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Introduction

DendrimersÐperfectly branched, highly symmetrical, tree-
like macromoleculesÐhave evolved from a curiosity into an
important trend in current chemistry, attracting rapidly
increasing attention from an unusually broad community of
scientists.[1] Various dendrimer construction strategies have
been developed on the basis of classical organic and inorganic
chemistry,[2] as well as on transition metal complexation.[3, 4]

Based on these now well-established synthetic ªalgorithmsº,
increasing research efforts are currently directed at construct-
ing supramolecular structures and dendrimers by self-assem-
bly processes as well as elucidating structure ± property
relationships.[5] For instance, flexible dendrimers with meso-
genic branching points[6] or end groups[7] have been con-
structed that are able to induce anisotropic liquid crystalline
order despite the isotropic dendrimer topology. Furthermore,
self-assembly of dendrimers on surfaces to give ultrathin films
with a thickness of a few nanometers has been investigated by
a number of groups,[8] with the aim of developing films for
application in catalysis, sensors, or chromatographic separa-
tion.[9]

For polymer chemists it is an interesting question as to how
well-known linear polymers can be linked to dendritic
architectures and what the supramolecular consequences of
this approach might be. The combination of dendrimers and
linear polymers in hybrid linear dendritic block copolymers
has been employed to achieve particular self-assembly effects.
Block copolymers with a linear polyethylene oxide block and
a dendritic polybenzyl ether block form large micellar
structures in solution, which depend on the size (that is, the
generation) of the dendritic block.[10] Amphiphilic block
copolymers have been prepared by the combination of a
linear, apolar polystyrene chain with a polar, hydrophylic
poly(propylene imine) dendrimer[11] as well as from poly-
ethylene oxide with Boc-substituted poly-a,e-l-lysine den-
drimers (Boc� tert-butoxycarbonyl).[12] Such block copoly-
mers form large spherical and cylindrical micelles in solution

and have been described as ªsuperamphiphilesº and ªhy-
draamphiphilesº, respectively.

In contrast to these successful efforts to link dendrimers
and linear polymer chains in the manner of block copolymers,
only very recently a breakthrough has been achieved in the
synthesis of linear polymers with dendritic side groups
(Scheme 1). This will be highlighted in this contribution.
Considerable synthetic effort is required to prepare suitable
dendritic monomers; however, the amazing kinetic and
structural features observed for such monomers and their

Scheme 1. a) FreÂchet-type[13] dendritic wedges used as conical or fanlike
building units; b) schematic representation of a polymer chain with
dendritic side groups.[27]
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corresponding polymers are nevertheless highly rewarding
and opens up the prospect of building defined nanostruc-
tures.

Synthesis and Self-Organization of Dendrons

The term ªdendronº designates a dendrimer segment
possessing an ABw-type structure, which in contrast to a
perfect dendrimer is not attached to a central Bn-core unit (A
and B represent the functionalities that are linked to build up
the dendrimer structure). Thus, a dendron is structurally
characterized by exactly one focal unit A and w�mg end
groups B (m is the branching multiplicity, usually 2 or 3, and g
represents the generation number). The size and number of
end groups of a dendron can, of course, be varied with each
generation, which gives access to a large variety of nanosize
building blocks for supramolecular chemistry. The conical
dendron structure may be compared to a molecular ªpiece of
cakeº (Scheme 1). In most examples where dendrons are used
as supramolecular building blocks, dendritic polybenzyl
ethers constructed by reactions developed by Hawker and
FreÂchet[13] have been employed (Scheme 1 a). Some examples
of polymerizable dendrons are shown in Figure 1.

Figure 1. Examples of dendron monomers described by Percec et al. ,
Schlüter et al. , and Xi et al.

Supramolecular organization of dendrons can lead to
columnar or spherical superstructures, which structure forms
depends on directional and attractive interactions between
such wedge-shaped molecules as well as on the size and shape
of the dendrons. For instance, hydrogen-bonding interactions
between diisophthalic acid moieties attached to the focal
point were used by Zimmerman et al.[14] to obtain discrete
self-assembled hexamers of polybenzyl ether dendrimers.
Remarkably, the self-assembled structures were stable to
purification by gel chromatography and the self-assembly
process was solvent dependent. When small dendrons were
used less stable chainlike aggregates were obtained, thus
illustrating the correlation between specific recognition
processes and the shape of the dendrimer wedge.

Self-organization of tapered and dendriticÐthat is, fan- and
cone-shapedÐmolecules in the solid state was reported in a
series of papers by Percec et al.[15] Detailed diffraction
experiments evidenced that spherical or cylindrical (colum-
nar) superstructures are formed, which are further packed
into cubic or hexagonal columnar phases (Scheme 2).

Scheme 2. Shape-directed self-assembly of wedgelike dendrons to hexag-
onal-columnar and cubic superstructures according to Percec et al.[15a]

Preparation of Polymers with Dendron Side-Chains

There are three approaches that can be used to prepare
polymers with dendron side groups: A) divergent construc-
tion, analogous to divergent dendrimer synthesis, with a
multifunctional linear polymer as a Bn-type core instead of a
small ªpoint likeº core; B) attachment of prefabricated
dendron building blocks onto a reactive polymer chain by a
polymer-analogous reaction, similar to the final coupling step
to the core in convergent dendrimer synthesis;[13] and
C) polymerization of dendron monomers. The basic idea
behind the first strategy was mentioned as early as 1987 by
Tomalia and Kirchhoff[16a] in a patent (ªcomb-burstº poly-
mers). In a recent paper, the results of this work have been
published in more detail : A polyethylene imine prepared by
living cationic polymerization of 2-ethyl-2-oxazoline and
subsequent deprotection was used as the core for the synthesis
of rod-shaped poly(amidoamine) structures.[16b] Unfortunate-
ly, little information is given by the authors concerning control
of molecular weights and polydispersities of the dendronized
polyethylenimine that would permit direct comparison of this
concept (A) with the other strategies (B and C) discussed
below.

The second strategy (B) has been investigated intensively in
the last few years by Schlüter et al. with FreÂchet-type
polybenzyl ether wedges and hydroxy-functional poly(p-
phenylene) (PPP).[17a] The key problem encountered in this
case lies in the limited conversion that can be achieved in
polymer-analogous reactions, particularly if higher generation
dendritic wedges (G3 and higher) are employed.[17b, c] In these
cases incompletely covered polymer chains are obtained; for
example, only 90 % of the reactive groups at the PPP
backbone are linked with dendrimer fragments of a G3
dendron. This drawback of the polymer-analogous approach
has motivated intense efforts along the lines of concept C,
which is based on polymerizable dendrons. If a polymerizable
functionality is attached to a dendron at the focal point,
ªdendron monomersº are obtained (Figure 1). Large poly-
merizable building blocks of variable size with conical to-
pology may be prepared depending on the dendrimer
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generation employed. The fascinating questions for the
polymer chemist are: Can such dendron monomers actually
be polymerized, and if so, what are the properties of the
resulting polymer chains with unusually large substituents?

A styrene-based copolymer with approximately
40 weight% (2 mol %) of repeating units carrying dendrons
was reported by Hawker and FreÂchet in 1992.[18] However,
only in the last four years have dendrimer synthesis and
related characterization methods matured sufficiently that it
is now possible to study dendron (macro)monomers and to
exploit their potential for the synthesis of dendron-bearing
polymers. One would intuitively expect polymerization of
such monomers to be troublesome, as a consequence of the
sterical requirements of the large dendrimer fragments as well
as the increasing shielding effect on the polymerizable moiety
as the number of generations increases. These problematic
aspects are well known in macromonomer chemistry[19] and
are expected to be even more severe for dendron monomers.
This assumption has been confirmed in the last few years by a
number of authors[20] who studied the polymerization of
methacrylates with various attached dendritic fragments.
Indeed, a high degree of polymerization of monodendrons
to macromolecules was only possible when a spacer was
inserted between the polymerizable unit and the bulky
dendron group, and with very long reaction times.

In contrast, recent kinetic investigations of the polymer-
ization of spacerless G2-dendron-substituted styrene and
methyl methacrylate in solution led to the unexpected
conclusion that above a certain critical monomer concentra-
tion a strong increase of the rate of the free radical polymer-
ization is observed.[21] The results can be explained by self-
organization of the growing polymer chain to a spherical or
columnar superstructure in solution, depending on the degree
of polymerization (Figure 2). The rate constants and low

Figure 2. Dependence of the self-assembly of dendronized polymer chains
on the degree of polymerization: monomers and short polymer chains
assemble in spheres, whereas longer chains assemble in cylinders. This
effect leads to rapid polymerization of such dendron monomers as a result
of the ªself-encapsulationº.[21]

initiator efficiency demonstrate that the self-assembled struc-
ture acts like a supramolecular nanoreactor that leads to a
strongly enhanced local concentration of polymerizable
groups. Thus, the kinetics of the polymerization is determined
by self-assembly and can be viewed as ªself-encapsulatedº
and ªself-acceleratedº.

Polycondensation of suitable monomers represents an
alternative route to dendronized polymers of high molecular
weight; for example, PPP with attached dendron segments has

been prepared by Suzuki cross-coupling of dendron-substi-
tuted dibromobenzenes with alkyl-chain-substituted diboron-
ic acids in a polycondensation type of reaction.[17c] In this case,
dendronized PPP of high molecular weight with a degree of
polymerization exceeding 100 was obtained.

Properties and Visualization of Dendronized Polymers

When dendrimer fragments are attached to polymer chains,
the conformation of the polymer chain is strongly affected by
the large dendrimer wedges attached. ªDendronizedº poly-
mers can be considered as a subclass of comb polymers; that
is, they are linear polymer chains densely substituted with
polymeric side chains. These polymers are known to be
extremely rigid in solution and exhibit Kuhn lengths of 100 ±
200 nm, as compared to 1 ± 2 nm for polystyrene or poly-
methyl methacrylate.[22] For that reason, such comb polymers
are sometimes designated ªcylindrical brushesº.

Consequently, a cylindrical shape is also expected for
polymers with large dendron side chains. Of course, biomo-
lecules such as DNA or RNA with rigid cylindrical or
wormlike shapes are well known, but in these cases the
supermolecular structure (the secondary and tertiary struc-
ture) is the result of well-controlled secondary (hydrogen)
bonds.

For flexible synthetic polymers the chain conformation is
commonly controlled by the degree of polymerization (DP);
polymers with low DP have a rather extended chain
conformation, and those with high DP adopt random coil
conformations in solution. Recently, Percec, Möller et al.
reported extensive studies concerning the chain conformation
and supramolecular structure of dendron-substituted poly-
styrene and polymethacrylate.[23] Remarkably, at low DP (that
is, with short chains) the conical monodendrons assemble to
produce a spherical superstructure with a random-coil back-
bone conformation (Figure 3 a). On increasing the DP the
self-assembly pattern of the dendrons changes, and leads to
cylindrical polymers with rather extended backbones (Figure
3 b). It is remarkable that this correlation between polymer
conformation and the DP is opposite to that seen usually in
most synthetic and natural macromolecules.

It is a fascinating consequence of the stiffness and densely
covered surface of such cylindrical macromolecules that single
polymer chains can be visualized. Möller et al. recently
demonstrated impressively that the imaging of dendron-
substituted polystyrene and polymethacrylate can be em-
ployed for an analysis of the molecular size distribution and
conformation.[24] The image shown in Figure 4 was obtained
by scanning force microscopy (SFM) and shows single chains
of dendronized polystyrene deposited on a pyrolytic graphite
substrate. The molecules exhibit short, straight segments with
bends of a characteristic angle of 608 and 1208 corresponding
to the threefold symmetry of the graphite. In addition, the
molecules in close proximity tend to align parallel, forming
hairpin bends. The height of the chains is in the range of
1.6 nm and the lateral diameter of the chains is 5.3 nm (SFM,
tapping mode), which illustrates that the macromolecules are
collapsed on the surface. The length of each macromolecule
can be approximated from the SFM images by dividing the
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Figure 3. Topographic SFM images (tapping mode) of monomolecular
films of dendron-bearing polystyrene; a) Mn� 10800; b) Mn� 186 500.
Spherical and cylindrical (wormlike) features are observed; cylindrical
features arise from single dendronized macromolecules.[23]

wormlike contours into segments of 10 ± 20 nm, and then the
distribution of the contour lengths may be calculated.

It is an intriguing question as to whether the molecular
weight distribution can be determined in the solid state.
Comparison of the apparent length of the macromolecules
determined from the images shows that for large dendron side
groups this is in good agreement with that expectated,
whereas when lower generation dendrons are attached, the
contour length determined from the images is considerably
lower than the calculated length of the extended chains. This
demonstrates that the degree of extension (uncoiling) of the
chains is determined by the size of the dendrons attached.

As interaction between the surface and the substrate may
affect the images, it is an interesting question as to whether
the polymers actually possess cylindrical shape in solution.
Small angle neutron scattering (SANS) experiments have

0 500
nm

Figure 4. Single ªwormlikeº polymer chains of dendronized polystyrene
deposited on pyrolytic graphite, imaged by topographic SFM.[24]

been employed to answer this question. Figure 5 shows the
scattering curve of a dendron-substituted polystyrene (G3
dendrons).[25] It is possible to describe the scattering curve by
assuming that the dendron-substituted polystyrene exhibits a

Figure 5. SANS scattering curve (I(q) versus q) q� scattering vector of a
G3-dendronized polystyrene, obtained by Förster, Schlüter et al.[25] The
scattering curve at larger q follows the Porod qÿ4 law, and arises from the
scattering at the surface of a cylinder. This observation confirms the stiff,
wormlike character of the macromolecules.

rod like structure. Thus, the persistence length of the
molecule is of the order of the contour length, supporting
the presence of stiff, cylindrical macromolecules in
solution.

HIGHLIGHTS

2196 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 1433-7851/98/3716-2196 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1998, 37, No. 16



Conclusion and Outlook

In summary, the attachment of dendron building blocks to
common monomers leads to dramatic kinetic and structural
consequences. Once more, it should be kept in mind that it is
only the shape of the side groups attached that governs
conformation and structure of the resulting polymer chains,
not hydrogen-bonding interactions, which are ubiquitous in
the self-assembly of biological macromolecules.

Based on the breakthrough achieved in the synthesis and
visualization of ªdendronizedº polymers, it is a safe bet that
this novel class of extremely stiff macromolecules will
stimulate further interdisciplinary efforts to understand their
physical behavior in bulk and in solution, as well as to assess
their usefulness for a future nanotechnology based on
ªmolecular objectsº. On the other hand, these developments
may lead to libraries of shapes that can be combined to create
any nanometer-sized cylindrical object with programmed
length and diameter.[26] Block copolymers with one ªdendron-
izedº cylindrical block and one coiled block can also be
envisaged.[27] In addition, dendrons bearing protected func-
tionalities developed by Schlüter et al. offer further possibil-
ities for the functionalization of such nanocylinders.[20c] Let�s
wait for the shape of other exciting molecular objects based
on dendrimer wedges to come!
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