their outer-
most generational shell, and therefore these titration results are fully consistent
with the one-Cu2+-per-two-outermost-tertiary-amines model proposed for G4-
OH (Fig. 5). Indeed, Fig. 6d shows that there is a linear relationship between the
number of Cu2+ ions complexed within Gn-OH and the number of tertiary
amine groups within Gn-OH.

In addition to hydroxyl-terminated PAMAM dendrimers, we also investigat-
ed the binding ability of amine-terminated G4-NH2. Figure 7a shows the d-d
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Fig. 4 a, b. a Absorption spectra of 0.6 mmol/l CuSO4 in the presence (spectrum 3) and in the
absence (spectrum 2) of 0.05 mmol/l G4-OH. The absorption spectrum of 0.05 mmol/l G4-OH
vs water is also shown (spectrum 1). b Absorption spectra as a function of the Cu2+/G4-OH ra-
tio. The inset is a spectrophotometric titration plot showing absorbance at the peak maximum
of 605 nm as a function of number of Cu2+ ions per G4-OH
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Fig. 5. Schematic illustration of the Cu2+ binding sites in G4-OH and G4-NH2. The models are
based on UV-vis, EPR, and ENDOR data

transition region of 0.05 mmol/l G4-R (R = NH2 or OH) + 0.3 mmol/l CuSO4.
Compared to the optical absorbance of G4-OH/Cu2+, the d-d transition of Cu2+

in G4-NH2 shifts from 605 nm to 575 nm (e ~ 100 M–1 cm–1) and the LMCT tran-
sition shifts to 270 nm from 300 nm. These wavelengths, which are somewhat pH
dependent, are very similar to those found in the absorption spectra of comple-
xes of ethylenediamine/Cu2+, which suggests that Cu2+ at least partially binds to
the primary-amine ligands on the G4-NH2 exterior (Fig. 5). The pH dependence
discussed later, and our recent EPR and ENDOR results, also confirm this assign-
ment [99]. Additional evidence showing that G4-NH2 is a stronger ligand than



G4-OH for Cu2+ is that G4-NH2 can extract Cu2+ ions from G4-OH/Cu2+ com-
plexes.

We titrated G4-NH2 with Cu2+ by monitoring the increase of band intensity at
lmax= 575 nm, which results from the increasing Cu2+/G4-NH2 ratio (Fig. 7b).
The titration results show that G4-NH2 can complex up to 36 Cu2+ ions, which
we believe bind primarily to the terminal primary amines. This result is con-
sistent with a literature report that G4 PPI dendrimers bind 32 Cu2+ ions to the
32 dipropylenetriamine units on the outer-most layer of these dendrimers [90].

As mentioned above, binding between Cu2+ and PAMAM dendrimers is pH
dependent. Figure 8 shows absorption spectra that illustrate the pH dependence
of 0.025 mmol/l G4-OH+4 mmol/l CuSO4 and 0.025 mmol/l G4-NH2+ 8 mmol/l
CuSO4. The bands arising from complexation between G4-OH and Cu2+ at
300 nm and 605 nm decrease with decreasing pH. When the pH of the solution
is adjusted to 3.0, these two bands essentially disappear and a broad, weak band,
corresponding to free Cu2+, appears at around 810 nm. Because the interior ter-
tiary amines are protonated below pH 3.5 [115], we interpret this result in terms
of the dendrimer releasing Cu2+ at low pH. The same type of behavior is ob-

Dendrimer-Encapsulated Metals and Semiconductors: Synthesis, Characterization, and Applications 99

Fig. 6 a– d. a The effect of dendrimer size on the absorbance of 3.0 mmol/l Cu2++ 0.05 mmol/l
Gn-OH solutions. b, c Spectrophotometric titration plots of the absorbance at the peak maxi-
mum of 605 nm as a function of the number of Cu2+ ions per G2-OH or G6-OH. The initial
concentration of G2-OH and G6-OH was 0.2 or 0.0125 m3, respectively. d The relationship be-
tween the number of Cu2+ ions complexed within Gn-OH and the number of tertiary amine
groups within Gn-OH
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Fig. 7 a, b. a The effect of the dendrimer terminal groups on the absorbance of 0.05 mmol/l 
G4-R (R = NH2 or OH) + 0.3 mmol/l Cu2+ solutions. b Spectrophotometric titration plots of the
absorbance at the peak maximum (G4-NH2: 575 nm, G4-OH: 605 nm) as a function of the
number of Cu2+ ions per G4-R. The pH was between 6 and 9

Fig. 8 a, b. Absorption spectra of: a 0.025 mmol/l G4-OH + 4 mmol/l CuSO4; b 0.025 mmol/l 
G4-NH2+ 8 mmol/l CuSO4 at pH 9.0 (solid line), 5.5 (short dash), and 3.0 (long dash)



served for G4-NH2+ Cu2+. For example, when the pH of a solution containing
0.025 mmol/l G4-NH2+8 mmol/l CuSO4 is adjusted from 9.0 to 5.5, there is a dra-
matic decrease in the absorbance arising from both the LMCT and d-d transi-
tion (Fig. 8b). This change corresponds to a fraction of the Cu2+ ions originally
bound to the amines being released to the solution as [Cu(H2O)6]2+ (as evi-
denced by the increase in the intensity of 810 nm band at pH 5.5). When the pH
is reduced to 3.0, no Cu2+ ions can bind to G4-NH2, and just the broad peak at
810 nm corresponding to free Cu2+ is apparent.

MALDI-TOF mass spectrometry (MS) has also been used to characterize 
PAMAM dendrimer composition with and without added Cu2+ [98]. Linear-
mode MALDI-TOF mass spectra of G2 and G3, and their complexes with Cu2+

ions, are shown in Fig. 9.
Spectra of G2-OH and G3-OH indicate the presence of dendrimers corre-

sponding to the molecular weight of the ideal dendrimer structure (MIS):
3273.05 for G2-OH (Fig. 9a) and 6941.8 for G3-OH (Fig. 9c). Some lower masses
corresponding to the loss of one or several 115 mass units (MIS– (n ¥ 115)) are
also evident; these are due to “missing arm” (-CH2CH2CONHCH2CH2OH) de-
fects. The observation of an MIS– (4 ¥ 115)–60 peak in G2-OH is due to four
missing arms and the formation of an intramolecular loop (MIS – 4 arms + 1
loop). These defects have also been observed by electrospray (ES)-MS measure-
ments [116]. The mass spectrum of G4-OH with or without Cu2+ is much more
complicated than for the lower generations but a complete discussion is avail-
able in the primary literature [98].

When G2-OH is mixed with a fourfold molar excess of Cu2+ ions the spectrum
in Fig. 9b results. These data indicate that each G2-OH can sorb at least four Cu2+

ions. Moreover, the separation between adjacent copper adducts is ~ 62.5, which
indicates that the oxidation state of Cu inside dendrimer during the MALDI-MS
experiments is +1. Reflectron-mode MS also confirms this assignment: the mass
differences between the monoisotopic peaks of protonated dendrimers, single-
copper adducts, and double-copper adducts are 61.96 and 61.93, respectively,
which is consistent with the assignment of the adduct ions as [MIS+ Cu(I)]+ and
[MIS+ 2Cu(I)-H]+.We speculate that the presence of Cu+ is a consequence of the
photochemical reduction of Cu2+ during ionization. Such photoreduction in
MALDI MS measurements has been observed previously when polymers or
peptides are used as ligands for Cu2+ [117, 118].

The relative intensities of the four copper adducts for G2-OH are not neces-
sarily reflective of the actual concentrations of those four species in the sample.
Because addition of each Cu ion to the dendrimer has to be accompanied by the
loss of one proton to form a singly charged ion, composites containing higher
Cu2+ loading are less favored than lower Cu2+ loadings in the MALDI process.

When G3-OH is loaded with an eightfold molar excess of Cu2+, the corre-
sponding spectrum (Fig. 9d) shows adducts containing up to eight ions. The sig-
nal-to-noise ratio of this spectrum is worse than that for G2-OH (compare with
Fig. 9b). This may be because both structurally perfect and defect-containing
G3-OH dendrimers sorb Cu2+ and the defect density increases with generation.
It is also likely that the intrinsic efficiency of the MALDI process is lower for the
heavier, higher generation materials.
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Fig. 9 a – d. MALDI mass spectra of G2-OH, G3-OH, and their complexes with Cu2+ (Cu2+/G2-
OH = 4 and Cu2+/G3-OH = 8)



2.3.2
Intradendrimer Complexes Between PAMAM Dendrimers and Metal Ions other than Cu2+

Using chemistry similar to that just discussed for Cu2+, we have shown that many
other transition metal ions, including Pd2+, Pt2+, Ni2+, and Ru3+, can be extracted
into the dendrimer interiors [59, 83, 84]. For example, a strong absorption peak
at 250 nm (e = 8000 M–1 cm–1) arising from a ligand-to-metal-charge-transfer
(LMCT) transition indicates that PtCl4

2– is sorbed within Gn-OH dendrimers.The
spectroscopic data also indicate that the nature of the interaction between the
dendrimer and Cu or Pt ions is quite different.As discussed earlier, Cu2+ interacts
with particular tertiary amine groups by complexation, but PtCl4

2– undergoes a
slow ligand-exchange reaction, which is consistent with previous observations
for other Pt2+ complexes [119]. The absorbance at 250 nm is proportional to the
number of PtCl4

2– ions in the dendrimer over the range 0–60 (G4-OH(Pt2+)n,
n = 0– 60), which indicates that it is possible to control the G4-OH/Pt2+ ratio.

Control experiments confirm that the Pt2+ ions are inside the dendrimer rath-
er than complexed to the exterior hydroxyl groups. For example, when G4-NH2
is added to a PtCl4

2– solution an emulsion, and then precipitation, results. This is
a consequence of Pt2+-induced crosslinking of the NH2-functionalized den-
drimers, which does not occur with the noncomplexing OH-terminated materi-
als. Additionally, when a pH =1 G4-OH solution is added to a PtCl4

2– solution no
spectral changes occur, indicating that protonated interior tertiary amines do
not complex Pt2+. Finally, X-ray photoelectron spectroscopy (XPS) of G4-
OH(Pt2+)60 indicates that the ratio of Pt/Cl is 1/3, which strongly suggests that
complexation of PtCl4

2– to the dendrimer occurs by ligand exchange. Specifically,
loss of one chlorine ligand from the Pt complex is compensated by addition of
the tertiary amine from the dendrimer. Taken together these three results sug-
gest that up to 60 Pt2+ ions are complexed within G4-OH via Pt2+-tertiary amine
interactions.Very similar results are obtained upon mixing Gn-OH with PdCl4

2–.
Figure 10 shows that Ru3+ and Ni2+ can also be extracted into G4-OH den-

drimers. For example, a [Ru(NH3)5Cl]2+ solution has an LMCT band at 327 nm
(e ~ 1200 M–1 cm–1). However, after addition of G4-OH to this solution the LMCT
band blue shifts to 297 nm (e ~ 1300 M–1 cm–1), which is close to lmax value of
277 nm measured for Ru(NH3)6

3+. This suggests trapping of Ru3+ within the 
dendrimers via ligand exchange. In the case of Ni2+, several absorbance peaks
characteristic of [Ni(H2O)6]2+ are evident in the absence of G4-OH [120]. In the
presence of G4-OH, a shift in the wavelength of these bands, which is consistent
with replacement of some H2O ligands by tertiary amines or other functional
groups within the dendrimers, is observed, suggesting dendrimer encapsulation
of Ni2+.

2.4
Synthesis and Characterization of Dendrimer-Encapsulated Metal Nanoparticles

In this section, two methods used to prepare dendrimer-encapsulated metal na-
noclusters are discussed: direct reduction of dendrimer-encapsulated metal
ions and displacement of less noble metal clusters with more noble elements.
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2.4.1
Direct Reduction of Dendrimer/Metal Ion Composites

Chemical reduction of Cu2+-loaded G4-OH dendrimers (G4-OH/Cu2+) with ex-
cess NaBH4 results in intradendrimer Cu clusters (Fig. 3). Evidence for this
comes from the immediate change in solution color from blue to golden brown:
the absorbance bands originally present at 605 nm and 300 nm disappear and
are replaced with a monotonically increasing spectrum of nearly exponential
slope towards shorter wavelengths (Fig. 11).

This behavior results from the appearance of a new interband transition 
corresponding to formation of intradendrimer Cu clusters. The measured onset
of this transitions at 590 nm agrees with the reported value [121], and the nearly
exponential shape is characteristic of a band-like electronic structure, strongly
suggesting that the reduced Cu does not exist as isolated atoms, but rather as 
clusters [122]. The presence of metal clusters is also supported by loss of signal 
in the EPR spectrum [123] following reduction of the dendrimer Cu2+ compo-
site.

The absence of an absorption peak arising from Mie plasmon resonance
(around 570 nm) [124] indicates that the Cu clusters are smaller than the Mie-
onset particle diameter of about 4 nm [124–126]. Plasmon resonance cannot be
detected for very small metal clusters because the peak is flattened due to the
large imaginary dielectric constant of such materials [122].
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Fig. 10 a, b. UV-vis spectroscopic data demonstrating sorption of Ru3+ and Ni2+ ions into G4-
OH dendrimers: a absorption spectra of solutions containing 1.0 mmol/l [Ru(NH2)5Cl]Cl2
(dashed line) and 1.0 mmol/l [Ru(NH2)5Cl]Cl2+ 0.05 mmol/l G4-OH (solid line); b absorption
spectra of solutions containing 4.0 mmol/l Ni(ClO4)2 (dashed line) and 4.0 mmol/l
Ni(ClO4)2+ 0.2 mmol/l G4-OH (solid line)



Transmission electron microscopy (TEM) results also indicate the presence of
intradendrimer Cu clusters after reduction. Micrographs of Cu clusters within
G4-OH reveal particles having a diameter less than 1.8 nm [127], much smaller
than the 4.5 nm diameter of G4-OH [115, 128].

Finally, 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 Cu2+ loading less than the maximum threshold values,
were found to be stable (no observable agglomeration or precipitation) for at
least one week in an oxygen-free solution. However, in air-saturated solutions
the clusters revert to intradendrimer Cu2+ ions overnight. In contrast, when ex-
cess Cu2+ is added to a dendrimer solution, Cu2+ is present both inside the den-
drimer and as hydrated ions in solution. After reduction, the excess Cu2+ forms
a dark precipitate within a few hours, but the remaining transparent solution
yields the same absorption spectrum as one prepared with a stoichiometric
amount of Cu2+. TEM images of the particles in these solutions reveal two size
regimes: the first is 9±4 nm average diameter and is responsible for the dark
precipitate; the second, which is estimated to have an upper limit of 1.8 nm
diameter [127], corresponds to intradendrimer clusters.

The ability to prepare well-defined intradendrimer metal nanoclusters de-
pends strongly on the chemical composition of the dendrimer. Spectroscopic re-
sults, such as those shown in Fig. 7, indicate that when G4-NH2, rather than the
hydroxyl-terminated dendrimers just described, is used as the template a maxi-
mum of 36 Cu2+ ions are sorbed; most of these bind to the terminal primary
amine groups. Reduction of a solution containing 0.6 mmol/l CuSO4 and
0.05 mmol/l G4-NH2 results in a clearly observable plasmon resonance band at
570 nm (Fig. 11) [122, 124, 125] which indicates that the Cu clusters prepared in
this way are larger than 4 nm in diameter. This larger size is a consequence of ag-
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Fig. 11. Absorption spectra of a solution containing 0.6 mmol/l CuSO4 and 0.05 mmol/l G4-OH
before (dashed line, spectrum 1) and after (solid line, spectrum 2) reduction with a fivefold
molar excess of NaBH4. Spectrum 3 was obtained under the same conditions as those for spec-
trum 2 except 0.05 mmol/l G4-NH2 was used in place of G4-OH. Reprinted with permission
from Ref. 82 Copyright 1998 American Chemical Society



glomeration of Cu particles adsorbed to the unprotected dendrimer exterior
[89, 90].

The approach for preparing dendrimer-encapsulated Pt metal particles is si-
milar to that used for preparation of the Cu composites: chemical reduction of
an aqueous solution of G4-OH(Pt2+)n yields dendrimer-encapsulated Pt nano-
particles (G4-OH(Ptn)). A spectrum of G4-OH(Pt60) is shown in Fig. 12a; it dis-
plays a much higher absorbance than G4-OH(Pt2+)60 throughout the wavelength
range displayed. This change results from the interband transition of the encap-
sulated zero-valent Pt metal particles.

Spectra of G4-OH(Pt)n, n = 12, 40, and 60, obtained between 280 nm and
700 nm and normalized to A = 1 at l = 450 nm, are shown in Fig. 12b; all of these
spectra display the interband transition of Pt nanoparticles. Control experi-
ments clearly demonstrate that the Pt clusters are sequestered within the G4-OH
dendrimer. For example, BH4

– reduction of the previously described G4-
NH2(Pt2+)n emulsions results in immediate precipitation of large Pt clusters. Im-
portantly, the dendrimer-encapsulated particles do not agglomerate for up to
150 days and they redissolve in solvent after repeated solvation/drying cycles.

The absorbance intensity of the encapsulated Pt nanoparticles is related to
the particle size. A plot of log A vs log l provides qualitative information about
particle size: the negative slopes are known to decrease with increasing particle
size. For aqueous solutions of G4-OH(Pt12), G4-OH(Pt40), and G4-OH(Pt60), the
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Fig. 12 a, b. Spectral characterization of dendrimer-encapsulated clusters containing different
numbers and types of atoms; a absorption spectra of solutions containing 0.05 mmol/l G4-
OH(Pt2+)60 before and after reduction; b UV-vis spectra of solutions containing G4-OH(Pt12)
(solid line), G4-OH(Pt40) (short dashes), and G4-OH(Pt60) (long dashes) normalized to A = 1 at
l = 450 nm. Logarithmic plots of these data, shown in the inset, demonstrate that larger par-
ticles result in less negative slopes



slopes are –2.7, –2.2, and –1.9, respectively (Fig. 12b inset). These results con-
firm that the size of the intradendrimer particles increases with increasing Pt2+

loading.
Dendrimers containing Pt2+ or Pt-metal nanoparticles are easily attached 

to Au and other surfaces by immersion in a dilute aqueous solution of the com-
posite for 20 h, followed by careful rinsing and drying [59, 129]. Therefore it is
possible to use X-ray photoelectron spectroscopy (XPS) to determine the ele-
mental composition and the oxidation states of Pt within dendrimers. For ex-
ample, Pt(4f7/2) and Pt(4f5/2) peaks are present at 72.8 eV and 75.7 eV, respec-
tively, prior to reduction, but after reduction they shift to 71.3 eV and 74.4 eV,
respectively, which is consistent with the change in oxidation state from +2 to 0
(Fig. 13a].

Importantly, XPS data also indicate the presence of Cl prior to reduction, but
it is not detectable from the spectrum of G4-OH(Pt60)-modified surfaces
(Fig. 13b).

High-resolution transmission electron microscopy (HRTEM) images (Fig.
14) clearly show that dendrimer-encapsulated particles are nearly monodi-
sperse and that their shape is roughly spherical.

For G4-OH(Pt40) and G4-OH(Pt60) particles, the metal-particle diameters are
1.4 ± 0.2 nm and 1.6 ± 0.2 nm, which are slightly larger than the theoretical values
of 1.1 nm and 1.2 nm, respectively, calculated by assuming that particles are con-
tained within the smallest sphere circumscribing an fcc Pt crystal.When prepared
in aqueous solution, Pt nanoparticles usually have irregular shapes and a large
size distribution.The observation of very small,predominantly spherical particles
in this study may be a consequence of the dendrimer cavity; i.e., the template 
in which they are prepared. X-ray energy dispersive spectroscopy (EDS) was 
also carried out, and it unambiguously identifies the particle composition as pla-
tinum.
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Fig. 13 a, b. a XPS spectra of G4-OH(Pt2+)60 before (1) and after (2) reduction. b The shifts in
the peaks, and the disappearance of the Cl signals indicate reduction of Pt2+ within the den-
drimer



Results similar to those discussed for dendrimer-encapsulated Cu and Pt are
also obtained for Pd, Ru, and Ni nanoclusters. An example of 40-atom Pd nano-
clusters confined within G4-OH is shown in the bottom micrograph of Fig. 14.

2.4.2
Displacement Reaction Method

In the previous section, it was shown that dendrimer-encapsulated metal nano-
clusters can be prepared by direct reduction if the corresponding metal ions can
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Fig. 14. HRTEM images of G4-OH(Pt40), G4-OH(Pt60), and G4-OH(Pd40), which demonstrate
the nearly monodisperse size and shape distribution of the encapsulated metal nanoparticles,
especially in the case of G4-OH (Pt60). Reprinted with permission from Ref. 83 Copyright 1999
Wiley-VCH



be extracted into the dendrimer interior. The preparation of Cu and Pt nano-
particles prepared by this technique was discussed in detail. However, this ap-
proach is not suitable for encapsulation of Ag particles because the equilibrium
between PAMAM dendrimers and Ag+ ions does not strongly favor the intra-
dendrimer complex.

Although it is not possible to prepare Ag particles inside Gn-OH by direct re-
duction of interior ions, stable, dendrimer-encapsulated Ag particles can be pre-
pared by a metal exchange reaction. In this approach, dendrimer-encapsulated
Cu nanoclusters are prepared as described in a previous section [82], and then
upon exposure to Ag+ the Cu particles oxidize to Cu2+ ions, which stay entrap-
ped within the dendrimer at pH values higher than 5.5, and Ag+ is reduced to
yield a dendrimer-encapsulated Ag nanoparticle (Fig. 15).
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Fig. 15. Schematic illustration of the method used to prepare dendrimer-encapsulated Ag,Au,
Pd, and Pt nanoclusters by primary and secondary displacement reactions using G6-OH(Cun)
or G6-OH(Ag2n) as starting materials



Figure 16a shows UV-vis spectra of an aqueous Cu2+/G6-OH solution before
and after reduction. At pH 7.5 a strong LMCT band is evident at 300 nm
(e ~ 4000 M–1 cm–1), which (as discussed earlier) is not present in the absence of
the dendrimer or Cu2+ [130]. Spectrophotometric titrations indicate that each
G6-OH can bind as many as 64 Cu2+ ions. Because the Cu2+/G6-OH ratio is equal
to 55 in the experiments discussed here, we expect that all Cu2+ is sorbed into the
G6-OH interiors. This species is denoted as G6-OH(Cu2+)55.

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 threefold excess of BH4

– results in formation of
intradendrimer Cu nanoclusters. The postreduction spectrum is dominated by
a monotonic and nearly exponential increase towards shorter wavelengths,
which results from the interband transition of intradendrimer Cu clusters [82].
The absorption spectrum of aqueous G6-OH(Cu55) solutions is independent of
pH in the range 3–7.5.

Ag+ is a stronger oxidizing agent than Cu2+, and therefore Eq. (1) leads to con-
version of a dendrimer-encapsulated Cu nanoparticle to Ag [131]:

Cu + 2 Ag+ = 2 Ag + Cu2+ (1)

Figure 16b 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 2 in
Fig. 16a. When Ag+ is added to a G6-OH(Cu55) solution at pH 3.0, a new absorb-
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Fig. 16 a, b. a Absorption spectra of aqueous 0.55 mmol/l Cu(NO3)2+ 0.01 mmol/l G6-OH be-
fore (spectrum 1) and after (spectrum 2) reduction. b Absorption spectra of 0.01 mmol/l G6-
OH(Cu55) + 1.1 mmol/l Ag+ (spectrum 2, pH 3.0 and spectrum 3, pH 7.5). Spectrum 1 is the
same as spectrum 2 in a. Spectrum 4 corresponds to the direct reduction of 1.1 mmol/l
Ag+ + 0.01 mmol/l G6-OH 1 h after the addition of BH4

–. The inset shows spectra 10 min (solid
line) and 18 h (dashed line) after displacement



ance band centered at 400 nm appears (spectrum 2), which corresponds to the
plasmon resonance of Ag particles [122]. When the pH of the solution is adjust-
ed to 7.5 (spectrum 3), the Ag plasmon peak does not change much, but a new
peak at 300 nm (e ~ 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 after intradendrimer oxidation
of Cu. Thus, both the metallic Ag nanoparticles and the Cu2+ ions generated by
the displacement reaction are present within the dendrimers simultaneously.
Such versatile and well-defined nanoenvironments are unique and should find
a variety of fundamental and applied applications, especially in the area of cat-
alysis. The Ag particles synthesized by this displacement reaction are very sta-
ble; for example, spectra taken 10 min and 18 h after reduction are nearly iden-
tical (Fig. 16b, inset) and no precipitation is observed even after storage in air
for > 2 months. XPS and TEM analysis confirm the presence of dendrimer-en-
capsulated Ag metal particles formed by exchange. Of course, this displacement
method can be used to prepare other types of noble metal particles (Fig. 15),
such as Au, Pt, and Pd, because the standard potentials (E°) of the corresponding
half reactions are more positive than for Cu2+/Cu. Finally,Ag nanoparticles syn-
thesized by primary displacement of dendrimer-encapsulated Cu nanoparticles
can themselves be displaced to yield Au, Pt, or Pd nanoparticles by secondary
displacement reactions (Fig. 15).

2.4.3
Dendrimer-Encapsulated Bimetallic Nanoclusters

Bimetallic metal particles are important materials because their characteristics,es-
pecially their catalytic properties, are often quite different from those of pure me-
tal particles.Dendrimer-encapsulated bimetallic clusters can be synthesized by any
of three methods (Fig.17): (1) partial displacement of the dendrimer-encapsulated
cluster, (2) simultaneous co-complexation of two different metal ions followed by
reduction, or (3) sequential loading and reduction of two different metal ions.

Preparation of mixed-metal intradendrimer clusters by partial displacement
is a straightforward extension of the complete displacement approach for form-
ing single-metal clusters described in the previous section. If less than a stoi-
chiometric amount of Ag+, Au3+, Pd2+, or Pt2+ is added to a G6-OH(Cu55) solu-
tion, or if less than a stoichiometric amount of Au3+, Pd2+, or Pt2+ is added to G6-
OH(Ag110) solution, it is possible to form Ag/Cu,Au/Cu (Au/Ag), Pd/Cu (Pd/Ag),
and Pt/Cu (Pt/Ag) bimetallic clusters inside dendrimers.

Dendrimer-encapsulated bimetallic clusters can also be prepared by simul-
taneous co-complexation of two different metal ions, followed by a single re-
duction step. For example, the absorption spectrum of a solution containing G6-
OH, PtCl4

2–, and PdCl4
2– is essentially the sum of the spectra of a solution contain-

ing G6-OH + PtCl4
2– and a second solution containing G6-OH + PdCl4

2–, which
strongly suggests co-complexation of Pt2+ and Pd2+ within individual den-
drimers.After reduction of these co-complexed materials, a new interband tran-
sition, which has an intensity different from that of either a pure Pt or Pd clus-
ter, is observed.
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The sequential loading method is also effective for preparing bimetallic 
clusters. For example, dendrimer-encapsulated Pt/Pd clusters are synthesized as
follows. First, a solution containing G6-OH(Pt55) is prepared using the direct
reduction approach already described. Next, K2PdCl4 is added to this solution to
form a mixed metal/ion intradendrimer composite: G6-OH[(Pt55) + (Pd2+)55].
That is, Pd2+ partitions into the dendrimer and complexes with tertiary amine
sites vacated by Pt2+ after the first reduction step. The existence of the mixed
valent composite can be confirmed by the UV-vis spectrum, which is nearly 
the sum of the two individual components. However, after reduction of G6-
OH[(Pt55) + (Pd2+)55] the intense LMCT band arising from Pd2+ complexed to
interior tertiary amines essentially disappears and the interband transition due
to the formation of the bimetallic clusters appears.After the first reduction step,
HRTEM indicates that the Pt nanoclusters in G6-OH(Pt55) are 1.4 ± 0.2 nm in
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Fig. 17. Schematic illustration of the preparation of dendrimer-encapsulated bimetallic 
clusters by three different methods. Displacement reaction, co-complexation, and sequential
loading



diameter. However, after addition of Pd2+ and subsequent reduction the par-
ticles grow to 3.0 ± 1.0 nm. The relatively wide distribution in particle size may
be due to interdendrimer transfer of Pd atoms during the second reduction
process.

Presumably these three methods for preparing bimetallic, dendrimer-encap-
sulated nanoparticles can be extended to trimetallics, bi- and trimetallics having
unique structures (such as core/shell materials), and interesting combinations
of two (or more) zero-valent metals plus intradendrimer ions. However, analy-
sis of such materials await more sophisticated analytical methods than are cur-
rently at our disposal.

2.5
Dendrimer-Encapsulated Metal Nanoclusters as Catalysts

Two classes of catalysts account for most contemporary research. The first class
includes transition-metal nanoparticles (e.g., Pd, Pt), their oxides (e.g., RuO2),
and bimetallic materials (e.g., Pt/Ni, Pt/Ru) [104, 132–134]. The second class,
usually referred to as molecular catalysts, includes all transition-metal com-
plexes, such as metalloporphyrins, in which the metal centers can assume mul-
tiple oxidation states [135–137]. Previous studies have not only yielded a wealth
of information about the preparation and catalytic properties of these materials,
but they have also revealed shortcomings where further research is needed. Here
we summarize the main barriers to progress in the field of metal-particle-based
catalysis and discuss how dendrimer-encapsulated metal nanoparticles might
provide a means for addressing some of the problems.

The active sites of particulate catalysts are on the surface. The activity per
unit mass of such catalysts usually increases dramatically as the particle size
decreases, because a higher fraction of the total metal atoms reside on the par-
ticle surface. Additionally, very small particles (< 1 nm) sometimes exhibit
quantum effects that influence their properties in ways that are just beginning
to be understood [104, 138]. Unfortunately, the high total surface energy of small
particles is a strong driving force for aggregation.Aggregation can be avoided by
lowering the surface energy of the particles with surface-confined stabilizers
[134, 139–141]. However, complete (i.e., monolayer coverage) and irreversible
adsorption of stabilizers or other molecules on the particle surface is generally un-
desirable because they block active sites which results in loss of catalytic activity
(poisoning of the catalyst). Thus, a strong adsorbate really behaves as a
deactivator. Clearly, synthesis of highly efficient nanoparticle catalysts requires
optimization of both the particle size and the surface protective chemistry. More-
over, the optimal characteristics of each appear to be orthogonal: maximum pas-
sivation (desirable to reduce agglomeration) results in catalyst passivation, while
high catalytic activity implies a naked surface which in turn leads to agglomera-
tion. Ideally,particulate catalysts should be surrounded by a nonadherent coating,
or nanoporous filter, that prevents agglomeration but permits passage of the cat-
alyst’s substrate and product, but does not adversely affect catalytic properties. It
would be highly desirable to have some control over the mesh of the filter,and also
its chemical characteristics, in order to control selectivity.This is precisely the role
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played by the dendrimer in catalytic applications of the dendrimer-encapsulated
metal particle nanocomposites we recently discovered.

Dendrimers have previously been recognized as attractive building blocks for
constructing highly efficient catalysts. The reasons for this are largely due to the
unique structural and chemical properties of dendrimers described earlier [3,
74, 142]. For example, dendrimer-related catalysts may involve placement of a
catalyst at or near the dendritic core [3, 67, 143–145]. The goal of such studies is
to enhance the catalytic rate or selectivity.Additionally, the interior and exterior
dendrimer functional groups of these materials can be used to advantage in
many ways. For example, dendrimers can be used to stabilize catalysts. That is,
appropriate functionalization of dendrimer terminal groups can lead to preven-
tion of agglomeration. Dendrimer functional groups also facilitate manipula-
tion of catalysts by expanding avenues for structure stabilization (via crosslink-
ing) [51, 52], surface immobilization [55–57, 59, 129, 146, 147] and solubility
modulation (via the polarity of the surface functional groups) [19, 103]. Finally,
surface functional groups form a porous barrier with a defined porosity that 
allows size-selective entry into the dendrimer’s endocavity, which is the usual 
location of the catalyst [11, 12].

Molecular catalysts, often in the form of metal ions complexed to a suitable li-
gand, can also be attached to dendrimer surfaces [3, 9, 10, 93, 94, 96, 148, 149].
Such materials are generally structurally better defined than catalysts bounded
to linear polymers, but like random-polymer catalysts they can be easily sepa-
rated from reaction products. Note, however, that this approach results in a syn-
thetic dead-end as far as further manipulation of the terminal groups is con-
cerned, and thus some of the advantages of using dendrimers, such as solubility
modulation, are lost.

The endocavity of dendrimers offer many new possibilities for the design of
catalysts based on metal clusters. First, as has already been shown, the dendrimer
can be used to control the size of the encapsulated metal particle. The endocavity
is also an ideal matrix for hosting a highly active catalyst and for maintaining its
activity, because it is more or less hollow and stabilization occurs primarily by
confinement rather than molecular adsorption or ligation. Accordingly, critical
surface active sites are not blocked. Additionally, the polarity or the hydrophobi-
city of the cavity can be engineered to be different from that of the external envi-
ronment.This difference may be used to enrich desired substrate molecules inside
the cavity or to speed up mass transport of product molecules out of the cavity.
Finally, as described later in this section, the dendrimer terminal groups can be
used to control solubility of the composite and enhance catalytic selectivity.

2.5.1
Dendrimer-Encapsulated Pt Nanoclusters as Heterogeneous Electrocatalysts 
for O2 Reduction

Pt is the most effective practical catalyst known for O2 reduction, which is an im-
portant electrode reaction in fuel cells [24]. To achieve efficient utilization of Pt
in such applications, a large amount of work has been devoted to developing me-
thods for fabricating very small, stable, O2-accessible clusters. Because the den-
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drimer-encapsulated metal nanoparticles seemed likely to exhibit these pro-
perties, we thought it reasonable to test them as heterogeneous O2 reduction
catalysts. Such applications require immobilization of the dendrimer compo-
sites on a conducting substrate in such a way that electrons can transfer from 
the substrate to the metal nanoparticle [59]. Methodologies for attaching den-
drimers to surfaces by electrostatic, covalent, and coordination means have been
discussed in the literature [55–57, 59, 129, 146, 147]. We have generally found it
most convenient to prepare surface-confined, dendrimer-encapsulated catalysts
by first depositing the nanoclusters within the dendrimer, and then affixing the
dendrimers to a gold electrode by dipping it into the dendrimer solution [59,
129, 147]. Even dendrimers terminated in hydroxyl groups adhere to gold, pre-
sumably via interactions with internal tertiary amine groups that are able to
configure themselves in a way that puts them in intimate contact with the gold
surface [59, 129].

Figure 18a shows cyclic voltammograms (CVs) obtained from Au electrodes
coated with a monolayer of 60-atom Pt clusters entrapped within G4-OH (Au/G4-
OH(Pt60)) in the presence and absence of O2. For comparison, data in the pre-
sence of O2 were also obtained from an Au electrode modified only with G4-OH
(no Pt nanoparticle). In the presence of O2, the Au/G4-OH-modified electrode
yields a relatively small current. However, when an Au/G4-OH(Pt60)-modified 
electrode is used in the same solution, a much larger current is observed and the
peak potential shifts positive, indicating a substantial catalytic effect. In the ab-
sence of O2, only a small background current is observed, confirming that the
process giving rise to the peak is O2 reduction. Importantly, these results con-
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Fig. 18 a, b. Electrocatalytic O2 reduction by Pt or Pd clusters: a cyclic voltammograms of Au
electrodes coated with G4-OH in O2-saturated 1 mol/l H2SO4 (solid line) or coated with G4-
OH (Pt60) prepared by direct reduction in N2- (dashed line) or O2- (open circles) saturated
1 mol/l H2SO4; b cyclic voltammograms of Au electrodes coated with G6-OH(Cu55) (solid line)
and their primary displacement reaction products with stoichiometric Ag+ (short dash), Pd2+

(long dash), and Pt2+ (open circle). Electrode area. 0.09 cm2, scan rate 50 mV/s



clusively demonstrate that the surface of at least some of the dendrimer-encap-
sulated Pt nanoparticles are accessible to reactants in the solution and can
exchange electrons with the underlying electrode surface.

Intradendrimer Pt and Pd nanoparticles synthesized using displacement re-
actions also show electrocatalytic activity for O2 reduction. Figure 18b shows
cyclic voltammograms obtained in 1 mol/l H2SO4 saturated with O2 using Au
electrodes coated with G6-OH(Pt)55 and G6-OH(Pd)55 catalysts prepared by Cu
displacement (Sect. 2.4.2). For comparison, analogous results for electrodes 
coated with G6-OH(Cu55) (prepared by direct reduction) or G6-OH(Ag110) (pre-
pared by primary displacement of a Cu-containing dendrimer) are also shown.
It is known that Pt and Pd are highly efficient electrocatalysts for O2 reduction
in acid electrolytes, while Ag and Cu show no significant catalytic effect under
the same conditions [150, 151]. In accordance with this precedent, the Au/G6-
OH(Cu55)- and G6-OH(Ag110)-modified electrodes yield relatively small cur-
rents. However, when the Cu particles in G6-OH(Cu55) were displaced by Pt or
Pd and then immobilized to the Au surface, a much larger current was observed
and the peak potential for O2 reduction shifted positive to 80 mV for Pt and to
about 0 mV for Pd, indicating a substantial catalytic effect. Note especially the
similarity of the two Pt-based catalysts shown in Fig. 18.

2.5.2
Homogeneous Catalysis in Water Using Dendrimer-Encapsulated Metal Particles

Ligand- or polymer-stabilized colloidal noble metals have been used for many
years as catalysts for the hydrogenation of unsaturated organic molecules
[152–155]. Additionally, there is a special interest in developing methodologies
for catalyzing organic reactions in aqueous solutions [152]. Accordingly, we in-
vestigated the homogeneous catalytic hydrogenation of alkenes in aqueous
solutions using dendrimer-encapsulated nanoparticles. The hydrogenation ac-
tivities 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 Fig. 19. Similar data have been obtained for
dendrimer-encapsulated Pt nanoparticles and the results are analogous. The
product of these hydrogenation reactions was confirmed by GC and NMR. G4-
OH(Pd40) shows a high catalytic activity for the hydrogenation of both alkenes.
For example, the turnover frequencies (TOFs, mol of H2/mol of metal atoms/h)
for G4-OH(Pd40) for hydrogenation of N-isopropyl acrylamide and for allyl al-
cohol hydrogenation compare favorably to water-soluble polymer-bound Rh(I)
catalysts [153, 154] and are comparable to PVP-stabilized colloidal Pd disper-
sions in water [155]. The key result is that substrates (the alkenes and hydrogen
in this case) can permeate dendrimers, encounter the nanoparticle therein, and
undergo intradendrimer chemical transformation. Moreover, the yields and
TOFs, which have by no means been optimized for the dendrimer systems, are
comparable to others reported in the literature for similar reactions.

Importantly, the hydrogenation reaction rate can be controlled using den-
drimers of different generations. This key finding is a consequence of the fact
that dendrimer porosity is a function of generation: higher generation materials
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are more sterically crowded on their exterior and thus less porous and less likely
to admit substrates to interior metal nanoparticles than the lower generations
[55, 83]. That is, the dendrimer acts as a selective nanoscopic filter that controls
the catalytic activity of the composite (Fig. 20).

For example, the TOFs for G6-OH(Pd40) and G8-OH(Pd40) are only 10% and
5%, respectively, that of G4-OH(Pd40) for N-isopropyl acrylamide. However,
when the same materials are used to hydrogenate the linear alkene a much smal-
ler decrease in activity is noted. This key finding shows that it is possible to con-
trol reaction rates and do selective catalysis by adjusting the “mesh” of the den-
drimer “nanofilter.” In this case the high-generation dendrimers selectively
excluded the branched alkene, but the linear molecule was able to reptate
through the dense G6 and G8 exteriors and encounter the catalyst. Finally, solu-
tions of dendrimer-encapsulated Pt and Pd nanoparticles are stable before,
during, and after hydrogenation reactions. For example, they do not aggregate
after up to four months in water. Additionally they can be isolated as a black
powder and redissolved in water to yield a stable, dark-brown solution identical
to that present before drying. Finally, there are no spectroscopically detectable
differences before and after hydrogenation reactions are carried out for up 
to 3 h.
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Fig. 19. Turn-over frequencies for hydrogenation of allyl alcohol and N-isopropyl acrylamide
obtained in water using dendrimer-encapsulated Pd nanoparticles of constant average size.
The hydroxyl-terminated PAMAM dendrimer generation varies from G4 to G8



2.5.3
Homogeneous Catalysis in Organic Solvents Using Dendrimer-Encapsulated 
Metal Particles

From an environmental and economic perspective it would be highly desirable
to carry out all catalytic reactions in water. Unfortunately, many substrates and
products are water insoluble, and therefore many important catalytic reactions
in industry are run in organic solvents.Accordingly, we also tested the activity of
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 func-
tionalization renders the otherwise water-soluble PAMAM dendrimers soluble
in organic solvents. 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 ter-
minal amine groups.

Using an approach similar to that discussed previously, Pd nanoparticles
were prepared within amine-terminated PAMAM dendrimers. To prevent coor-
dination of Pd2+ to the primary amine groups of the dendrimers, the solution pH
was adjusted to around 2, which preferentially protonates the exterior amines to
a greater extent than the interior tertiary amines. Accordingly, Pd2+ binds pre-
ferentially to the interior tertiary amines and upon reduction Pd particles form
only within the dendrimer interior. G4-NH2 dendrimer-encapsulated nanopar-
ticles can then be quantitatively transported from an aqueous phase into toluene
by addition of 10–20% of dodecanoic acid to the organic phase (Fig. 21) [19].
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 consequence of
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Fig. 20. The catalytic rate can be controlled using dendrimers of different generation. Pd or Pt
clusters present within dendrimers of lower generation exhibit the highest catalytic activity.
The sterically crowded terminal groups of higher generation dendrimers hinder substrate pe-
netration. Reprinted with permission from Ref. 83 Copyright 1999 Wiley-VCH



the formation of monodisperse inverted micelles of the type depicted on the
right side of Fig. 21.

Toluene solutions of Pd encapsulated within dendrimer-templated inverted
micelles have been tested for catalytic activity by examining their effectiveness
towards hydrogenation of allyl alcohol in organic solvents [19]. The reaction
product was confirmed to be n-propanol by 1H NMR spectroscopy, and the turn-
over frequency, calculated from the rate of hydrogen uptake, was ~760 mol H2
(mol Pd)–1 h–1 at 20 °C. This value compares favorably with the value of 218 mol
H2 (mol Pd)–1 h–1 obtained for the same reaction carried out in water using Pd
nanoparticles encapsulated in hydroxy-terminated dendrimers.
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Fig. 21. Schematic illustration of phase-transfer catalysis using an amine-terminated den-
drimer-encapsulated nanoparticle complexed with a fatty acid (present in the organic phase).
The fatty acid surrounds the dendrimer, yielding a monodisperse inverted micelle which is
soluble in the organic phase. After catalysis, the catalyst can be reclaimed by changing the pH
of the aqueous phase



2.5.4
Homogeneous Catalysis in Fluorous Solvents Using Dendrimer-Encapsulated 
Metal Particles

Reactions in biphasic fluorous/organic systems were suggested by Horvath and
co-workers in 1994 [156] to facilitate recovery and recycling of soluble catalysts.
The general approach to biphasic catalysis is illustrated in Fig. 22 [157].

The system consists of organic and fluorous layers. The catalyst is selectively
soluble in the fluorous phase, while the reactants are preferentially soluble in the
organic solvent. Stirring and/or heating of the mixture leads to formation of a
fine emulsion and partial homogenization (with some solvents complete homo-
genization is obtained at elevated temperatures) and the catalytic reaction pro-
ceeds at the interface between the two liquids. When the reaction is over the li-
quid phases are allowed to settle, the product is isolated from the organic phase,
and the catalyst-containing fluorous layer is recycled. Such easy separation and
recycling are particularly attractive in terms of “green chemistry,” and a number
of fluorous phase-soluble catalysts have been reported in the literature, in-
cluding some based on metal complexes [158, 159]. However, only dendrimers
have thus far been used to solubilize metal nanoparticles in fluorous phases
[100, 103].

In this section we describe two approaches for using dendrimer-encapsulated
metal particles to perform biphasic catalysis. The first is hydrogenation cataly-
sis using dendrimers rendered soluble in the fluorous phase by electrostatic
attachment of perfluoroether groups [103]. The second demonstrates the use of
perfluoroether groups covalently linked to the dendrimer exterior to carry out a
Heck reaction [100].

Figure 23 shows a biphasic toluene/perfluoro-2-butyltetrahydrofuran (Fluoro-
inert FC-75) mixture containing dendrimer-encapsulated Pd nanoparticles
complexed with poly(hexafluoropropylene oxide-co-difluoromethylene oxide)
monocarboxylic acid prepared via the type of electrostatic modification de-
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Fig. 22. Schematic illustration of the approach used to carry out fluorous biphasic catalysis
using dendrimer-encapsulated metal nanoparticles modified on their exterior with per-
fluoroether “ponytails.” Note that the ponytails can be attached by either electrostatic or co-
valent means. Reprinted with permission from Ref. 103 Copyright 2000 American Chemical
Society
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Fig. 23. This photograph shows a two-phase system consisting of (top phase) toluene and (bot-
tom phase) perfluoro-2-butyltetrahydrofuran (Fluoroinert FC-75). The dark color (brown) in
the bottom phase indicates that the dendrimer-encapsulated Pd nanoparticles, complexed
with poly (hexafluoropropylene oxide-co-difluoromethylene oxide) monocarboxylic acid, are
selectively extracted into the fluorous phase. No detectable color was observed in the organic
phase. Reprinted with permission from Ref. 103 Copyright 2000 American Chemical Society

scribed in the previous section and shown in Fig. 21. The important result from
this photograph is that the dark (brown) Pd/dendrimer catalyst resides exclu-
sively in the fluorous phase. To the best of our knowledge, this is the first exam-
ple of a stable solution of metal nanoparticles in fluorous solvents.

To probe the catalytic properties of this biphasic system, we performed hy-
drogenation of alkenes. In this example, tetrahydrofuran and FC-75 were used as
the organic and fluorous solvents, respectively. The structures of the substrates
used in these experiments and the corresponding TOFs are shown in Table 2.
The identity of the reaction products was confirmed by NMR after isolation, and
the TOFs were calculated from the rate of hydrogen uptake or the accumulation
of product assessed by NMR. In some cases the TOF was calculated using both
methods and found to be nearly identical. Interestingly, we found that addition
of polar organic substrates to the reaction mixture often caused precipitation of
the catalyst. This is likely due to competition between the substrate and per-
fluorinated acid for the amine groups of the dendrimer. This problem was cir-
cumvented by using large excesses of the perfluorinated acid, but note that it is
possible to carry out the same sort of chemistry using dendrimers that are cova-
lently attached to a stoichiometric number of perfluoroethers (see below).

The key result from this study is that the Pd/dendrimer nanocomposites are
catalytically active under fluorous biphasic conditions. Indeed, one catalyst was



recycled 12 times without appreciable loss of catalytic activity [103]. Moreover,
despite significant mutual solubility of THF and FC-75, leaking of the catalyst
into the organic phase has not been observed. These new catalysts can be used
for hydrogenation of a range of unsaturated compounds, and also for isome-
rization of terminal alkenes. The reaction selectivity (Table 2) resembles that of
colloidal, rather than bulk, Pd catalysts. For instance, Hirai and co-workers
found that colloidal Pd can selectively hydrogenate 1,3-cyclooctadiene to cyclo-
octene (yield 99.9%), while conventional Pd/C catalysts are only moderately se-
lective (ca. 83%) [160]. The unoptimized dendrimer-encapsulated catalysts
yield a 99% conversion of 1,3-cyclooctadiene to cyclooctene.

Some conclusions can be drawn from comparison of the TOF values obtained
using biphasic catalysis with literature data for the same reactions catalyzed by
a polymer-supported Pd(0) catalyst (Table 2) [161]. First, although the TOFs for
the dendrimer-encapsulated catalysts are consistently lower than for the poly-
mer-supported catalysts, the values are in some cases comparable. Second, the
selectivity pattern exhibited by the two types of catalysts is somewhat different.
Specifically, the range of TOF numbers for biphasic catalysis is far greater than
for conventional polymer catalysis, which suggests the possibility of the type of
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Table 2. Substrate, structures, and turn-over frequencies obtained for hydrogenation reactions
in fluorous biphasic systems employing dendrimer-encapsulated Pd nanoparticles

Substrate TOF in biphasic mixture, TOF with polymer-bound 
[mol H2 (mol Pd)–1 h–1] Pd(0) particles 

[mol H2 (molPd)–1 h–1]d

400 565

50 820 a

10 –

3 122

20 165

40 c 884

a Butyl acrylate. b 1-hexene was used as the starting material. After 15 h the reaction mixture
contained n-hexyane and 1-hexene:2-hexenes:3-hexenes in a 1 :10:1 ratio. c Product is a mix-
ture of cyclooctene (ca. 99%) and cyclooctane. d From [161].



selective hydrogenation discussed in Sect. 2.5.2. This added selectivity may arise
from the unique polar nanoenvironment within the dendrimer interior in which
the catalytic reactions occur. For example, the data in Table 2 indicate that more
polar substrates undergo catalytic conversion faster in the biphasic system. Tak-
ing into account that the dendrimer interior is hydrophilic,one could reason that
polar substrates would partition in the dendrimer interior more easily. As we
have previously shown, selectivity can also be influenced by the size of the sub-
strate: for a given polarity, smaller substrates more easily penetrate the sterically
crowded dendrimer surface [83]. Solubility of the substrate in the fluorous phase
might also affect catalytic selectivity.

To demonstrate further the powerful utility of the fluorous/organic biphasic
approach to catalyst recycling, a dendrimer-encapsulated catalyst (DEC) with
covalently attached perfluorinated polyether chains was synthesized [17] and
metallic nanoparticles were introduced into the interior.

These composites were prepared by mixing a fluorocarbon solution of the
perfluorinated PPI dendrimers with an aqueous ethanolic solution of Pd2+,
thereby forming an emulsion. After phase separation, the fluorous phase, which
contains the dendrimer-encapsulated Pd2+, was treated with a reducing agent
yielding zero-valent Pd nanoclusters trapped within the dendrimer (Fig. 24).

Pd nanoparticles have only recently been shown to be effective in the very
useful carbon-carbon bond-forming Heck reaction [162–165]. These colloidal
Pd particles eliminate the need for toxic phosphine ligands, which are necessary
for standard molecular Heck catalysts [176]. However, as presently implemented
for Heck chemistry, colloidal Pd particles are not recoverable and require reac-
tion conditions involving high temperatures and harsh organic solvents such as
dimethylacetamide (DMA). The fluorous phase soluble DECs may help to solve
one or more of these issues. Under a variety of conditions, the novel dendrimer-
encapsulated nanoparticles were shown to be effective in the Heck hetero-
coupling reaction [100]. For example, DEC-catalyzed Heck reactions generally
occurred homogeneously at 90 °C compared to >120 °C for colloidal Heck cat-
alysts [162–167], and phase separation occurred at room temperature facilitat-
ing the recovery of the fluorous soluble catalyst from the organic-soluble pro-
duct. Moreover, DEC-catalyzed coupling of phenyl halides with n-butyl acrylate
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Fig. 24. Synthetic scheme for the introduction of metallic nanoparticles into perfluorinated
polyether chain derivatized poly (propylene imine) PPI dendrimers. Reprinted with permis-
sion from Ref. 100 Copyright 2000 Wiley-VCH



in the presence of triethylamine [100] yielded exclusively the trans isomer of
n-butyl-formylcinnamate (Fig. 25).

For comparison, fluorous-phase-soluble Pd complexes are only 74–98%
selective towards the trans product [168–170]. The isolated yields of the product
approached 70% when a threefold excess of olefin to iodobenzene was used 
(Table 3); however, the percent yield decreased with the use of bromobenzene as
expected since activation of bromine-carbon bonds is less favorable than iodo-
carbon bonds. It was also possible to catalyze the reaction in the absence of ad-
ditional triethylamine base (Table 3). In this case, the tertiary amines of the den-
drimer most likely act as the base. The catalysts, in general, were fully recover-
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Table 3. Results obtained from Heck coupling of n-butylacrylate (BA) with aryl halides
(X = halide, and R = para substituent) under various conditions using 3–5 mol % Pd

G4 PPI/Pd 0

BA (mmol) -R -X (mmol) Base (mmol) % yield

1.89 H I (0.63) Et3 N (1.89) 70
0.63 H I (0.63) Et3 N (1.89) 34
0.63 H I (0.63) Et3 N (1.89) 19 a

0.63 H Br(0.63) Et3 N (1.89) 26
1.89 H Br(0.63) Et3 N (1.89) 7 a

1.89 H Br(0.63) none 19
0.63 H Br(0.63) none 0 a

0.63 NO2 Br(0.63) Et3 N (0.63) ≈ 10 b

G3 PPI/Pd 0

BA -R -X Base % yield

1.89 H I (0.63) Et3 N (1.89) 38
1.89 H I (0.63) Et3 N (1.89) 28c

1.89 H I (0.63) Et3 N (1.89) 37d

1.89 H I (0.63) None 59
0.63 H Br(0.63) Et3 N (1.89) 10
1.89 NO2 Br(0.63) Et3 N (1.89) ≈ 11b

a These reactions were performed with recovered catalysts.
b The yields were estimated by NMR.
c Hydrogen gas was used to reduce the palladium.
d The DEC was refluxed for 24 h in the solvent mixture before the reactants were added.
We have used the generational nomenclature typical for PAMAM dendrimers throughout this
chapter. In the scientific literature the PPI family of dendrimers is incremented by one. That
is, what we call a G4 PPI dendrimer (having 64 endgroups) is often referred to as G5.

Fig. 25. Heterocoupling between an arylhalide and olefin is achieved using dendrimer-en-
capsulated catalysts with 100% selectivity for the trans isomer product (R = -H, -NO2 and 
X = -I,-Br)



able and showed no visible signs of agglomeration or precipitation, however ca-
talytic activity decreased dramatically upon reuse.

Table 3 also shows that dendrimer size has an effect on the activity of the
DECs.As mentioned earlier, metal particles of roughly the same size can be pre-
pared within dendrimers of different generation [83]. This is accomplished by
using a constant metal ion/dendrimer ratio, but dendrimers of different genera-
tion. As long as this ratio does not exceed the saturation threshold for the inter-
ior ligands, dendrimer-encapsulated nanoparticles of the same average size will
result. Note, however, that as this ratio becomes smaller, the polydispersity of the
metal particles increases. Figure 26 shows Pd particles containing an average of
31 Pd atoms prepared within G3 PPI dendrimers functionalized with the per-
fluoropolyether shown in Fig. 24. The average size of the Pd nanoparticles is
2.3± 0.3 nm. Similar data were obtained for the functionalized G4 PPI den-
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Fig. 26. High-resolution transmission electron microscopy (HRTEM) image of perfluoropoly-
ether-modified G3 PPI dendrimers containing Pd metal nanoclusters prepared on a holey car-
bon copper grid by evaporation of a dilute solution of the dendrimer composite. Reprinted
with permission from Ref. 100 Copyright 2000 Wiley-VCH



drimers. The data in Table 3 indicate that smaller dendrimer hosts are less ac-
tive, probably because the interior nanoenvironment is more confining than it
would be in a larger dendrimer. Note that this is the opposite of the behavior de-
scribed in Sect. 2.5.2 for PAMAM-based dendrimers, and it likely reflects the
more compact size of the PPI materials.

Taken together, these initial findings may eventually lead to other recyclable
DECs having either modulated activities or selectivities arising from steric 
effects. Moreover, other catalytic processes requiring a co-catalyst, such 
as the Wacker process, may be particularly amenable to dendrimer-based cat-
alytic systems because (as discussed in Sect. 2.4.2) the dendrimer interior 
can accommodate two or more catalytic moieties: for example, a metal particle
(e.g., Pd) and a metal ion (e.g., Cu2+), two different metal ions, or two different
zero-valent metal.

2.5.5
Homogeneous Catalysis in Supercritical CO2 Using Dendrimer-Encapsulated 
Metal Particles: Heck Chemistry

As mentioned in the previous section, there are good reasons to search for new
reaction conditions for Heck and related reactions, which permit catalyst re-
covery, the use of less toxic solvents, and simpler product recovery. The use of
liquid or supercritical (SC) CO2 addresses all of these issues [171]. Until recently,
however, the use of supercritical CO2 had been limited to organometallic Pd
complexes functionalized with perfluorinated ligands [172–174], due to the
limited solubility of metal colloids in CO2, and often required the use of water as
a co-solvent [175]. The work described here shows that dendrimers can be used
to solubilize Pd nanoclusters in liquid and SC CO2. This new finding opens the
door to the combined benefits of a catalyst that promotes Heck couplings, but
without the need for toxic ligands or solvents.

As discussed in the previous section, perfluorinated polyether “pony-tails”
can be covalently grafted onto PPI dendrimers, and it has previously been
shown that such materials are soluble in liquid CO2 [17]. HRTEM confirms 
that particles prepared within such dendrimer templates are nearly mono-
disperse and are of a size that is consistent with the dendrimer template
(Sect. 2.5.4). Such dendrimer-encapsulated metal particles are quite soluble in
liquid and SC CO2.

Preliminary results from a study of catalytic activation of the heterocoupling
between arylhalides and alkenes using pony-tail-functionalized dendrimer-en-
capsulated Pd nanoparticles have shown promise. For example, the classic Pd-
catalyzed Heck coupling between arylhalides and methacrylate yields predomi-
nately (>97%) the trans-cinnimaldehyde product [176]. On the other hand, the
CO2-soluble dendrimer nanocomposite exclusively catalyzes the production of
the highly unfavored 2-phenyl-acrylic acid methyl ester isomer at 5000 psi and
75 °C (Fig. 27] [177].

This important result conclusively proves that it is possible to catalyze synthe-
tically useful carbon-carbon bond-forming reactions between two reactants,
which have significant size and mass, within a dendrimer interior using CO2 as
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the solvent. Perhaps even more significantly, it suggests the dendrimer architec-
ture may be involved in enantioselective behavior. Such behavior has previously
been observed in colloidal metal systems [178],as well as within dendritic molec-
ules [179–181], and so is not entirely unexpected in the system described here.
Future work may be directed towards the rational design of the pony-tails, the
dendrimer structure, and the inorganic clusters (and possibly dendrimer-encap-
sulated co-catalysts) to tune the selectivity of such catalytic nanocomposites.

2.6
Dendrimer-Encapsulated Semiconductor Nanoparticles

In principle, any type of particle can be prepared inside a dendrimer template if
a means can be found first to sequester the components and then to transform
them chemically into the desired product. As discussed earlier, the simplest way
to accomplish this goal is to take advantage of strong interactions between func-
tional groups within the dendrimer and ions in solution, and then chemically re-
duce the ions to the zero-valent metal. In certain cases, Ag for example, this ap-
proach does not work (at least not with dendrimers having interiors dominated
with tertiary amines) because the partition coefficient is too small. However, in
that case it was possible first to prepare a less noble metal nanoparticle, and then
to displace it with Ag.

Another family of nanoclusters that are important from both a fundamental
and technological perspective are semiconductors [182]. Such materials have
important electronic properties that make them useful in certain microelectro-
nic applications. Additionally, because of their high photostability, tunable 
luminescence, and high quantum yield, semiconductor nanoparticles (quantum
dots, QDs), especially modified CdS or CdSe QDs, have found use as ultra-
sensitive biological probes [183, 184]. This has further increased the need for
simple, environmentally friendly, high-yield synthetic approaches for preparing
stable, monodisperse QDs. Extrapolating from the previous discussion of metal
nanoparticles, it seems likely that dendrimers could play a significant role in 
addressing some of these needs. In particular, we envisioned that dendrimer
templates could be used to control the size, and thus the photoluminescent pro-
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Fig. 27. Heck coupling of substituted arylhalides to acrylates in the presence of sc(CO2) soluble
PPI dendrimers containing palladium nanoparticles is highly selective for the non-standard
1,1-substituted product



perties, of encapsulated CdS, CdSe, and other QD nanoparticles [185, 186]. Ad-
ditionally, dendrimers have, in some cases, a high degree of biological selectivity
[187], their solubility can be controlled via endgroup manipulation, and they act
as protective hosts for encapsulated guests. Finally, the large number of functio-
nal groups on the dendrimer exterior may be biofunctionalized to target partic-
ular receptors. Taken together, these factors suggest that the development of me-
thods aimed at the preparation of dendrimer-encapsulated CdS and CdSe is a
worthy goal.

Efforts to prepare composites of dendrimers and technologically important
QDs [188–191] have so far yielded primarily interdendrimer composites. Such
materials have been shown to be agglomerates in which multiple dendrimers sta-
bilize relatively large CdS QDs. Results from these important studies suggested to
us that it might be feasible to prepare intradendrimer QD nanocomposites equi-
valent to the dendrimer-encapsulated metals described early in this chapter.

Indeed, recent results from our laboratory indicate that dendrimer-encapsu-
lated CdS QDs can be prepared by either of two methods [192]. The first ap-
proach is analogous to the methodology described earlier for preparing den-
drimer-encapsulated metal particles. First, Cd2+ and S2– salts are added to an
aqueous or methanolic PAMAM dendrimer solution. This yields a mixture of
intradendrimer (templated) and interdendrimer particles. The smaller, den-
drimer-encapsulated nanoparticles may then be separated via size-selective
photoetching [193], dendrimer modification and extraction into a nonpolar
phase [19], or by washing with solvent in which the dendrimer-encapsulated
particles are preferentially soluble.An alternative, higher-yield method relies on
sequential addition of very small aliquots of Cd2+ and S2– to alcoholic dendrimer
solutions.

Figure 28 shows absorption and luminescence spectra of an alcoholic solu-
tion of G4 PAMAM dendrimers in which ultrasmall (< 2 nm) CdS QDs have been
grown. The extreme blue shift of both the absorbance and emission spectra
(from that of bulk CdS), as well as the narrow linewidths, point to the existence
of intradendrimer CdS [185]. Further evidence for intradendrimer templating
comes from generation-dependent studies in which CdS QDs prepared in the
presence of the higher generation dendrimers G6 (spectrum b) and G8 (spec-
trum c) yield larger particles that have red-shifted absorbance and emission
spectra. HRTEM data confirm these generation-dependent increases in size of
the QDs. Moreover, dynamic light scattering (DLS) measurements show no evi-
dence of large, interdendrimer aggregates [192].

As mentioned above, QDs show desirable properties for use as luminescent
biological probes: high quantum yields,resistance to photobleaching,high chem-
ical photostability, and color tunability. Moreover, dendritic templates can be el-
ectrostatically or covalently modified with a host of highly selective biological
components, e.g., DNA, proteins, and antibodies [194–196]. The most promising
aspect of these QD nanocomposites lies in the ability of the dendrimer template
to act as a bioselective agent that chaperones DNA through cell membranes [196]
(PAMAM dendrimers are commercially available as DNA transfection hosts
[197]). Accordingly, these nanocomposite probes may permit a detailed in vitro
or in vivo look at the uptake mechanism of genetic material in cells.
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3
Perspectives

In this chapter we have described two general families of metal-containing den-
drimers. The first are dendrimers in which an organometallic complex, such 
as a porphyrin or iron-sulfur complex, is an integral part of the dendritic struc-
ture (usually the core). This important class of materials, and their applications
to catalysis, energy transfer, photonics, and the like, have been extensively revie-
wed very recently and were only briefly touched upon here [2, 3, 198]. This chap-
ter has primarily emphasized the synthesis,characterization,and applications of
dendrimers hosting metal ions, metal particles, and semiconductor quantum
dots that are not structural components of the dendrimer. Although metal-ion-
containing dendrimers have shown promise as catalysts, we believe that metal
and semiconductor particles sequestered within dendrimers are also of funda-
mental and technological interest. This is because the dendrimer can act as a
template for preparing the particles, as a host for the particle that prevents ag-
glomeration, as a nanofilter that selectively allows particular substrates to en-
counter the encapsulated particle, and as a unique chemical environment in
which to carry out chemical synthesis. Additionally, the dendrimer terminal
groups can be used to control solubility, as a synthetic handle for stabilization of
the nanocomposite in polymer coatings, and as a means for enabling direct sur-
face immobilization of dendrimers on metal, semiconducting, and insulating
surfaces. Thus, the approach described here for preparing dendrimer-encapsu-
lated nanoparticles takes advantage of each of the unique aspects of dendrimer
structure: the chemistry of the terminal groups, the generation-dependent size,
the three-dimensional structure, the low-density core, and endoreceptors pre-
sent within the dendrimer interior.
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Fig. 28. Absorption (solid lines) and luminescence (dotted lines) spectra of dendrimer-encap-
sulated CdS nanoparticles. (a) G4-OH; (b) G6-OH; (c) G8-OH



These materials are likely to find three major uses in the years ahead. First, in-
teractions between metalated dendrimers, particularly those containing semi-
conductor quantum dots, and biologically relevant materials, will be important.
In this application, the dendrimer can act as a site-specific shuttle for any num-
ber of guests (DNA, drugs, contrast agents, and the like), while an encapsulated
semiconductor is a highly stable, biocompatible luminescent tag for the compo-
site. Second, the application of dendrimers to catalysis is likely to be of great im-
portance for a number of reasons. For example, the unique nanoenvironment of
the dendrimer interior can be used to house one or more catalysts and co-cat-
alysts, while the exterior functional groups can be used to control solubility
(even in supercritical fluids), enhance catalyst recovery, and selectively gate ac-
cess of substrates into the interior. Moreover, intriguing recent results suggest
that it may be possible to control the dendrimer interior to selectively favor par-
ticular isomeric products, perhaps even particular enantiomers. Finally, the
ability to precisely control the size (and perhaps shape) of metal and semicon-
ductor particles opens the door to a vast range of fundamental studies relevant
to the fields of electronics, photonics, and magnetism.

The work described in the second section of this chapter is generally rather
simple from an experimental viewpoint. For example, the dendrimers are all
commercially available from either Dendritech or DSM, end-group modifica-
tions normally involve a single synthetic step, and separations are generally
straightforward. Such simplicity should be a strong enticement to workers in the
fields of catalysis, biotechnology, medicine, electronics, photonics, physics, ma-
terials science, and engineering to (1) begin to use the types of materials
described herein for technological applications and fundamental discoveries,
(2) invent new, related materials, and (3) begin to use these dendrimer compo-
sites as components in the next generation of molecular machines and devices.
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The conformational constraints resulting from dense and regular branching lead to three-
dimensional macromolecules which do not interpenetrate and overlap like polymer coils,
retaining flexibility of the chain segments and molecular shape. Examples of branched macro-
molecules with a defined primary structure are dendrimers and comb polymers (molecular
brushes). Such highly branched macromolecules can be regarded as soft particles. Their shape
is variable and sensitive to intramolecular interactions and perturbations in the surrounding
medium. At an interface, the molecular conformation is governed by interplay between intra-
molecular interactions of the branches and interaction of the branches with the surface.With-
in this context, the organization of dendrimers, arborescent graft polymers, and comb poly-
mers on surfaces is discussed with emphasis placed on conformational transitions and mo-
tion. Scanning force microscopy is used as a powerful tool for investigation of single
molecules and the examination of structural parameters and driving forces that control the
shape and the position of molecules on the substrate.

Keywords. Hyperbranched macromolecules, Polymer films, Scanning force microscopy, Con-
formational transitions and interfacial ordering of single molecules
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List of Abbreviations

AGP arborescent graft polymer
DP degree of polymerization
GPC gel permeation chromatography
HOPG highly oriented pyrolytic graphite
PBA poly(n-butyl acrylate)
PS polystyrene
PVP polyvinylpyridine
SAM self-assembled monolayer
SFM scanning force microscopy
SLS static light scattering

1
Introduction

Hyperbranched macromolecules such as dendrimers and cylindrical brushes
(Fig. 1) are peculiar nanoobjects which combine properties of particles and po-
lymer molecules [1–34]. An increasing degree of branching changes the spatial
distribution of the chain segments from that of a statistical coil to a more dense
packing of the monomers with an outward orientation of the chain ends and a
gradient in the segmental distribution. The increasing steric interaction and
excluded volume impedes interpenetration and overlapping of highly branched
molecules and they become more like colloidal particles which interact via sur-
faces across an intervening medium [35–48]. Depending on their density, the
forces between macroscopic bodies are effectively of much longer range and ex-
hibit strong variations due to the medium [49–53].
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Fig. 1. Hyperbranched molecular architectures



At the same time,hyperbranched structures retain typical molecular features,
such as covalent connectivity, rotational isomeric flexibility of the chain seg-
ments, and a great number of the branch arms and end groups which can cause
entanglements and undergo specific interactions. Thus, hyperbranched macro-
molecules can be regarded as soft molecular particles, which are distinguished
from solid particles by their inhomogeneous density distribution and variable
shape.

The variability in the primary molecular structure and molecular conforma-
tion makes hyperbranched polymers intriguing objects as building units for
nanotechnology [54–70]. Here we focus on the most regular structures such as
dendrimers [1–9], arborescent graft polymers [10–14], comb polymers/molec-
ular brushes [15–21], and monodendron jacketed macromolecules [22–26]
(Fig. 1). We have been particularly interested in the interfacial behavior of the
hyperbranched molecules [71–89]. The hyperbranched molecules can be em-
ployed for the preparation of nanostructured films and self-organized surface
patterns that can respond specifically to external fields [90–105]. Chemical mo-
dification via reactive, photoactive, or conductive groups provides unique per-
spectives for functional application in molecular and cell biology, information
technology, and tailoring of surface properties [54–70]. Variation of the seg-
mental flexibility, branching density, and surface groups allows one to tailor the
molecular shape, the compliance, and the interaction with the substrate
[90–105]. Figure 2 gives a schematic view of three types of self-assembled
monofilms, i.e., SAMs of small molecules controlled by specific surface inter-
action and lateral ordering [106–110]; a colloidal film whose formation is pro-
moted by rather long range surface forces [111–144], and a cartoon of a mono-
film from hyperbranched molecules combining elements of both molecules and
colloids.

Molecular and surface forces are sensitive to the same variables, e.g., temper-
ature, electrostatic susceptibility, ionic strength, and pH control different events
on different length scales [49]. The surface forces can be tuned over a broad
range by changing the shape, size, and density of the particles as well as the
physical properties and chemical composition of the surrounding medium
[49–53]. If a film is prepared by solution casting, evaporation of the solvent 
results in capillary forces which can be repulsive and attractive depending on 
the wetting properties of the particle surface [128–131]. In addition, attractive
forces of entropic origin can take place when electrostatic interactions are
completely screened [132–144]. Using such effects in combination with surface
forces, it is possible to obtain dense [111–120] or sparse [80, 121–137] coatings
of nanoparticles with long range order (Fig. 3).
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Fig. 2 a – c. Monolayer structure of: a small molecules; b solid particles; c hyperbranched
macromolecules



Thus, film formation and self-organization of hyperbranched molecules are
particularly sensitive to the interplay of short range molecular interactions and
long range surface forces. Understanding these correlations will give us a key to
functional nanoparticles with controllable shape and motion. Following this ob-
jective, organization of molecular particles on surfaces will be discussed with
emphasis placed on conformational transitions and motion of individual mo-
lecules.We will demonstrate the use of scanning force microscopy for investiga-
tion of single molecules along with examination of structural parameters and
driving forces controlling the shape and the position of molecules on the sub-
strate. Although we focus on hyperbranched synthetic polymers, it must be
noted that these macromolecules are a subclass of soft polymer particles includ-
ing lattices, micelles, proteins, DNA, and vesicles.

2
Dendritic Molecules

Cascade-type branching results in globular molecules in which one can distin-
guish a central core, the interior, and the branch ends [1–14]. Convergent and
divergent synthetic schemes or a combination thereof allows one to tailor these
structures and to obtain well defined dendritic macromolecules with control-
lable physical properties. Depending on the junction points and the molecular
weight of the subunits, one can distinguish dendrimers [1–9] and arborescent
graft polymers [10–14] (Fig. 1a, b). Randomly branched structures are usually
denoted as hyperbranched macromolecules where branch points may have dif-
ferent functionalities and chain segments between branch points are of different
length [27–34].

2.1
Persistent Shape Molecules

If the branching density is sufficiently high to hinder segmental flexibility and
impose strong excluded volume and even steric interactions, molecular dimen-
sions become rigid. Measurements of solution and melt viscosity showed that
the properties of dendritic molecules approached that of solid spheres as the
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Fig. 3. Adhesion Fa, capillary Fc, and depletion Fd forces, acting between colloidal particles and
the substrate in the presence of liquid



branching density increased [35–48]. However, synthetic difficulties arise as the
size and branching density of molecules increase and defects in the molecular
structure are inevitable.

Complementary to using repulsive interactions in order to achieve shape con-
trol, attractive interactions of relatively large building blocks, which are ration-
ally designed regarding their shape, polarity, and functional groups, can be em-
ployed for intramolecular self-assembly [23]. In this case, the molecular struc-
ture optimizes itself to realize specific interactions between the blocks and
minimize the interfacial energy.

Regarding shape control by extensive branching, monodispersity can be
neglected if the branching density is high and the branches are of rather uni-
form length. This is demonstrated by cascade-branched or arborescent graft
polymers that were obtained by using the so-called “graft on graft” strategy
[10–14]. Starting from a linear polymer, the branching functionality was pro-
gressively increased by repeated functionalization and anionic grafting steps.
Each functionalization step led to random distribution of grafting functionali-
ties within the molecule.A high degree of branching and narrowing of the poly-
dispersity due to coupling resulted in rather uniform molecules. In addition, the
spherical shape resulted from minimization of the interfacial area provided that
branches are sufficiently flexible.
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Fig. 4 a, b. Monolayer structure of arborescent graft polystyrenes of different branching densi-
ties adsorbed on mica [71]: a spherical particles correspond to individual molecules of
Mw = 2.8 ¥ 107 g/mol and N = 5; b disk-like structures correspond to AGP with Mw =
5.5 ¥ 107 g/mol and N = 20



Using this approach, one can obtain molecular particles whose size and soft-
ness can be varied widely. SFM was used to investigate the effect of the branch-
ing density on the shape of adsorbed molecules [71]. Figure 4 compares two ar-
borescent graft polystyrenes of similar molecular mass, but different branching
density. In both cases, the molecules formed spontaneously a closed monolayer
primarily driven by the capillary forces acting during evaporation of the solvent.
Figure 4a shows a monolayer structure of a strongly branched polymer (3rd ge-
neration, Mw = 2.8 ¥ 107 g/mol) with N = 5 monomers between neighboring
grafts. The monolayer exhibited a fairly ordered structure of densely packed
spheres. A few defects are explained by the polydispersity Mw/Mn= 1.13. The la-
teral diameter of the individual spheres was about the same as the film thick-
ness. Thus, owing to the high branching density, the molecules also retained
their spherical shape in contact with the substrate. In contrast, the less densely
branched polystyrene molecules in Fig. 4b (2nd generation, Mw= 5.55107 g/mol,
N = 20) were flattened by adsorption forces. The example clearly demonstrates
how dendritic molecules can form monolayers of hexagonally ordered spherical
particles, which interpenetrate each other only a little but are able to adjust their
shape depending on the branching density and interaction with the substrate.

Shape persistence due to high branching can also be achieved by linking low
molecular weight monomers in cascade reactions to well defined dendrimers,
either via the divergent or convergent synthesis [1–9]. Maximum molecular
weights to be achieved are considerably smaller than in the case of the arbores-
cent polymers and the configurational entropy contribution is less important.As
a consequence, a large number of generations (n > 5) is required to achieve a
persistent globular conformation.As mentioned above, shape control can be im-
proved by designing the branches in such a way that their mutual interaction fa-
vors assembly to a particular shape [1]. This approach has been studied intensi-
vely by V. Percec who developed a library of monodendrons, i.e., taper shaped
building units that can be linked to a common core [22, 23]. The high branching
density in combination with favorable specific interactions of the subunits re-
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Fig. 5. Shape-persistent dendrimer and height micrograph of the monolayer structure on
mica obtained by tapping mode SFM [88]



sults in a remarkable shape control [35–37]. Figure 5a shows such a dendrimer
prepared by convergent linkage of benzyl ether monodendrons to a focal unit
[88]. The image in Fig. 5b was recorded from a solution cast monofilm. Also in
this case, the globular shape of the molecules was not evidently affected by the
interaction with the highly polar substrate, i.e., mica. With the accuracy of the
tapping mode experiment, nearly identical values were determined for the later-
al diameter and the height of the particles, i.e., 5.5 nm and 4.5 nm, respectively.
The values are consistent with the diameter d = 5 nm calculated for a hypotheti-
cal sphere of molar mass M = 42731.19 g/mol and with a density of 1 g/cm3.

2.2
Shape Adjustment on Surfaces

So far we have focused on rather persistent and invariant structures. Molecules
with a persistent shape are of value for applications where size, diffusion, and
permeation of the particles need to sustain variations in the surrounding me-
dium (e.g., carriers and standards) [62–66]. Eventually, more interesting will be
molecules that can adopt different geometrically defined shapes. A concept for
such switchable shapes results when similar monodendrons like those in the
example of Fig. 5 are linked to a flexible linear backbone. Polymerization of mo-
nodendrons with a monomer unit in the focal position results in such mono-
dendron jacketed macromolecules [22]. Also in this case, shape persistence is
achieved by the steric demand of the dendritic side groups in combination with
their ability to undergo self-assembly to columnar or spherical structures [23].
If the dendron structure, however, is such that they tend to form globuli but the
degree of polymerization (DP) is larger than the number of units that fit into the
equivalent sphere, the dendrons have to adjust their conformation and interac-
tion to an alternative geometry [84]. This is outlined in Fig. 6. At low DPs, the
conical monodendrons assemble to a globule with random-coil backbone. On
increasing the DPs, the self-assembly pattern of the monodendritic units chang-
es to give cylindrical polymers with extended backbone.

The disordered arrangement of the globuli and worm-like species in combi-
nation with their uniform shape and diameter of 50 Å demonstrates that the in-
tramolecular self-assembly did not depend on intermolecular ordering. For
both types of particles, the monolayer thickness was similar to the lateral dia-
meter of the particles d = 50 ± 5Å. The topographic contrast of the images in
Fig. 6 was enabled by strong molecular segregation and weak interpenetration
of the particles.

The transformation from spheres to cylinders is a peculiar example for the
self-adjustment of the molecular conformation. The switching shape can be re-
garded as an example for the principle of quasi equivalency established by A.
Klug for the self-assembly of biomolecules and viruses [145]: for the sake of an
improved intermolecular packing, the molecules adopt a conformation different
from the minimum energy one. This also demonstrates that shape control does
not mean a fully constrained structure. Similar to biomolecules, the combina-
tion of flexible macromolecules and self-assembly principles is a powerful stra-
tegy for preparation of molecules with well-defined but switchable shape [23].
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Fig. 6 a, b. Height micrographs obtained by tapping mode SFM from monolayers of: a spheri-
cal; b cylindrical molecules adsorbed on mica [84]. Top: self-assembly of monodendron side
groups into spherical and cylindrical supramolecular dendrimers. The process depends on
the degree of polymerization of the polystyrene main chain

Fig. 7 a – c. Different conformations of a dendrimer molecule depending on the interaction of
the branches with the substrate: a strong repulsion between branches + weak attraction to the
substrate; b strong attraction between branches + weak attraction to the substrate; c strong re-
pulsion between branches + strong attraction to the substrate



In the following we focus on molecules that can adopt their shape in response
to intermolecular and surface forces. In the case of a centrosymmetric den-
drimer that is in contact with a flat substrate, a few plausible conformations can
be envisaged depending on the interplay between the intramolecular and sur-
face forces (Fig. 7).

Such structural variations have been observed experimentally for carbosilane
dendrimers differing in branching density and chemical structure of the end
groups [72–77]. Figure 8 depicts the chemical structure of three carbosilane
dendrimers with different terminal groups – CH3, OH, and CF3. At room tem-
perature all three dendrimers are well above the glass transition temperature
and exhibit liquid behavior (h~1 Pa ◊s). In spite of the lack of hardness and the
rather weak adsorption of the carbosilane dendrimers, it became possible to
visualize single molecules and even monitor the spreading of the dendrimer
fluids on solid surfaces by tapping mode SFM. The intermittent scanning al-
lows one to minimize lateral forces and reduce normal forces and liquid droplets
could also be scanned, retaining their equilibrium shape [72–74, 146, 147].

Figure 9 shows an SFM image of the carbosilane dendrimer 1 in Fig. 8 with
CH3 end groups. Black spots represent small holes in the glass substrate, light
spots represent the single dendrimers. In agreement with a similar study on
hyperbranched macromolecules [95] and other studies on well defined den-
drimers [96–103], the height of the adsorbed particles was more than two times
smaller than the lateral dimensions. This confirms flattening of the dendrimer
conformation due to interaction with the substrate [90].

In contrast to solid dendrimers [71, 84, 88], molecular resolution was not
achieved for a closed film of the carbosilane dendrimers. However, one could ex-
tract structural information about the molecular conformation from the film
thickness and wetting edges on a solid substrate and from surface pressure/area
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Fig. 8. Carbosilane dendrimers with different branch ends prepared by A. Muzafarov et al. [7]



isotherms on water. In the first case, the liquid dendrimer was cast onto either
mica or highly oriented pyrolytic graphite (HOPG) and allowed to equilibrate
[72, 73]. The spreading process was monitored by SFM at different stages start-
ing from liquid droplets to a solid-like adhering film. The Langmuir experiment
was focused on the reversed process, i.e., lateral compression of a monolayer to
a thick film [74]. Both experiments demonstrate how the molecular structure
responds to variation of the terminal groups and reduction of the surface area
available for each molecule.

Owing to their liquid nature,dendrimers spread slowly on a flat surface of mica,
glass, or pyrolytic graphite to yield either monolayer or double layer films. The
film structure exhibited strong dependence on the branch ends. Carbosilane den-
drimers with CH3 end groups resulted in thin films with a uniform thickness of
4.5 nm consisting of two monolayers (Fig. 10). Molecular layering indicates strong
segregation and little interpenetration of the dendritic molecules.The fact that the
thickness corresponds fairly well to the diameter calculated for the undisturbed
globular conformation demonstrates that within the closed film the dendritic car-
bosilanes tend to retain their globular conformation (Fig. 7a). The same behavior
was observed for carbosilane dendrimers with CF3 end groups [75].

When the end groups of the dendrimer carried a primary alcohol group,
monolayers were formed more quickly over large areas. In spite of the similar
molecular weight, the layer thickness was however reduced to about 1 nm com-
pared to 2.4 nm for the trimethylsilyl terminated dendrimers. Thicker films of
dendrimer 2 in Fig. 8 demonstrated autophobic dewetting of the monolayer sur-
face (Fig. 11).Apparently the specific interaction of the terminal groups promot-
ed adsorption of the molecules on the mica substrate and enforced a transition
of the molecular conformation. By this means, the more hydrophobic inner seg-
ments get exposed to the air interface, causing the autophobicity.

The experimental observation is confirmed by molecular dynamics simula-
tion of carbosilane dendrimers [77] on a polar substrate (Fig. 12). The interac-
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Fig. 9. SFM micrograph of single carbosilane dendrimers on glass [72]
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Fig. 10 a– c. SFM micrographs demonstrate wetting of HOPG by carbosilane dendrimers [72]:
a initially, droplets with a contact angle of 8° were observed; b after 1 month at 23°C, the drop-
lets spread and formed islands with a spherical cap providing a reservoir for spreading; c af-
ter 20 min at 150°C, lamellae, mostly bilayers with a thickness of about 4.5 nm, were formed.
Within small areas single layer films are also observed with a thickness of 2.4 nm

Fig. 11 a, b. Autophobic wetting of mica by carbosilane dendrimer with OH end groups [73]

tion of the terminal groups reoriented the branches towards to the surface and
caused flattening of the molecules [148].

Complementary information about the interfacial conformation of the car-
bosilane dendrimers was obtained from p-A isotherms measured during com-
pression of molecular films at the air/water interface [74]. The full reversibility
of the isotherm in Fig. 13a indicated that the experiment was done under equi-
librium conditions, and that the data give direct evidence on the phase behavior.
Two transitions, marked by I and II in Fig. 13a, were observed for the OH termi-
nated carbosilane dendrimer (dendrimer 2 in Fig. 8). The first transition (I) was



assigned to formation of a closed monolayer of the molecules in the spider-like
conformation. The second transition (II) in the range between 650 Å2 and 350 Å2

is explained by a conformational change within the monolayer from the spider
to a more globular and ultimately dumbbell shape (Fig. 13b). This conformatio-
nal change is caused by partial desorption of the OH-end groups from the water
surface. Compression beyond 350 Å2 occurred at a constant pressure, as it is
typical for an isotropic liquid film.

In contrast to the uniform dendrimer,a polydisperse hyperbranched polymer
with OH-terminal groups showed only one transition corresponding to the
collapse from the monolayer of flatly spread molecules to a disordered liquid.
Dendrimer 1 is similar to dendrimer 2 in Fig. 8, except the difference in branch
ends (CH3 vs OH), did not spread and exhibited no structural transitions upon
compression.

The interpretation of the Langmuir experiments with the carbosilane den-
drimers is supported by the results of molecular dynamics simulation. Figure 14
shows snapshots of a dumbbell-like conformation of carbosilane dendrimers
observed during lateral compression of a dendrimer monolayer on a polar sub-
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Fig. 12 a, b. Molecular dynamic simulation of carbosilane dendrimer with polar OH branch
ends on: a neutral; b polar substrates [148]

a b

Fig. 13 a, b. a Surface pressure – film area isotherms of (1) dendrimer 1, (2) dendrimer 2, and 
(3) hyperbranched polymer with OH end groups [74]. b Schematic interpretation of the 
phase transitions from a dense monolayer (I) via a reoriented monolayer (II) to a thick li-
quid film (III)

a b



strate. The original spider conformation at low surface pressure was shown in
Fig. 12b.

In line with the results described so far is a report on the shape transforma-
tion of dendrimers that were adsorbed on gold [98]. A transformation from an
oblate to a prolate configuration was affected by competitive adsorption of al-
kanetiols that reduced the surface area available per dendrimer (Fig. 15).

Switching between two distinct conformations can also be observed for other
types of soft, branched particles. For example, (poly)styrene-b-(poly)-4-(N-
vinylpyridinium iodide) diblock copolymers were shown to form a regular
monofilm of micelles when spread on water from a solution in CHCl3 [149]
(Fig. 16b). The block copolymers aggregate to micelles with a polystyrene core
and a poly(N-alkylpyridinium iodide) corona. Due to the interaction of the py-
ridinium ions with the water phase, the polypyridinium gets adsorbed in a two-
dimensional conformation with the n-alkyl groups pointing to the air. In this
case a distinct phase transition was also observed upon lateral compression as
the corona chains get desorbed from the water/air interface (Fig. 16a). The tran-
sition was particularly pronounced in the case of longer chains, i.e., n-octyl py-
ridinium groups. The cooperative desorption/collapse is consistent with recent
X-ray reflectivity data [150].
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Fig. 14. Snapshot of MD computer simulation of a monolayer of carbosilane dendrimers with
OH end groups upon lateral compression on a polar surface [148]

Fig. 15 a, b. a Oblate configuration of adsorbed dendrimers in a dense monolayer. b The 
prolate configuration of dendrimers was obtained by adsorption from solution containing
alkanetiols molecules. Redrawn after [98]

a b



All these observations indicate that these conformational transformations
depend strongly on the branching structure (regular vs irregular) and the nature
of the end groups. The transformation observed in the Langmuir experiment
can occur smoothly, or through a conformational order-disorder transition. A
critical behavior as observed in the experiment can occur due to the fact that the
adsorption of the end groups is counterbalanced by an entropy penalty due to
the extension of the branches. Visualization of the conformational transition of
individual molecules would allow one to confirm the interpretation given so far.
This has not been possible with the small dendrimers. However, corresponding
studies on worm-like brush molecules allowed one to observe a conformational
transition directly (Sect. 3.3).

2.3
Microphase Segregation and Crystallization

The fact that hyperbranched macromolecules can flatten and at the same time
remain strongly segregated without noticeable interpenetration can be exploit-
ed to switch surface properties and to create lateral nanopatterns when core-
shell molecules are employed, i.e., consisting of different monomers in the core
and shell. Preferential adsorption of the shell branches can result in monolayers
with a patterned structure. Preparation of arborescent graft co-polymers con-
sisting of a polystyrene core and poly(2-vinyl pyridine) shell was described by
M. Gauthier [13, 151]. Adsorption of these molecules from a non-selective sol-
vent onto a polar substrate like SiO2 or GaAs resulted in a microphase separated
structure where protruding globuli of PS are surrounded by a thin film of PVP
[89] (Fig. 17). Due to their rather uniform molecular size, the molecules were
ordered in a distorted hexagonal lattice. The phase separated structure is cova-
lently fixed and thus less dependent on the substrate type.
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Fig. 16 a, b. a Surface pressure – area/molecule isotherms of Langmuir films of (PS)260
(RPVP+I–)240 , where the P4VP block was quaternized with different n-alkyliodides R = C1, C4,
C6, C10. b Metal shadowed TEM micrographs of the LB films of P(S260-b-VP71/C10I) deposited
on a carbon-coated surface at 2 mN/m from a pure water surface [149]



Another peculiar aspect of the flexibility of dendritic molecules is the inter-
molecular ordering upon crystallization. Dendritic polyethylenes can be pre-
pared by hydrogenation of arborescent graft polybutadienes [152]. Figure 18a
shows an SFM micrograph of arborescent graft polyethylene molecules of 2nd
generation adsorbed from a dilute solution in hot xylene on mica. The micro-
graph depicts a grainy structure of a thin film, which is uneven in thickness and
coverage. Irrespective of the macroscopic appearance of the film, the grains were
uniform in size of about 50 nm, which is consistent with the diameter of a single
molecule. After annealing at 150°C, the film structure changed dramatically
(Fig. 18b). The spherical molecules of polyethylene recrystallized into fibers
with a defined thickness of ca. 50 nm. From the fact that this value is consistent
with the molecular diameter in Fig. 18a, the fibers in Fig. 18b may be assigned
to linearly aligned molecules.

This reorganization process is schematically shown in Fig. 19. Similar to other
arborescent graft polymers [71], adsorption of the polyethylene molecules gives
thin films in which each molecule segregates into individual particle of a sphe-
rical shape (Fig. 19a). The spheres do not overlap and interpenetrate only par-
tially. Apparently the evaporation process was too fast to allow ordering of the
molecules via crystallization of the polyethylene branches. Annealing at tempe-
ratures above the melting point of linear polyethylene enabled significant re-
organization of the molecules in such a way that, upon subsequent cooling, the
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Fig. 17. Monolayer of arborescent graft macromolecules consisting of a polystyrene core and
poly(2-vinylpiridine) shell. Microphase separation between the blocks and strong interaction
of the PVP block with mica resulted in lateral arrangement of the PS and PVP domains [89]



branches were able to crystallize. Such crystallization is rather constrained be-
cause the center-symmetric distribution of the branches impedes uniaxial
crystallization of the PE chain segments. This is similar to the situation of den-
drimers containing liquid crystalline moieties as terminal groups [104].

3
Brush Molecules

3.1
Brush Molecules With a Flexible Backbone

Dense substitution of side chains along a main chain gives brush-like macro-
molecules such as “hairy rods” [15], worm-like brushes [16–21] or, in the case of
the side chains, further branching and monodendron jacketed chains [22–26].
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Fig. 18 a, b. Amplitude micrographs of arborescent graft polyethylene on mica obtained by
tapping mode SFM after: a adsorption from a dilute solution in hot xylene; b annealing for
24 h at 150°C

Fig. 19. Recrystallization of arborescent graft polyethylenes from dense packing of spheres to
fibers of linearly aligned molecules upon annealing



Brushes with long side chains can be synthesized by polymerization of macro-
monomers [117–119] or by grafting of the side chains to [16–20] or from [21] a
main chain. In contrast to globular dendrimers, these molecules have an ani-
sotropic primary structure and experience bending or coiling of the molecular
contour.Depending on the relative stiffness of the main and side chains,one may
distinguish four types of molecular cylinders (Fig. 20).

If the backbone as well as the side chains consist of flexible units, the molec-
ular conformation arises out of the competition of the entropic elasticity of the
confined side chains and the backbone [153–155]. In this case, coiling of the side
chains can occur only at the expense of the stretching of the backbone. In addi-
tion to the excluded volume effects, short range enthalpic interactions may be-
come important. This is particularly the case for densely substituted monoden-
dron jacketed polymers, where the molecular conformation can be controlled by
the optimum assembly of the dendrons [22–26, 156]. If the brush contains io-
nizable groups, the conformation and flexibility may be additionally affected by
Coulomb forces depending on the ionic strength of the solvent [79, 80].

In a bad solvent collapse of the expanded conformation can occur in two
principally different ways (Fig. 21):

1. Axial contraction leads to cylinders with a length shorter than the contour
length of the fully stretched main chain [81].

2. At the same moment, microsegregation of the pinned chains may result in a
density modulation along the cylinder axis [82].

Figure 22 represents a theoretical phase diagram obtained from a scaling analy-
sis for a stiff backbone with flexible side chains taking into account elastic and
surface contributions to the free energy [82]. The diagram considers the states
of a molecular brush under poor solvent conditions (x ∫ N1/2 h–1, z ∫N1/2 |t |) as a
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Fig. 20 a – d. Four types of cylindrical brushes with different flexibility of the side chain and 
the main chain: a stiff backbone – stiff side chains; b stiff backbone – flexible side chains;
c flexible backbone – stiff side chains; d flexible backbone – flexible side chains
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Fig. 21. Microphase segregation and axial contraction of molecular brushes [82]

Fig. 22. Diagram of states of a molecular brush as function of solvent quality z = N1/2 |t | and
the grafting density x = N1/2 h–1 under poor solvent conditions [82]



function of the grafting density h–1 (h is the axial distance between neighboring
chain), the length of the side chains N, and the temperature below the Q-point
t = (T – Q)/Q. At low grafting density, the side chains have a Gaussian coil con-
formation (region I) or collapse to globuli pinned to the stiff backbone (region
II). At high grafting density, homogeneous and uniformly collapsed brushes are
observed in regions III and IV, respectively. In order to minimize the free energy
for intermediate grafting densities, the side chains segregate into globular clus-
ters thread on the backbone (region V). The free energy of a cluster formed by 
n chains grafted within a distance L = n h can be presented as

DF (n)/kT = (nNt 2)2/3 – n(Nt2)2/3 + nL| t | (1)

where the first and second terms describe the difference in the excess interfacial
energy of a cluster core and that of n individual globules, while the third term
describes the entropy changes caused by the extra extension of the side chains
required for the cluster formation. Minimization of the free energy per 
chain, ∂ (n–1DF(n))/∂ n = 0, gives the equilibrium aggregation number n @ N1/2

| t |1/4 h–3/4 and the period of the thickness modulations L @ N1/2 | t |1/4 h1/4. The
thus formed undulated cylinders correspond to the “pinned micelles’’ in planar
brushes [157–162].

Stretching of the side chains with respect to their Gaussian dimensions leads
to conformational entropy losses for region III of the diagram. As a conse-
quence, the cylindrical brush experiences an extensional axial force of entropic
origin. In region IV, a negative contribution to the axial force has to be taken into
account due to the interfacial energy of the collapsed brush. Thus, the free
energy per side chain in a collapsed brush comprises the elastic penalty for ex-
tension of a side chain, excess free energy of the interface, and the free energy of
excluded volume interaction, respectively:

F R2

6 = 5 + | t | R2h – r2 N (2)
kbT N

The brush thickness and the axial distance per side chain are interrelated due 
to the condition of fixed monomer density ~|t | in the collapsed brush as
R @ ÷39N/| t | h. The axial tension is given by

f dF/kBT 3– 1–
7 = 93 @ (| t | h2) – | t |2(N/h)2 (3)
kbT dh

The degree of stretching of side chains and the extensional force on the backbone
decrease with decreasing grafting density and decreasing solvent quality. In the
range x1/3< z < x3/5 the axial tension is positive, i.e., the entropy losses in the ex-
tended side chains predominate over surface tension, while in the range z > x3/5 

the axial tension becomes negative. An additional negative tension in the back-
bone occurs in region V of the diagram due to the extended “legs’’ of the clusters.

In the case where the macromolecular backbone is flexible, the axial tension
may affect the molecular conformation. Flexibility of the main chain can be rea-
lized by bond rotational isomerism and minimizes the entropic penalty caused
by the stretching of the main chain. As depicted in Fig. 21 on the right:
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1. Backbone flexibility enables axial shrinkage of the worm-like macromolecule
compared to the contour length of the main chain.

2. The undulations can vanish as the distance between the grafting points will
decrease.

3. On large scales, the whole brush can collapse into a globule.

Tapping mode SFM was employed to visualize cylindrical brushes of poly-
methyl-methacrylate as single species laying flat on a solid substrate (Fig. 23a).
Light scattering studies in solution allowed a complementary characterization
of the size and conformation of the molecules in the diluted state. Two impor-
tant observations have been made, that corroborate the theoretical predictions:

1. The length of the worm-like macromolecules in solution as well as in the dry
state, is significantly shorter than the contour length of the backbone.

2. The dry molecular brushes adsorbed on mica appear to exhibit undulations
along the molecular contour (Fig. 23b).

Table 1 summarizes the experimental data obtained for PMMA brushes [81, 82].
A length per repeat unit of the backbone lSFM= 0.076 nm was measured directly
by SFM. The value is three times shorter than the monomer length of a complet-
ely stretched backbone in an all-trans planar conformation (lmax= 0.25 nm). Stat-
ic light scattering in solution also yielded a length per monomer lsol = 0.081 nm
that was considerably shorter than in the all-trans conformation [81]. The axial
contraction is indicative of a significant flexibility on the short length scale,
while the molecules are relatively stiff on the long length scale characterized by
a persistence length of 60 nm. Two characteristic length scales were also observ-
ed by Monte Carlo simulation studies [155].

Although the observed undulations are consistent with the scaling picture, it
is somewhat in contradiction to the axial contraction. On the other hand, axial
contraction in molecular brushes can be limited, first because the backbone seg-
ments have limited flexibility and second because of hard core repulsion near
the backbone or cylinder axis. In contrast to loose comb-like polymers [153], an
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Fig. 23 a, b. a An amplitude micrograph of PMMA brushes adsorbed on mica from a dilute so-
lution in chloroform measured by tapping mode SFM. b Three-dimensional SFM micrograph
of single brush-molecules indicated by the arrow in (a). The axial modulations have been ex-
plained by phase segregation of the side chains into nodules (insert) [82]



axial tension of the order of kT per monomer length is sufficient to reach the
limiting extension of the densely grafted backbone. Rather independently of
solvent strength, the extended conformation is weakly perturbed by small fluc-
tuations around the extended contour. Indeed, the experimental observation on
the PMMA brush demonstrated small difference in the axial length in the dry
state and in solution (Table 1).

It must be noted that the end-to-end distance of the brushes is also affected
by adsorbing them flatly on a hard wall. In monolayers (d = 2) the molecules are
constrained to two dimensions which favors extension and parallel alignment
[163]. This is particularly pronounced if the side chains get tightly adsorbed and
will be discussed in detail below. Yet even in the case of a weak interaction with
a substrate, the chains are extended. In contrast, in thick films the individual
chain can adopt a less straight conformation by transition between “layers” in
the z-direction. Figure 24 clearly demonstrates the difference in the ordering of
cylindrical brushes of polystyrene depending on the film thickness [78].

3.2
Monodendron Jacketed Linear Chains

It has been noted already that monodendron jacketed polymers are distinguish-
ed from brush molecules with flexible side chains by the even higher steric de-
mand of the side chains and their ability to assemble to defined superstructures
[22–26]. Scheme 1 depicts two examples of a monodendron jacketed macro-
molecule: 14-ABG-PS carries three monoalkoxybenzylether groups per mono-
mer unit, whereas the stronger branched 3,4,5-t-3,4,5-PS monomer is substitut-
ed by three trisalkoxybenzylether groups and has a two times larger molecular
mass of 2140 g/mol. The tapered shape and a certain amphiphilicity of the
monodendrons provide additional factors favoring the extension of the main
chain due to their self-assembly into columns [156]. Depending on the degree of
polymerization and the degree of branching of the side groups, the monoden-
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Table 1. Molecular properties of cylindrical brushes of polymethylmethacrylate

Property Value Method

�M0� (side chain) 2410 g/mol MALDI-TOF
�Mw� (brush) 1.4 ¥ 107 g/mol SEC-MALLS
Mw/Mn (brush) 1.25 SEC
l (persistence length) 60 nm SEC-MALLS
�DPw� (main chain) 5809 �DPw� = Mw/M0

S
i   

N, L2
i

�Lw� = 03 443 nm SFM
S
i   

N, Li

�Lw�/�Ln� 1,38 SFM
�Lw�

lSFM = 7 m 0.076 nm SFM (in dry state)
�Mw�

lsol 0.081 nm SEC-MALLS (in solution)



dron jacketed polymers were shown to undergo ordering into a hexagonal co-
lumnar or cubic mesophase [23, 84].

When deposited on a surface of highly oriented pyrolytic graphite (HOPG),
these molecules are depicted by SFM as 5 nm thick threads aligned parallel to
the substrate plane (Fig. 25a). Because of the regular adsorption of the alkyl tails
on graphite, the segments of 14-ABG-PS get aligned along the main axis of the
HOPG-surface [87]. This was not the case for the sterically crowded 3,4,5-t-3,4,5-
PS. The attained resolution of the chain ends enabled direct measurement of the
molecular length [85, 86]. In combination with the independently determined
molecular weight (GPC and SLS), the chain length per repeat unit was evaluated
as lSFM= Ln/DPn, where DPn is the number average degree of polymerization. In
agreement with the X-ray periodicity of the columnar packing in the hexagonal
mesophase and the density of this compound, the monomer length of 14-ABG-
PS lSFM= 1.2 Å turned out to be almost two times less than the length lc= 2.5 Å
expected for a fully extended main chain in an all-trans planar zigzag confor-
mation. In contrast, 3,4,5-t-3,4,5-PS with the sterically more demanding side
groups demonstrated almost complete stretching of the carbon backbone ap-
proaching the all-trans planar conformation (Table 2).
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Fig. 24 a, b. Micrographs of: a a monolayer; b thick film of cylindrical brushes of polystyrene
on mica. The order is significantly higher in the monolayer film [78]

Scheme 1



The axial contraction compared to the contour length can occur via local dis-
ordering or coiling or twisting (Fig. 25b). Regular helix formation may not be
expected because of the stereo irregularity of the backbone and was also not ob-
served by X-ray diffraction upon cooling the mesophase [164]. Indirect evidence
for a twisted backbone conformation was found when the monodendron jacket-
ed polystyrenes were imaged on mica [86]. In this case, the molecules were ad-
sorbed randomly without interfacial ordering effects. Some molecules in
Fig. 26a were twisted to supercoils called plectoneme (from the Greek meaning
“braided string”). Plectoneme formation represents a way of releasing torsional
stress [165, 166]. Due to the intramolecular crossings, the dense monolayer in
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Table 2. Molecular dimensions and length per monomer unit of 14-ABG-PS, 3,4,5-t-3,4-PS,
and 3,4,5-t-3,4,5-PS determined from SFM micrographs and SEC- and SLS data [86]

Polymers 14-ABG-PS 3,4,5-t-3,4-PS 3,4,5-t-3,4,5-PS
Ma, g/mol 1194 1612 2140
Mw

b, 106 g/mol 1.1 1.2 2.0
Mw/Mn 2.6 2.6 2.2
ac, Å 52.1 41.4 47.7
lXDR

d, Å 0.8 1.8 2.0
lSFM

e, Å 1.2 1.9 2.3

a Molecular weight of the monomer unit.
b Molecular weight of the polymers determined by size exclusion chromatography in te-

trahydrofuran using a light scattering detector.
c Column diameter determined by X-ray diffraction measurement in the columnar meso-

phase.
d X-ray spacing along the column axis per repeat unit of the main chain as determined for the

columnar mesophase in bulk.
e SFM length of the cylindrical molecules per repeat unit of the main chain determined from

the SFM micrographs as LSFM= M¥Ln/Mn.

Fig. 25 a, b. a SFM-micrograph of single 14-ABG-PS molecules on HOPG. b Suggested confor-
mation of monodendron jacketed linear chains [85]

a b



Fig. 26a resembles a network or felt-like structure. Figure 26b shows a similar
conformation observed for a polypeptide [167].

To the best of our knowledge, the supercoil conformation of the monoden-
dron jacketed polystyrene is one of the first observations of a defined tertiary
structure in synthetic polymers. The plectoneme conformation could be caused
by underwinding or overwinding of a backbone from its equilibrium state [168].
Quick evaporation of the solvent certainly can cause a residual torsion in the
molecule as it contracted in itself. Unlike macroconformations of biomolecules,
where the tertiary structures are often stabilized by specific interactions be-
tween side groups, the supercoil of the monodendron jacketed polymers is
metastable. Eventually, annealing offered a path for the stress relaxation and al-
lowed the structural defects to heal [86].

3.3
Interfacial Ordering and Conformational Transitions

It has been mentioned in Sect. 3.1 that the molecular conformation can be alter-
ed strongly compared to that in solution if the side chains of a brush molecule
are specifically adsorbed on the substrate or tend to spread on the surface to mi-
nimize the interfacial energy (Fig. 27). Moreover, the substrate changes the di-
mensionality of the system and breaks its symmetry [169, 170]. Depending on
the interfacial interactions and distribution of the side chains we can discuss a
number of distinct conformations: (a) stretched brush, (b) two-dimensional
helix [170], and (c) globule state.

The structures depicted in Fig. 27 represent states where the free energy is
minimized regarding different contributions. The fully stretched backbone in
Fig. 27a corresponds to a maximum in interaction or surface contacts of the mo-
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Fig. 26 a, b. High resolution height SFM-micrographs of: a 14-ABG-PS on mica [86]; b Twisted
ribbon structure of polypeptide b-sheets [167].The plectoneme conformation is caused by the
backward folding of the torsionally stressed molecules [86]. Insert in (a) depicts a plectoneme
supercoil



nomer units, in particular the side chains. The spiral conformation in Fig. 27b is
characterized by a reduced contact line at the expense of the uneven distribution
of the side chains to either side of the backbone. The conformation in Fig. 27c is
favored by a disordered or coiled backbone and coiling of a fraction of desorbed
side chains on expense of the number of interfacial contacts.

The qualitative picture demonstrates that the interplay of intramolecular and
surface forces can lead to pronounced conformational changes. In particular,
this concerns the fully stretched backbone and the globular conformation. Since
the free energies of these two conformations vary in different manners with the
interaction strength, the brushes can undergo a transition of the critical surface
pressure pc at which the free energies become identical. The surface pressure
corresponds to the gain in energy due to spreading p = g1–g12–g2, which is a
combination of water/air (g1) water/polymer (g12) and polymer/air (g2) inter-
facial energies. Such a transition may also occur upon changing of others pro-
perties of the surrounding medium, e.g., solvent quality and temperature, or
under the effect of an external field. Thus, instead of variation of the interfacial
energies, the number of surface contacts available per molecule or side chain can
be altered by reducing or expanding the surface area per molecule as it can be
done experimentally on a Langmuir trough.

This way it has been possible to observe the anticipated conformational tran-
sition by experiment. Cylindrical brushes of polybutylacrylate-graft polyme-
thacrylate were adsorbed on the surface of water from a CHCl3 solution on a
Langmuir trough and studied by recording the p-A (surface pressure vs molec-
ular area) isotherm. At different stages of compression, the monolayer was
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Fig. 27 a – c. Conformations of cylindrical brushes upon adsorption on a surface: a extended
coil; b two-dimensional helix; c globule



transferred onto a solid substrate (mica) for microscopic studies [83]. This ex-
periment allowed one to monitor changes in molecular conformation at differ-
ent fractions of the adsorbed monomers.

The PBA brush was chosen because of its low glass transition temperature
(Tg= – 60°C), which was in favor of prompt equilibration. Furthermore, n-butyl-
acrylate is known to spread on the water surface [172, 173] and to adhere strong-
ly to mica [83]. The brush molecules were presented by living radical polyme-
rization by grafting from a multifunctional macromolecular initiator [171]. As
shown in Fig. 28b, brushes in the uncompressed state are fully extended ap-
proaching a trans zig-zag conformation of the main chain. In contrast, macro-
initiators, i.e., backbones without side chains, demonstrate a twofold contrac-
tion relatively to the contour length (Fig. 28a). Furthermore, a detailed resolu-
tion of the molecular arrangement has been possible by phase contrast SFM,
which enabled clear visualization of both the backbone and side chains. The
phase micrograph in Fig. 29 shows an island of several brush molecules adsorb-
ed flatly on mica. White contours correspond to the backbone, while grayish
areas in between the white threads show the hairy structure of the side chains.
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Fig. 28 a, b. The synthetic scheme depicts preparation of PBA brushes by grafting from the
macroinitiator using ATRP [187]. Single molecules of: a the macroinitiator; b PBA brushes ad-
sorbed on mica were visualized by taping mode SFM. Clearly, the grafting of long side chains
led to almost full extension of the backbone approaching the contour length L=N ¥ 0.25 nm



Figure 30 presents the p-A isotherms for the PBA brushes spread on water.
Compression of the PBA brushes was fully reversible as expected for equilib-
rium spreading. The isotherms can be divided onto three characteristic regions.
In region I the pressure onset occurred at a surface area of about 35 Å2/BA-mo-
nomer. Linear extrapolation of the isotherm to zero pressure gave the area
A0= 28 ± 1 Å2, consistent to a monomer area of 27 Å2 measured for linear PBA
[172]. The pressure in the plateau region III p = 21 mN/m was similar to that of
linear PBA (22 mN/m). The values indicate that practically all BA monomer
units are in contact with the water surface, whereby the butyl tails are oriented
towards air perpendicular to the surface. In between the expanded and the

Hyperbranched Macromolecules: Soft Particles with Adjustable Shape and Persistent Motion Capability 163

Fig. 29. The island of PBA brushes on mica was observed by tapping mode SFM. The phase
image enabled clear resolution of the backbones (white threads) and the side chains (gray
hairs) on the mica substrate (black background)

Fig. 30. Left: Lateral compression of a monolayer of PBA brushes on water. Right: Correspond-
ing surface pressure-area isotherm measured during compression



collapsed film, the pressure increased within a broad range until a critical mo-
nomer area of 22 Å2, at which the pressure leveled off at 19.5 mN/m. Region II
corresponds to the plateau confined between 22 Å2/BA-monomer and another
inflexion point at 13 Å2/BA-monomer.

Transfer of the surface films at distinct areas per monomer onto a mica sub-
strate was achieved while the pressure was kept constant automatically. Fi-
gure 31 shows such a series of SFM micrographs obtained at different compres-
sion. In each micrograph the brush molecules were clearly resolved individually.
At areas above 22 Å2 the molecular cylinders retained their conformation but
became packed increasingly densely until a closed film was formed. The light
worm-like stripes in Fig. 31a, b represent the brush molecules in a conformation
corresponding to the cartoon in Fig. 27a. The bright stripes mark the contour of
the backbone.The space in between is occupied by the fraction of the side chains
which are tightly adsorbed. The fundamental collapse of the worm-like struc-
ture predicted was observed in the transition zone between 22 Å2 and 13 Å2. The
SFM images in Fig. 31c–e demonstrate a significant decrease in length while at
the same time the molecules appeared to become more flexible and coiled up.
The round spots in Fig. 31c–e are assigned to single molecules which collapsed
to a pancake-like or nearly globular state as illustrated in Fig. 27c. The number
of chains in Fig. 31a and number of globuli in Fig. 31e are fairly equal. We con-
clude that the molecular collapse is accompanied by desorption of the side
chains from the water surface and occurs in the first instance as an intramolec-
ular collapse and only later by intermolecular aggregation as the collapsed
molecules get piled up.

164 S.S. Sheiko · M. Möller

Fig. 31 a– f. SFM micrographs of monolayers of PBA brushes transferred on mica at different
degree of compression: a 30 Å2; b 23 Å2; c 21 Å2; d 17 Å2; e 13 Å2; f 30 Å2 (after expansion)



Fig. 32 a – d. Phase transition: a from the extended coil; b to a globule state as found by scaling
analysis [83]; c the transition is caused by lowering the surface pressure below a certain criti-
cal value pc at which the fraction of adsorbed monomers fa=N2D/N undergo discrete changes;
d hereby, the pc depends critically on the side chain length

The observed conformational transition is schematically summarized in
Fig. 32a, b. It has been explained by a scaling analysis considering the liquid state
for the brush layer and assuming that air is a poor solvent for the side chains.An
equilibrium value of the total free energy F=F 2D

el + F 3D
el + Fs+ Fmix (Fel= elastic

contribution to the free energy, Fs= surface energy of the brush, Fmix= mixing
entropy of the side chains) can be found by minimization with respect to two in-
dependent variables: the fraction of adsorbed 2D chains, fa, and the relative 
contour length of the brush, L/aN. For long enough side chains the free energy
has two minima, i.e., (i) the extended brush with a large fraction of adsorbed
side chains and (ii) the collapsed globuli with a smaller fraction of adsorbed 
side chains. Variation of either the area available per molecule or the surface
pressure can cause a discontinuous transition from one state to the other. The
transition is of first order and exhibits a critical dependence on the side chain
length [83].

The data demonstrate clearly the importance of the interaction of the sub-
units of brush like molecules with the substrate. In the case shown in Fig. 31, the
structure was formed on a liquid substrate. Detailed studies of the molecular
conformation affected by adsorption on a solid substrate have been possible
with the monodendron jacketed polymers discussed before [87]. It has been
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mentioned that the height of 14ABG-PS molecules adsorbed on graphite was
considerably smaller than their lateral diameter. Also in this case, flattening in-
dicates strong interaction of the side chains to the substrate. Besides changes in
the molecular cross section, the adsorption can cause ordered macroconforma-
tions (Fig. 33).

Figure 34a represents another SFM-micrograph of 14ABG-PS (Scheme 1 in
Sect.3.2) on graphite.The macromolecules are arranged in straight segments with
bends of a characteristic angle of 60° and 120°.On mica, the same polymer did not
show any particular order (Fig. 34 b). Only a short range orientational order of
densely packed cylinders was observed. The ordering of the macromolecules was
explained by an epitaxial adsorption of the alkyl tails of the monodendron side
groups on HOPG.Formation of highly ordered monolayers due to preferential ori-
entation of the hydrocarbon chains with respect to the graphite lattice was repor-
ted for linear alkanes and cycloalkanes [174, 175] as well as for comb-like molecu-
les with alkyl substituents such as oligothiophenes [176]. The repeat length
le= 2.54 Å of a –(CH2–CH2)– sequence in all-trans planar zig-zag conformation
matches the crystallographic spacing a=2.46 Å of the graphite surface.

The hypothesis of the epitaxial adsorption of the side chains has been veri-
fied by STM studies on monolayers of the monodendrons. Figure 35 depicts high
resolution images of a monolayer of tris-3,4,5-(p-dodecyloxybenzyloxy) ben-
zoic acid, which shows parallel aligned stripes with a mean periodicity of
3.9 ± 0.1 nm. Within the stripes in Fig. 35b, the three benzyl groups and the gal-
lic acid core were depicted as bright spots forming the threefold structure. The
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Fig. 33. Monodendron jacketed linear chains adsorbed epitaxially on a HOPG substrate. The
solid bar depicts the backbone including benzyl groups, whereas the zig-zag lines correspond
to the alkyl side chains



alkyl chains could be identified as straight lines between the benzyl rows alig-
ned at an angle of 65° with respect to the stripes. The STM image indicates that
the alkyl chains are arranged in an interdigitated comb structure. The length of
the alkyl chains was measured to be 1.5 nm, which is consistent with the length
of a dodecane molecule H(CH2)12H in its all-trans conformation.
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Fig. 34 a, b. SFM-micrographs of the monolayers on; a HOPG; b mica prepared by spincasting
of 14-ABG-PS solutions in cyclopentane (c = 0.1 mg/ml). Individual molecules in (a) aligned
parallel to the substrate and bent at characteristic angles of 60° and 120° to follow the three-
fold symmetry of graphite. The worm-like molecules in (b) wound around each other and re-
sulted in a felt-like structure [86]

Fig. 35 a, b. STM micrographs at: a low; b high resolution of a monolayer of monodendrons ob-
tained by adsorption from a saturated solution in trichlorobenzene. The inserts in (b) show
orientation of the molecules relative to the crystalline lattice of HOPG [87]



3.4
Persistent Motion by Partial Desorption and Reptating Relaxation

The two examples of adsorbed side chain substituted macromolecules, i.e., the
poly(n-butyl acrylate) brush and the tris(p-undecyloxybenzyloxo) benzoate
jacketed polystyrene, demonstrate two rather complementary aspects of the in-
teraction of such molecules with a planar surface. In the first case the two-di-
mension to three-dimension transition results in a cooperative collapse of an
extended coil conformation to a globule. The second case shows a rather high
degree ordering with a distinct orientation of the backbone in the substrate
plane. Combination of both effects and partial desorption can lead to a repta-
tion-like directed motion as depicted schematically in Fig. 36.

As the desorption is combined with a contraction while the subsequent ad-
sorption involves stretching, the molecule should move in the direction favored
by the adsorption pattern. Such a motion was indeed observed in preliminary
experiments for monodendron jacketed polymethacrylates with ethylene oxide
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Fig. 36. Directed motion of cylinders with broken symmetry on a solid surface

Fig. 37. Chemical structure and phase transitions of 12-ABG-4EO-PMA [164]



spacers between the monodendron and the main chain (Fig. 37) [164]. Thus, the
molecule combines the structural features of a relatively short side chain that
can disorder upon desorption and the monodendron that is adsorbed in a pat-
tern as depicted in Fig. 35.

A scanning force microscope equipped with a temperature cell enabled in-
situ monitoring of both single molecules and their clusters at elevated tempera-
ture on highly oriented pyrolytic graphite (HOPG). Figure 38 shows a series of
six micrographs captured during a time period of 1 h at a temperature of 46°C,
just after the phase transition from the crystalline phase (k) to the columnar
mesophase (fh). One can clearly see that a small cluster consisting of ca. five
molecules moves steadily along the terrace of the HOPG substrate. The motion
started at 46°C and continued within 60 min until the cluster reached the to-
pographic obstacle, a terrace on the HOPG surface.
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Fig. 38. Persistent and directed motion of a small cluster of five 14ABG-4EO-PMA molecules
along the terrace of HOPG



Besides the remarkable directionality of the motion, the images also demon-
strate a periodic variation of the cluster from an elongated to a circular shape
(Fig. 39). The diagrams in Fig. 39 depict the time dependence of the displace-
ment and the cluster size. Until the cluster was finally trapped, the speed remain-
ed fairly constant as can be seen from the constant slope in Fig. 39a. The oscilla-
tory variation of the cluster shape is shown in Fig. 39b.Although a coarse model
for the motion has been presented in Fig. 39, the actual cause of the motion re-
mains unknown. The ratchet model proposed by J. Prost requires a non-equilib-
rium variation in the energetic potential to bias the Brownian motion of a mo-
lecule or particle under anisotropic boundary conditions [177]. Such local per-
turbations of the molecular structure are believed to be caused by the
mechanical contact with the scanning tip.A detailed and systematic study of this
question is still in progress.

4
Synopsis

The examples discussed above demonstrate that the complex architecture of hy-
perbranched and brush-like macromolecules can lead to properties and charac-
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Fig. 39. Time variation of the displacement and cluster size during its motion on HOPG at
46 °C. The in-situ measured SFM micrographs depict momentary shape and inner structure
of the cluster including packing of the molecules at different intervals after the motion start-
ed – 8 min, 16 min, and 28 min



teristics in the molecular conformation that are not known for linear macro-
molecules. Competing effects at different length scales result in very peculiar
ordering and transformations. The admittedly not yet proven model of a molec-
ular motion demonstrates how the interplay of the different interactions and
elastic forces can result in a directed action. All the examples discussed here
showed the molecules adsorbed on a flat surface. This has its origin in the ana-
lytical method applied to study the molecules, i.e., scanning force microscopy.
Yet the surface interaction is just one possible perturbation of the free molecule.
Other ways to affect the molecular structure may result from photo-chemical
transformations or varying electrical or magnetic fields. We are convinced that
the hyperbranched molecules provide a great challenge to the synthetic chemist
to design molecules that are capable of undergoing specific actions.
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The equilibrium structure of dendrimers in dilute solution is reviewed. It is shown that small-
angle neutron scattering (SANS) is suitable to determine the radial density distribution inside
of the dendritic structure. For low generations (4,5) available data indicate a density distribu-
tion that has its maximum in the center of the molecule. Higher generations studied by small-
angle X-ray scattering (SAXS) exhibit a more and more compact conformation which is due
to the increase back-folding of the peripheral groups. In general, SANS is shown to be a highly
suitable tool for the investigation of dendrimers and related supramolecular structures in
solution.

Keywords. Dendrimers, SANS, SAXS, Contrast variation

1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

2 Theory and Simulations . . . . . . . . . . . . . . . . . . . . . . . . . 180

3 Experimental Studies  . . . . . . . . . . . . . . . . . . . . . . . . . . 183

3.1 Investigations in Solution by Small-Angle Scattering . . . . . . . . . 183
3.2 Small-Angle Scattering Experiments: Problems . . . . . . . . . . . . 184
3.3 Small-Angle Scattering Experiments: Contrast Variation  . . . . . . 185
3.3.1 General Considerations  . . . . . . . . . . . . . . . . . . . . . . . . . 185
3.3.2 Radius of Gyration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
3.4 Small-Angle Scattering Experiments: Influence of Concentration . . 188
3.5 Small-Angle Scattering Experiments: Results  . . . . . . . . . . . . . 189
3.5.1 Radial Density Distribution  . . . . . . . . . . . . . . . . . . . . . . . 189
3.5.2 Interaction at Finite Volume Fraction  . . . . . . . . . . . . . . . . . 191

4 Intrinsic Viscosity of Dendrimers  . . . . . . . . . . . . . . . . . . . 192

5 References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

1
Introduction

The chemical synthesis of dendrimers has been the subject of intense research
and the number of publications on this subject has undergone an exponential
increase in recent years. For a survey of current work in this field the reader is
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referred to recent reviews [1–3]. Fewer studies are available on the spatial struc-
ture in solution, in bulk, or at surfaces. The structure of dendrimers in different
states of aggregation present an interesting problem, however, since dendritic
structures are intermediates between macromolecules and colloids. The mass of
the molecule increases exponentially with the number of generations and grows
more rapidly than the available volume. The spatial structure hence must satur-
ate at a given number of generations. The consequences of this spatial architec-
ture are immediately obvious; at low generation number, on the one hand, the
structure will be related to the one of star polymers having a great number of
available conformations. At high generation number, on the other hand, a den-
sely packed radial structure will result that has much less internal degrees of
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Fig. 1. Chemical structure of a dendrimer of fourth generation (G4). Starting with a focal
group in the center of the molecule, a fractal-like structure is built up by branches which em-
anate from three-functional groups. The outer ends of the branches are terminated by end-
groups [3]. The molecule may be divided into „dendrons“ designating the substructures ori-
ginating from a branch point. Hence, the dendrimer shown here may be viewed upon as com-
posed of four dendrons emanating from a central ethylenediamine group



freedom. In this respect dendrimers bridge the gap between strongly fluctuating
polymeric structures and solid colloidal particles.

The understanding of the conformation of dendrimers of different genera-
tion as function of concentration, temperature, solvent power, etc., is necessary
for further work directed towards the dynamics of these structures as well as to
the energy transfer within these molecules. A precise tuning of the conforma-
tional freedom is also a prerequisite for all applications discussed so far for den-
dritic structures [1–3].

In this chapter we shall review recent investigations devoted to the equilib-
rium structure of defined dendritic molecules. It is to be understood that the
present review deals solely with recent work on flexible dendrimers. Figure 1
shows a typical examples of such a dendritic structure with defined endgroups
[3]. It is obvious that this structure has a great number of conformational de-
grees of freedom. This is opposed to dendritic structures composed of stiff
building blocks. Figure 2 displays the first example of such a structure which is
set up entirely from phenyl groups. These fully aromatic dendrimers that have
been synthesized recently by Müllen and coworkers [4] exhibit a virtually stiff
skeleton since rotations about the bond angle between different phenyl groups
do not lead to a totally different shape of the molecule. No systematic study of
the solution properties of these structures is available yet, however, and the pre-
sent review will hence be restricted to the discussion of flexible dendrimers hav-
ing a flexible skeleton (cf. Fig. 1).

The central question to be addressed in this context is the conformation of
isolated flexible dendrimers in solution. Here a considerable number of com-
puter simulations are available by now that have come to unambiguous results
regarding the equilibrium structure of flexible dendrimers in solution. The
main conclusions of these studies will be presented in a first section of this
chapter.

Scattering methods such as small-angle neutron scattering (SANS) or small-
angle X-ray scattering (SAXS) are highly suitable for determining the structure
of dendrimers in dilute solution and for comparing the results to recent simu-
lations. Hence, a discussion of recent studies employing these methods will 
be given here. A more detailed review of scattering methods as applied to 
dissolved dendrimers has been given recently [5]. The overall shape of dissolv-
ed dendrimers may also be determined by their hydrodynamic volume as de-
termined through measurements of the intrinsic viscosity [h]. Therefore a 
brief survey of studies devoted to precise measurements of [h] will be present-
ed as well.

Many applications of dendrimers discussed so far in the literature [1–3] such
as, e.g., for diagnostic or medical purposes will take place in semi-dilute or con-
centrated solutions. Hence, possible changes of conformation in this regime that
may be induced by mutual interaction of the solute molecules requires special
attention. Here again SAXS and SANS furnish valuable information on how the
conformation may change upon increase of the mutual interaction between the
dendrimers. Detailed knowledge of the conformation of dendrimers may also
furnish valuable insight when trying to understand the structure of these mole-
cules in bulk.
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2
Theory and Simulations

Up to now, the equilibrium structure of flexible dendrimers in solution has been
treated in several exhaustive theoretical studies [6–13]. Shortly after the first ex-
perimental reports on the synthesis of dendrimers their spatial structure was
considered by de Gennes and Hervet [6]. These authors derived a density profile
which has a minimum at the center of the starburst and increased monotonically
to the outer edge. It must be noted that de Gennes and Hervet assumed that all
subsequent bonds point to the periphery of the molecule. A structure comply-
ing with this assumption may be given by the fully aromatic dendrimers as dis-
played in Fig. 2. In consequence, the „dense-shell picture“ deriving from this
theory is built into the model. It should not be regarded as its result.

All subsequent theoretical studies devoted to flexible dendrimers came to the
conclusion that the segment density has its maximum in the center of the molec-
ule. Lescanec and Muthukumar [7] were the first to present this conclusion
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Fig. 2. Chemical structure of a stiff dendrimer [4]



which they derived from simulations of a random growth process. The results
thus obtained may also reflect non-equilibrium structures. Manfield and Klu-
shin performed a series of MD-simulation studies of dendrimers which solved
this problem [8]. Their study which comprises dendrimers up to the ninth
generation corroborated qualitatively the results presented by Lescanec and
Muthukumar [7]. In addition to this, these authors made the first detailed pre-
dictions of the scattering function of dendrimers. Murat and Grest presented a
molecular dynamics study which included the effect of solvent quality on the in-
ternal structure of dendrimers [9]. The relaxation times of the fluctuations of
the structures were determined in order to prove adequate sampling of equilib-
rium configurations.

These authors [9] also presented a study of a highly interesting phenomenon
which is due to the dendritic architecture, namely dendron segregation. The
dendrimer may be subdivided into dendrons emanating from a central unit (see
Fig. 1). These dendrons are predicted to demix despite the fact that they are of
identical chemical composition. This problem was first discussed by Mansfield
[10]. Dendron segregation opens the possibility of making supramolecular
structures with different functionalities sitting on different dendrons. Dendron
segregation in such particles may result in asymmetric nano-objects such as,
e.g.,“Janus-grains”.

A detailed MD-study of the dendrimers functionalized by endgroups was re-
cently presented by Cavallo and Fraternali [11]. A most important contribution
to the theoretical understanding of dendrimers was advanced by Boris and Ru-
binstein [12]. An analytical Flory-type model of the starburst structure was de-
veloped by these authors. The results of theory was subsequently corroborated
by a self-consistent mean-field model. The theory of Boris and Rubinstein [12]
allows one to understand the basic factors controlling the size of dendritic struc-
tures as a function of solvent power. The calculation have been performed using
reasonable parameters deriving from experimental data. These authors also
made detailed prediction regarding the scattering function of dendrimers. They
demonstrated that small-angle scattering is capable of distinguishing between
different models of the radial structure.

As stated above, the theory of Boris and Rubinstein [12] comes to the un-
ambiguous conclusion that the density has its maximum at the center of the
molecule.As an example,Fig.3 displays the density profile of dendritic structures
calculated for generations 2–7. Here the volume fraction of segments (properly
normalized to unity at the center of the molecule) is plotted as function of the ra-
dial distance to the center. There is significant back-folding of the outer groups
into the center of the molecule. This is demonstrated in Fig. 4 which shows the
probability distribution of the endgroups calculated for dendrimers of different
generation [12]. It is obvious that the endgroups will be located preferentially in
the periphery of the dendrimer where the distribution has its maximum. But
there is a finite probability, however, to find an endgroup near the center of the
molecule. All results demonstrate that dendritic structure of lower generation
present strongly fluctuating objects as expected from their chemical structure.

Recent Monte Carlo- and Molecular Dynamics-simulations [8, 9, 11] seem to
suggest a slight local decrease of the density directly at the center of the mole-
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Fig. 3. Theoretical density profile of dendritic structures of generations 2–7 [12]. The radial
volume fraction properly normalized to unity at the center of the molecule is plotted against
the radial distance to the origin.All data has been calculated assuming a realistic excluded vo-
lume parameter of the segments of the dendrimer. Reproduced with permission from [12]

Fig. 4. Backfolding in dendrimers as predicted by analytical theory [12]. Free end probability
distribution function of the radial distance for generations 2–7. All data has been calculated
assuming a realistic excluded volume parameter of the segments of the dendrimer (see [12]
for further details). Reproduced with permission from [12]



cule. This feature is not consistent with the findings of Boris and Rubinstein [12]
who doubt the accuracy of the simulation with respect to this particular result.
For greater radial distances, however, analytical theory [12] as well as simula-
tions [7–9, 11] agree on a smooth decay of the density of the segments.Very re-
cently, this point has been further pursued by a simulation of Welch and Mu-
thukumar [13]. These workers demonstrated that charges within the dendrimer
may lead to a transition between a dense core and a dense shell structure.A tran-
sition between a dense-core and a dense-shell structure may be induced by 
tuning the electrostatic repulsion through adjustment of the Debye-length in
the system.

This section may be concluded by the statement that flexible dendrimers are
predicted to exhibit a strongly fluctuating structure in solution. According to
these studies the endgroups are not strictly located at the surface of the mole-
cules but may also fold back into the interior of the dendrimer. It must be noted
that this conclusion originates from models which idealize the dendritic archi-
tecture in terms of model parameter common in polymer theory [14, 15]. In this
respect theory may not lead to fully quantitative predictions. Theory, however,
certainly arrives at correct qualitative conclusions which are largely backed by
available experimental evidence as shown further below.

3
Experimental Studies

3.1
Investigations in Solution by Small-Angle Scattering

By now, a considerable number of studies of dendrimers in solution by SANS
and SAXS has been presented [16–31]. An early study conducted by Prosa et al.
[18] using SAXS showed the transition of a polymer-like scattering behavior to
the scattering pattern of a colloidal structure with increasing number of gen-
erations (see Sect. 1). For low generations a virtually structureless scattering
curve resulted whereas the dendrimer of generation 10 exhibited two side ma-
xima in the measured SAXS-intensity I(q) as function of the magnitude of
the scattering vector q (q = (4p/l)sin(q/2) where l is wavelength of radiation
and q the scattering angle). These side maxima are to be expected for a dense
spherical structure predicted for dendritic structures of high generation. A
SANS-study by Scherrenberg et al. [19] showed a similar trend. Here a maxi-
mum showed up in Kratky plots I(q)q2 vs q with increasing generation number.
The resulting scattering function agrees qualitatively with the theory of Boris
and Rubinstein (see Fig. 11 of [12]).

We have presented a new method of using SANS to elucidate the radial struc-
ture of dissolved dendrimers [23, 24]. It has been demonstrated that SANS in
conjunction with contrast variation [32–37] is a valid tool to determine the in-
ternal structure of dendrimers. The main result of [23, 24] is the clear proof that
the density distribution has its maximum at the center of the molecule. Hence
this corroborates the general deductions of theory as discussed in the preceding
section.
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Moreover, SANS-data measured at different contrast allow one to determine
the molecular weight. Imae et al. [25] also used contrast variation to determine
the molecular weight of dendrimers. The problem of molecular weights and
possible imperfections in dendrimer has been addressed very recently by Riet-
veld and Smit [26]. These workers employed static light scattering and vapor
pressure osmometry which give the molecular weight of the dissolved objects
but allow no further conclusion regarding their radial structure.

Very recently, Topp et al. [29] probed the location of the terminal groups of a
dendrimer of seventh generation using SANS. These authors concluded that the
terminal units as well as nearly half of its monomer units are located in the
vicinity of the surface of the molecule. This is in contradiction to the results
derived from simulations (see Sect. 2). In addition, it is difficult to reconcile this
result with the findings of [23, 24] which showed that flexible dendrimers have
the maximum density at the center of the molecule.

3.2
Small-Angle Scattering Experiments: Problems

The preceding section may be concluded by the statement that the experimen-
tal studies published hitherto did not come to a clear conclusion regarding the
radial density distribution of dendrimers. It is therefore interesting to delineate
the main problems of scattering studies as applied to small dissolved objects and
enumerate possible sources of scattering intensity not related to the spatial
structure of the particles [5, 23, 24]:

1. Dendrimers are small structures with diameters of a few nanometers only.
Their radius of gyration [32, 33] Rg which may, to first approximation, be
taken as a measure of overall spatial extensions is of the same order of ma-
gnitude. Reliable structural information can only be obtained from I(q) if
q ¥ Rg is considerably larger than unity. The measured scattering data must
therefore extend far beyond the Guinier region [32, 33]. On the other hand,
the molecular weight of typical dendrimers is rather low and I(q) is much
lower than the scattering intensities measured from, e.g., high polymers in
solution. Taking SANS-data at high q ¥ Rg requires high scattering angles.
This is followed by poor statistics of the data in the q-range where most of the
information is to be gained.

2. Theory and simulations describe dendrimers as spatial objects of small or
point-like scattering units of the same scattering power. Real dendrimers are
composed of chemically different units, however, which may have a different
scattering length. The spatial inhomogeneity resulting from this fact will give
an additional contribution to the measured SANS- or SAXS-intensity.

3. A problem of SANS-measurements is given by the incoherent part Iincoh of the
scattering intensity which is caused by the hydrogen atoms in the chemical
structure of the dendrimers [33]. If n is the number of scattering units the
coherent part scales with n2 at small scattering angles while the incoherent
part scales with n. For large objects such as, e.g., long polymeric chains in so-
lution this part may usually be neglected. For small entities such as den-
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drimers it may become a contribution of the measured intensity comparable
to the coherent part of I(q). At sufficiently high scattering angles, however,
I(q) probes only the local structure. In this region the coherent part of I(q)
scales therefore only with n and Iincoh cannot be neglected any more.

4. The solvent is usually treated as an incompressible continuum. However, it
must be kept in mind that SAXS- or SANS-studies in solution only probe the
difference between the scattering length density of the dissolved object and
the solvent. Hence, the scattering intensity is determined by the contrast be-
tween solute and solvent. This contrast may fluctuate too because of the den-
sity fluctuations of the solvent and there is a small but non-zero contribution
to I(q), even at vanishing contrast.

SANS offers the unique ability to address this problem by change of the contrast
between solute and solvent through use of mixtures of deuterated and protonat-
ed solvents [32, 33]. In the following section the method of contrast variation as
applied to the analysis of dissolved dendrimers will be discussed.

3.3
Small-Angle Scattering Experiments: Contrast Variation

3.3.1
General Considerations

The central idea of contrast variation is shown in Fig. 5. The dissolved object is
depicted as an assembly of scattering units with different scattering power. The
entire object occupies a volume in the system depicted by the shaded area in
Fig. 5, left-hand side. The local scattering length density r(r�) is rendered as a
product of the shape function T (r�) and the local scattering length density inside
the object:

r(r�) = T (r�) rp(r�) + rm[1 – T (r�)] (1)
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Fig. 5. Contrast applied to macromolecular structures in solution. The dissolved molecule is
schematically shown as an assembly of connected spheres. The different units exhibit in scat-
tering power expressed through the local scattering length density r(r�). The scattering length
density r(r�) is rendered as a product of the shape function T (r�) and the local scattering
length density inside the object. The shape function T (r�) defines the volume in the solution
into which the solvent cannot penetrate. An additional contribution to the measured scatter-
ing intensity arises from the variation of scattering power inside of the particle as depicted by
the differently shaded spheres.At high contrast, however, the scattering experiment “sees”only
the shape of the dissolved molecule, i.e., the Fourier-transform of the shape function T (r�)
(see text for further explanation). After [5]



where rm is the scattering length density of the solvent. Here rp(r�) is the scatter-
ing length density which is measured in a crystal structure of the object. The
shape function T (r�) is related to the shape of the object in a given solvent. It is
the description of the cavity in the system in which the solvent has been replac-
ed by the solute. Therefore the shape function also depends on the solvent used
for the SANS-analysis. It measures not only the shape of the dissolved object as
embodied in rp(r�) but also the ability of the solvent to penetrate into the object
itself. T (r�) is regarded as a continuous function varying between 0 and 1.

From this definition of the shape function the partial volume Vp of the solute
is given by

Vp = Ú T (r�) dr� (2)

By the definition of T (r�), Vp is the volume of the cavity in which the particular
solvent is replaced by the solute. Therefore Vp depends on the particular solvent
chosen for the SANS-experiment and also on concentration. For the dilute re-
gime under consideration here the latter dependence can safely be dismissed.

For small number densities N of dissolved objects the volume fraction f of
the solute is f = N · Vp and its average scattering length density r– results as

1
r– = 5 Ú T (r�) rp(r�)dr� (3)

Vp

The contrast of the dissolved molecule is therefore given by r– = rm.
With these definitions the scattering intensity of a single particle may be split

into three terms [23, 24, 34–37]:

I0(q) = [r– – rm]2 IS(q) + 2 · [r– – rm] ISI (q) + IS(q) (4)

The first term having a front factor which scales with the square of contrast is re-
lated to the shape function (see Fig. 5):

sin(q |r�1 – r�2|)
IS(q) = ÚÚ T (r�1) T (r�2) 003 dr�1dr�2 (5)

q |r�1 – r�2|

The discussion of the other two terms may be found in [5, 23, 24]. IS(q) is the
scattering contribution referring to an object composed of structureless scatter-
ing units, the spatial arrangement of which is given by T (r�) . This part may
therefore be regarded as the scattering intensity extrapolated to infinite con-
trast. It is important to note that IS(q) is related to the Fourier-transform of the
pure shape function of the molecule, i.e., of the cavity cut into the solvent by the
solute. It must be kept in mind that static scattering methods measure the aver-
age structure of the dissolved objects. IS(q) therefore refers to the Fourier-trans-
form of the average shape function �T (r�) � = T(r) which for centrosymmetric
dendrimers is a centrosymmetric function because of the averaging over all
conformations and orientations. Therefore T(r) may directly be compared to ra-
dial density distributions suggested from model calculations and theory
discussed in Sect. 2. Hence, IS(q) presents the main result of the SANS-analysis,
i.e., the desired information about the spatial structure of the molecules in so-
lution.
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The self term II(q) is related to inhomogeneities which result from the fact
that not all atoms and groups constituting the dendritic structure have the same
scattering length. (see Fig. 5). This term therefore takes care of problem 2. In
practical determinations by SANS it also contains the incoherent contribution of
the hydrogen atoms in the dendritic structure (problem 3 in Sect. 3.2; [5, 23, 24]).
The cross term ISI(q) which can assume negative values as well was found to be
zero within limits of error which can be explained by averaging over all confor-
mations of the dendritic structure [23, 24].

From Eq. (4) it follows that all three terms may be extracted from experimen-
tal data if scattering intensities have been measured at at least three different
contrasts. Hence, the dendrimer is dissolved in appropriate mixtures of the deu-
terated and protonated solvent and its scattering intensity is determined by
SANS. The scattering length density rm strongly depends on the amount of
deuterium in the solvent. Hence, the contrast as defined above may changed
drastically by using these mixtures. If SANS-measurements are taken from at
least three different mixtures all three terms in Eq. (4) can be determined expe-
rimentally [23, 24]. This method termed contrast variation requires that no pre-
ferential adsorption of either the deuterated or the protonated solvent onto the
dissolved dendrimer takes place. In this case the local contrast would deviate
considerably from the value calculated from the overall composition of the sol-
vent mixture. The chemical difference of deuterated and protonated solvent
molecules are so small, however, that preferential interaction of one component
of the solvent mixture is not to be expected at all. Moreover, preferential ad-
sorption would immediately show up because of the vastly different scattering
length density of the deuterated and the protonated solvent. In this case the
above decomposition (Eq. 4) would not work at all. In this respect the method of
contrast variation also allows one to check the internal consistency of the treat-
ment of data.

3.3.2
Radius of Gyration

For small scattering angles the scattering intensity of an isolated particle (Eq. 4)
may be expanded to yield Guinier’s law [32, 33]:

Rg
2

I0(q) @ N · Vp
2 · (r– – rm)2 · exp �– 5 · q2� (6)

3

where Rg denotes the radius of gyration. Equation (6) thus serves for the extra-
polation of the measured intensity to vanishing scattering angle and to deter-
mine the forward scattering I0(q = 0). It must be noted that Rg is an explicit 
function of contrast as expressed through Eq. (7) [36, 37]:

a
Rg

2 = R2
g, , ∞ + 04 – b (r– – rm)–2 (7)

(r– – rm)

These expressions are due to Stuhrmann and Kirste [36] and to Luzzati et al.
[37]. The term R2

g, ,∞ is a measure for the spatial dimensions of the shape function
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T(r). The coefficient a is a measure for the internal variation of the scattering
length density discussed in Sect. 3.2, problem 2 [36]. The coefficient b differs
from zero only in case of dendritic structures which are not centrosymmetric
[37].A comprehensive discussion of Eq. (7) and the three different terms includ-
ing their derivation may be found in [5]. Here it suffices to note that Rg as deter-
mined by application of Eq. (6) may not be taken as a measure for the spatial ex-
tensions of the dissolved molecule. This is only the case when the contrast be-
tween solute and solvent is very high so that the 2. and 3. term in Eq. (7) may be
disregarded.

3.4
Small-Angle Scattering Experiments: Influence of Concentration

The foregoing considerations have been devoted solely to the discussion of Io(q)
of a single isolated molecule in solution. Experiments require finite concentra-
tions, however, which may be of the order of a few percent. In dilute solutions of
dendrimers the influence of concentration can be taken into account in terms of
the structure factor S(q):

I(q) = NIo (q) S (q) (8)

where N denotes the number of solute molecules per unit volume. The structure
factor S(q) is related to the pair correlation function of the solute objects [33]
and may be evaluated to give valuable information on intermolecular inter-
action. In the limit of vanishing concentration S(q) = 1. Since dilute solutions of
solute molecules interacting through a short-range potential do not exhibit
long-range order, S(q) will become unity if q is large enough [33]. Hence, the in-
fluence of concentration is restricted to the region of smallest scattering angles.

In general, it is more expedient to measure at volume fractions f high enough
in order to arrive at S(q) π 1 than going to exceedingly low volume fractions and
disregard S(q). If the dilution is high enough, extrapolation to f = 0 may be done
by (see, e.g., the discussion in [5])

1
7 = 1 + 2 · Bapp · f + O(f 2) (9)
S (q)

with the apparent virial coefficient Bapp given by [5]

1
Bapp = B2�1 – 3 d2q2 + …� (10)

6

Here B2 denotes the thermodynamic limit of Bapp. Equations (8) and (9) possess
complete generality and the effective diameter d of interaction is determined by
the balance of repulsive and attractive forces between the particles. Plots of
f/I(q) vs f for given q-values can be used to extrapolate the scattering intensity
to vanishing concentration. The slope of these lines may be evaluated to yield d.
The description of the scattering data according to Eq. (7) requires,however, that
the incoherent contribution due to the hydrogen atoms in the dendritic struc-
ture is small in the angular region used for this extrapolation. Moreover, the so-
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lute molecules must be monodisperse or at least exhibit a very narrow distribu-
tion of sizes and/or chemical structures. Otherwise S(q) will become an explicit
function of contrast [38].

3.5
Small-Angle Scattering Experiments: Results

In this section a brief survey over the results achieved so far by small-angle scat-
tering studies is given. The discussion is done in two parts. First data obtained
at vanishing concentration are presented that allow one to assess the density dis-
tribution inside the dissolved dendrimers. Then data measured at finite concen-
tration are shown which give highly interesting information on the mutual in-
teraction of dendrimers in solution.

3.5.1
Radial Density Distribution

The discussion in Sect. 3.3 has suggested that the intensity measured in SANS-
experiments contains an appreciable contribution not related to the structure of
the dissolved dendrimers. Only the part IS(q) (see Eq. 4) is connected to the aver-
age spatial structure as expressed through the shape function T(r). Figure 6
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Fig. 6. Comparison of the three different contributions to the measured scattering intensity
I(q) according to Eq. (4) for a dendrimer of fourth generation (see Fig. 1). The squares give the
intensity IS(q) (r– – rm)2 with r– – rm being the highest contrast possible (see Eq. (4), in deute-
rated DMA). The crosses show the contribution II(q) which is independent of contrast. The in-
set gives the contribution ISI(q) (r– – rm) (cross term) which is virtually negligible for the pre-
sent system



shows a comparison of all three terms determined by contrast variation for a
flexible dendrimer of forth generation shown in Fig. 1 [24].

From this comparison is becomes obvious that the term independent of con-
trast becomes appreciable at higher scattering angles. This is due to the various
contributions discussed in Sect.3.2. In addition, the cross term is practically zero
as expected (see Sect. 3.3).

Figure 7 demonstrates the necessity of separating the different contributions
to the measured intensity according to Eq. (4) [23, 24]. The difference between
the intensity measured at highest contrast (triangles; measured in deuterated di-
methylacetamide) and the term IS(q) (r– – rm)2 calculated for the highest con-
trast is appreciable. The solid line gives a fit of the latter data by a suitable em-
pirical expression [5, 23, 24] which allows a Fourier-Inversion of Eq. (5) [23, 24].
The inset shows the radial density distribution which decays smoothly with in-
creasing radial distance to the center of the dendrimer. This is in full accord with
the theoretical deductions discussed in Sect. 2.

The dashed line give the scattering function calculated for a homogeneous
sphere. The experimental data can only be described at small q by this model; at
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Fig. 7. Normalized scattering intensities I (q)/I (0) of a dendrimer of fifth generation G5 [23]
in a Kratky-plot vs qRg,∞. The triangles mark the data measured at highest contrast (in fully
deuterated DMA) normalized to unity at q = 0. The squares give the term IS(q) (r– – rm)2 of
Eq. (4) calculated for the highest contrast possible. The solid line gives the best fit of the latter
term by an empirical expression whereas the inset displays T(r) obtained from T(q) by Fou-
rier-inversion. The dashed line in Fig. 7 is the scattering function of a homogeneous sphere of
same Rg, ∞



higher q there are significant deviations which demonstrate that the dendrimer
of fifth generation under consideration in [23] is a flexible, fluctuating structure
in solution. The data obtained by Prosa et al. [18] demonstrate, however, that
dendrimers of higher generation must have a much more compact internal
structure. This can be argued directly from the fact that the scattering intensities
of these dendrimers exhibit side maxima that are indicative of a rather densely
packed arrangement of segments.

3.5.2
Interaction at Finite Volume Fraction

Figure 8 displays the structure factor S(q) obtained from solutions of dendrimer
G4 in deuterated dimethylacetamide by application of Eq. (8) [24]. In this solvent
the high contrast between solute and solvent allows one to determine S(q) con-
veniently. For low scattering angles S(q) is considerably smaller than unity whe-
reas at higher q the structure factor S(q) is unity, as expected for dissolved
molecules [32, 33]. There is no distinct maximum as in concentrated suspen-
sions of rigid colloidal objects [32, 33]. One reason for this is the rather low
volume fraction of the dendrimers. In addition, dendrimers are not expected to
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Fig. 8. Structure factor S(q) (Eq. 8) of dendrimer G4 (see Fig. 1) as function of volume fraction
and q according to Eqs. (12) and(13). S(q) as function of q for different volume fractions f: �:
0.017; +: 0.024; D: 0.04. The inset shows the dependence of S(q) on q according to Eq. (13) by
plotting 1/S(q) vs q2 for different volume fractions: � : 0.017; +: 0.024; �: 0.04. Taken from [24]



interact via a steep repulsion but rather via a soft repulsion similar to the case of
star polymers [39]. A quantitative investigation of this problem is still lacking,
however. For small q-values and small volume fractions, however, Eq. (10) seems
to provide a good fit of the data as seen from the inset of Fig. 8. The resulting 
diameter of interaction d compares favorably with the dimensions of the dis-
solved molecule [24].

4
Intrinsic Viscosity of Dendrimers

The preceding sections have demonstrated that dendrimers of lower genera-
tion are akin to branched polymeric structures. It is therefore to be expect-
ed that their flow behavior in dilute solution may be described in terms of the
well-known concepts of dilute polymer solutions [14, 15]. Hence, dissolv-
ed dendrimers should behave like non-draining spheres. From an experimen-
tal comparison of Rg and Rh the immobilization of solvent inside the den-
drimer can be compared directly since in this case the dendrimer may be ap-
proximated by a homogeneous sphere. Therefore Rg

2 ≈ 3/5 Rh
2 where Rh denotes

the hydrodynamic radius of the dendrimer. This has been found experimen-
tally [19].

From this the intrinsic viscosity is related to the hydrodynamic volume Vh
and the molecular weight M by

Vh R3
h[h] = 2.5 NL 4 µ 5 (11)

M M

A number of experimental studies show that [h] goes through a maximum as a
function of the number of generations [15, 26, 40]. The first theoretical discus-
sion of this problem is due to Lescanec and Muthukumar [7]. Some time ago
Mourey et al. [40] presented a comprehensive experimental study of density-de-
pendent properties of dendrimers including the intrinsic viscosity and the re-
fractive index. A thorough discussion of the literature on this subject has re-
cently be given by Rietveld and Smit [26] who also presented a systematic expe-
rimental investigation of [h]. The experimental data of Rh

3/M taken by these
workers pass through a shallow maximum. From these investigations a shallow
maximum of the intrinsic viscosity seems to be a well-established experimental
fact by now.

The reasons for a maximum of the intrinsic viscosity is obvious from the fact
that in first approximation Rh grows linear with the number g of generations.
The molecular weight M, however, grows as 2g. For low g the volume increases
faster as function of generation up to the point where the growth of M will be
the determining factor. This discussion demonstrates also that there is no sim-
ple scaling law [h] µ M as is the case for solution of high polymers. Dendrimers
do not possess the self-similarity that is the prerequisite for the validity of such
a scaling law. Hence, a description of dendritic structures in terms of fractals 
although being suggested by the chemical structure (see Fig. 1) are not admis-
sible and lead to erroneous results.
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