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Nature utilizes template-directed assembly,1 wherein one
molecule (or macromolecule) promotes the formation of a larger
ensemble via molecular recognition, to construct well-defined
biopolymers such as DNA, RNA, and proteins. These examples
have inspired chemists, particularly in the area of supramolecular
chemistry, to employ the concept of template-directed assembly1

to synthesize artificial receptors2 and other complex architectures
such as interlocked molecules.3 The primary role of the template
is to organize and orient other molecules into a specific spatial
arrangement as well as promote the formation of a single
assembly in deference to other assemblies which may exist. The
template has the ability to control the size, shape, and order of
the interacting molecules.

The synthesis of well-defined linear and dendritic polymers
is well established,4 and many research groups have directed
their efforts5 toward understanding the assembly of polymers
in both the solution and solid states. Polymeric self-assembly,6

particularly with block copolymers, into micelles, vesicles,
toroids, and wormlike assemblies has gained increasing attention
in recent years for applications ranging from microelectronics
to drug delivery.7 Typically, the architectures formed in solution
are dependent upon the length of the individual blocks and
solvent-driven phase separation. The ability to control the self-
assembly of polymers despite their length and constitution could
potentially be useful for creating nanostructures of controlled
shape and size.

Well-defined macromolecular templates provide a route to
control polymeric self-assembly at the nanoscale by employing
specific noncovalent interactions. Several research groups8-11

investigated well-defined polymers as templates for self-
assembly using a wide range of molecular recognition elements.
Weck and co-workers8 have employed ring-opening metathesis
polymerization to construct linear polymers presenting hydrogen
bonding and metal-ligand coordination sites for binding small
molecules. In contrast to linear templates, Meijer and co-
workers9 utilized urea-functionalized poly(propyleneimine) den-
drimers as a spherical base around which guest molecules
bearing glycinylurea groups bound noncovalently to the den-
drimer surface. Larger supramacromolecular assemblies using
ionic interactions involving poly(amidoamine) (PAMAM) den-
drimers were constructed by Tomalia and co-workers10 to
construct core-shell tecto(dendrimers).

In contrast to amphiphilic diblock copolymers, self-assembly
driven by molecular recognition does not rely upon the volume
fraction and solvent selectivity of the assembling polymer block.
Instead, the association of two complementary functionalities
on the template host and guest molecule (or macromolecule)

determines its assembly. Herein, we describe the template-
promoted supramacromolecular assembly of well-defined poly-
mers using complementary molecular recognition elements.
Commercially available generation 4 poly(amidoamine) (G4-
PAMAM) dendrimer with 64 amino groups located at the
periphery was used as the macromolecular template for self-
assembly (Scheme 1). Poly(ethylene glycol)2 (Mn ) 5000)
possesses a carboxylic acid functionality at a single terminus
to interact with the peripheral dendrimer amines. Spherical
micelle-like assemblies were formed when the carboxylic acid
of the linear polymer interacted with the amino groups of the
dendrimer to reversibly anchor the polymers to the dendrimer
surface.

The formation of the spherical assemblies of the polymer2
with G4-PAMAM 1 was monitored (Figure 1) by1H NMR
spectroscopy in D2O. In the absence of polymer2, the
resonances for the two methylenes (HA and HB) closest to the
peripheral amines are present at 2.14 and 3.68 ppm, respectively.
As polymer2 was titrated to the solution of dendrimer, these
signals were observed to shift downfield. The resonances for
HA and HB became broadened at intermediate stoichiometries
where the ratio of dendritic terminal amines to polymer2 is
less than 1:1, which may represent the translational movement
of the carboxylic acids across the dendrimer surface. When this
ratio is greater than 1:1, the HA and HB signals appeared as a
more distinct triplet. On the basis of a careful titration of polymer
2 to a solution of dendrimer1, we estimate that when ca. 1
equiv of polymer2 is added, the change in the chemical shift
of HA is nearly at its maximum (Supporting Information). Thus,
we observe near quantitative binding of polymer2 to the
dendrimer surface (on average, we estimate 64 molecules of
polymer2 per dendrimer, molecular weight) ca. 334 214). In
comparison, titration of acetic acid (as a model compound) to
a solution of dendrimer produced a similar curve, which
indicates that the acid-base interactions are not attenuated by
the larger size of polymer2.

Nonpolar solvents such as CDCl3, CD3CN, and C6D6 could
not be used in our investigations due to the lack of solubility
of the dendrimer in these solvents. Even when polymer2 was
present in the solution, the solubility of the dendrimer did not
visibly increase. The dendrimer-polymer interaction in more
polar solvents like (CD3)2CO also were not observed due to
lack of solubility. Complexes were, however, formed (Figure
2b) in polar solvents such as CD3OD, DMSO-d6, and DMF-d7.
The partial 1H NMR spectra confirming the interaction of
polymer2 with G4-PAMAM in DMSO-d6 are shown in Figure
3. In nonprotic solvents such as DMSO-d6, the signal represent-
ing the amide protons are present as a broad signal. The binding
of polymer2 to the dendrimer was observed to influence the
chemical shift of the peripheral amide proton resonances. Upon
the introduction of 64 equiv of polymer2, a new amide signal
representing the peripheral amides emerged. The formation of
the dendrimer-polymer complex was reversed with the addition
of excess triethylamine.

Following the formation of these spherical assemblies in
DMSO or DMF, the complex could be isolated by precipitation.
Although the formation of the complex could not be achieved
in nonpolar solvents, the isolated polymer-dendrimer complex
was readily soluble in these solvents. Interestingly, when the
complex was dissolved in CDCl3, a solvent incompatible with
the dendrimer itself, the dendritic component of the complex
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was observed (Figure 2c) to adopt a collapsed state. This is
represented by the diminished HC signal in the 1H NMR
spectrum relative to the external HC′. Thus, while the complex
could not be formed in nonpolar solvents, thepreformed
complex can be redissolved in these solvents such as CDCl3.

The encapsulation of metal salts within PAMAM dendrimers
has been extensively investigated12 for ions such as Cu2+, Ni2+,
Pt2+, Pd2+, and Au3+. UV-vis spectroscopic investigations were
undertaken in order to demonstrate that the supramacromolecular
complex is capable of incorporating metal salts. When a

methanolic solution of CuNO3 was added to the isolated
assembly of1‚2n in toluene, the metal salt became solubilized
in the organic solvent. There was no observable precipitation
even after a period of 3 weeks, suggesting a well-stabilized
polymer-metal complex. The incorporation of Cu2+ ions within
the spherical complex was confirmed (Figure 3) by the presence

Scheme 1. Formation of Spherical Complex 1‚2n Mediated by Molecular Recognition between the Peripheral Amines of Dendrimer 1
with the Carboxylic Acid of Polymer 2

Figure 1. Partial stacked1H NMR spectra (400 MHz, 298 K) in D2O
of a 5 mM solution (based on the peripheral amines) of dendrimer1
(relative to the peripheral amines) showing the changes in the chemical
shifts of the HA and HB signals with the addition of (a) 0, (b) 32, (c)
64, and (d) 96 equiv of polymer2. The equivalents are determined on
a per dendrimer basis.

Figure 2. Partial 1H NMR spectra (400 MHz, 298 K) showing the
amide signals (HC and HC′) of the dendrimer: (a) dendrimer1 in
DMSO-d6, (b) 1‚2n in DMSO-d6, and (c)1‚2n in CDCl3. In the case of
(c), 1‚2n was first preformed and isolated from DMSO prior to
redissolving in CDCl3.
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of λmaxat 630 nm, which corresponds to the Cu2+ d-d transition
in a ligand field. In the absence of any metal ions this absorbance
is not present. In addition, Cu2+ cannot be solublized in toluene
in the sole presence of polymer2, which indicates that the
supramolecular complex hosts the metal ions within its dendritic
core.

The formation of spherical supramolecular assembly1‚2n was
also verified by atomic force microscopy (AFM) (Figure 4).
Dilute solutions (0.1 and 0.001 wt %) of the complexes in
toluene were spun-cast onto a silicon wafer and imaged. Isolated
spheres were observed on the surface when 0.001 wt % solutions
of the complexes was used. The diameter of complex1‚2n on
a silicon surface is∼29 nm. The diameters determined by AFM
likely do not accurately reflect the true diameters of the spherical
complex. We presume that the supramolecular assemblies on
the surface are not perfectly spherical but exist in a flattened
state as previously observed13 for dendrimers and tectomers on
mica surfaces. Nevertheless, the AFM data reaffirms the
formation of a supramacromolecular spherical complex.

In summary, we have demonstrated the successful self-
assembly of a spherical complex driven by molecular recognition
and the incorporation of Cu2+ ions within the dendrimer core.
This approach contrasts traditional synthesis of micellar as-
semblies using amphiphilic block copolymers in that the
formation of the supramolecular structure is independent of the
solvent usedsprovided that the solvents promote strong binding
interactions between molecular recognition elements. The
benefits of using a templated self-assembly approach such as

this one includes the ability to (1) fine-tune the size of the
resulting spherical micelle by altering the length and composition
of the polymers and (2) increase or decrease the size and
composition of the core. Further investigations of these systems
in solution and at surfaces are underway, including polymers
suitable for cross-linking following the assembly process.
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