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Introduction. Multiple length scale structuring of
organic—inorganic composites is a powerful technique
for the creation of materials and devices. Because of
guantum size effects, nanoscale inorganic structures can
show special electronic, optical, optoelectronic, and
magnetic behavior.12 To take advantage of these unique
properties, one has to be able to design such nanostruc-
tures in a controlled manner and to organize the
nanoparticles on larger length scales. The design of
materials structured on multiple length scales from the
molecular to the macroscopic level has recently come
into focus as modular chemistry. As with the develop-
ment of any new materials, a parallel requirement is
the need for appropriate measurement methods to
characterize the properties of these materials.

One approach that can lead to defined nanoscale
architectures is the method of “polymer nanotemplating”
in which an inorganic crystal is nucleated within a
polymeric matrix that controls the growth of the nano-
crystal.®# Recently, it has been shown that poly(ami-
doamine) (PAMAM) dendrimers represent an interest-
ing model system for stabilizing and templating inor-
ganic nanocrystals.5~16 Dendrimers are stepwise synthe-
sized and well-characterized molecules of narrow poly-
dispersity in the size range from 2 to 15 nm, covering
the mesoscopic size range between typical organic
molecules and polymers or colloids. In the nanoparticle
synthesis, we found a transition in the behavior from
that of a classical low-molecular-mass stabilizing agent
at low dendrimer generation to an efficient polymer
template at higher dendrimer generation.'® Thus, the
higher generation dendrimers might be considered the
“smallest polymeric templates”. Hybrid particles have
been fully characterized showing that nanoclusters are
formed in individual dendrimer molecules, that they
consist of a defined number of atoms determined by the
dendrimer, and that they are located off-center within
the dendrimer (Figure 1) (for all details see ref 16).
Thus, we have small and precisely characterized hybrid
building blocks that can contain nanoclusters of differ-
ing chemistry and in addition provide a high functional-
ity by virtue of their amine terminal groups.

In this communication, we investigate the ability of
the dendrimer—inorganic hybrid particles to self-
organize on amphiphilic patterned surfaces with mi-
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Figure 1. Dendrimer—nanocluster building block: the G8
PAMAM dendrimers of 11 nm diameter include gold colloids
of 3.2 nm diameter. Shown is a TEM micrograph in which the
(stained) dendrimer appears gray and the gold appears black
as well as a cartoon of the structure derived from TEM, SAXS,
and SANS. For details see ref 16.

crometer length scale features. In addition to the
potential for building mesoscale materials, we also
address the application of these stable nanoparticle
components as markers for chemical and physical
labeling of other mesostructures.

Self-Assembly on Self-Assembled Monolayer Sub-
strates. We study the deposition of gold-containing
dendrimers on stripe-patterned self-assembled mono-
layer (SAM) substrates. The patterned substrates were
prepared using the microcontact printing method, i.e.,
printing of an “inking solution” of one thiol (HS(CH>)1s-
COOH in hexadecane) on a gold-coated silicon wafer
using a PDMS stamp and subsequent “filling” of the
nonstamped regions with a second thiol (HS(CH>)15CH3
in ethanol).’” The pattern consists of alternating stripes
of —CHs;- and —COOH-terminated alkanethiols that
cover a 1 cm? area. Atomic force microscopy (AFM) was
performed with a Digital Nanoscope Dimension 3100
instrument!® operating in Tapping Mode, using inte-
grated silicon tips with a nominal curvature radius of
10 nm and cantilevers with a nominal spring constant
of 30 N m~1. AFM characterization of the initial gold
substrate shows a roughness of less than 3 nm. The
patterned SAM substrates are topologically uniform.t’
When exposed to a certain humidity, the stripe pattern
can be measured in the phase mode, showing a homo-
geneous pattern of —COOH stripes of 2 um width and
—CHg3 stripes of 3 um width in correspondence with the
expectation based on the AFM characterization of the
stamp itself.

SAM-covered substrates were exposed to aqueous
solutions of PAMAM dendrimers or nanocluster-con-
taining PAMAM dendrimers (for synthesis see ref 16)
at varying concentration for %/, h, rinsed by dipping in
deionized water, and dried using a slow nitrogen stream.
The pH of the solution was chosen so that the dendrimer
amine groups partly carry a positive charge while the
acid groups of the substrate are negatively charged. This
electrostatic attraction is in addition to the “hydro-
philic—hydrophobic” discrimination also present. Figure
2 shows an AFM height image after exposure to a
solution of a gold-containing G8 dendrimer (mass frac-
tion of 0.1% dendrimer in solution). The image shows
that the PAMAM dendrimers are selectively deposited
on hydrophilic —COOH stripes of the patterned sub-
strates but not on the hydrophobic —CHjs; stripes (nor
on the hydrophobic —CH3; SAM region surrounding the
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Figure 2. AFM height scan of dendrimer—hybrid particles
deposited on SAMs of alternating —COOH- and —CHzs-
terminated stripes. The image width is 50 um.
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Figure 3. AFM height scan of the same sample as in Figure
2. Shown is a smaller scan with (a) an image width of 2 um
and (b) the corresponding line height profile.

pattern). The fine pattern on the hydrophobic stripes
might be water droplets or excess thiol, which are self-
organized as is known for confined dewetting on stripe
pattern substrates. Since they are already observed on
the SAM prior to exposure to the dendrimer solution,
the possibility that the fine pattern on the hydrophobic
stripes consist of dendrimers can be excluded. Figure 3
displays a smaller scan of the hydrophilic region to-
gether with a line height profile across the image. The
maximum height corresponds to a thickness of 20 + 2
nm, and in some regions of deposited dendrimer the
maximum height is 11 + 2 nm. The diameter of the
initial gold-containing G8 dendrimer is 11 nm, in
agreement with the diameter of an unmodified G8
dendrimer, as previously determined by small-angle
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X-ray scattering, small-angle neutron scattering, and
transmission electron microscopy.'® Thus, the dendrim-
ers are deposited in monolayer to bilayer thickness on
the stripes. The reason for dendrimers being deposited
as bilayers is not obvious; excess dendrimers from
solution that were not washed off may play a role.
Furthermore, a phase-separation-like almost bicontinu-
ous structuring within the hydrophilic stripes is seen
in Figure 3. We have investigated how this structure
can be influenced and find that the dendrimer concen-
tration of the initial solution is the important controlling
factor. If the concentration is lowered, the continuity of
dendrimer-covered region within the hydrophilic stripes
decreases, and only “droplets” of dendrimers are seen.
No influence of the exposure time of the stamped
substrate to the solution has been observed. It might
be that these patterns are formed during the relatively
slow solvent evaporation by solution phase separation
in the late stages of drying. The same results are
obtained for the dendrimer itself and the nanocluster-
containing dendrimer.

In total, the surface structure can be controlled on
three levels: the hybrid particle on a few-nanometer
scale by dendrimer templating, the structure within the
hydrophilic stripes on a hundred-nanometer scale via
the dendrimer concentration, and the surface pattern
on a micron scale via microcontact printing. We have
not focused on resolving the structure of the deposited
dendrimers on a single-molecule level. Recent literature
investigates dendrimers by AFM.19-22

Self-Assembly on Polymer Blend Substrates. A
different kind of potential substrate for selective den-
drimer deposition/labeling is phase-separated polymer
blends consisting of a more hydrophilic and a less
hydrophilic component. Here, we use a poly(pL-lactide)/
poly(e-caprolactone) (PDLA/PCL) blend, a biodegradable
polymer blend for which the phase behavior has recently
been reported by Meredith and Amis.2® As compared to
the SAM substrates, a slight difference in hydrophilicity
rather than electrostatic attraction represents the po-
tential driving force in this system. In addition, the
features of the phase-separated blend are a magnitude
larger than in the SAM pattern. In these experiments,
we use dendrimers that contain “quantum dots”, cad-
mium sulfide nanocrystals which show a strong fluo-
rescence in the visible range upon excitation with UV
light.16:24

The PDLA/PCL polymer blends were prepared by
spin-coating on silicon wafers from a chloroform solution
containing both polymers and dried under vacuum.??
Samples were exposed to aqueous solutions of PAMAM
dendrimers or nanocluster-containing PAMAM den-
drimers at varying concentrations for %/, h, rinsed with
water, and dried using nitrogen. Fluorescence micros-
copy was performed using an Olympus-BH; microscope
equipped with a Photometrix-Quantix 12-bit cooled CCD
camera’® at a magnification of 312.5. The available
filters (excitation wavelength 320—400 nm, emission
410—-510 nm) led us to use nanocrystals with a blue
emission.

We detected no fluorescence for the control sample of
pure PCL, while fluorescence is observed for the PDLA
control sample, indicating that the nanocluster—den-
drimers only adsorbed to the PDLA surface. Figure 4
shows fluorescence microscopy of a sample with a
critical 36% PCL/64% PDLA composition blend sub-
strate that had been prepared by a temperature jump
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Figure 4. Fluorescence microscopy image of a phase-
separated PL/PCL blend after deposition of CdS-containing
dendrimers.

into the two-phase region. The fluorescent (blue) spin-
odal-like microstructure corresponds to the phase-
separated morphology observed by optical microscopy
(Figure 3c, ref 23), indicating that the CdS—nanoclus-
ter—dendrimer is selectively deposited on the PDLA-
rich domains of the blend. The preparation conditions
could not produce full coverage of the PDLA domains,
perhaps due to some PCL in the PDLA-rich domains.
Even without uniform coverage, the principle of selec-
tive deposition on a PCL/PDLA blend and the prefer-
ential interaction between PAMAM dendrimer and the
PDLA rich phase is demonstrated.

Such selective deposition on polymer blends repre-
sents a promising route to designing hybrid structures,
since methods are now well established for the prepara-
tion of polymer blend and block copolymer microstruc-
tures that are tunable via temperature, composition,
and substrate.?®> We note here that a different type of
(bulk) hybrid material containing the same components
(cadmium sulfide and PCL) was obtained by using PCL
for the stabilization of CdS nanoclusters.?®> On the other
hand, dendrimer templating within a different polymer
matrix also allowed the formation of solid bulk compos-
ites.2® The selective deposition described here is also a
valuable method for characterizing polymer blend mor-
phologies and identifying the phase composition, par-
ticularly for blend systems that do not show strong
optical or electron contrast. Further, we have recently
demonstrated that quantum dots formed inside den-
drimers can show emissions of differing colors and with
photostability compared to conventional organic fluo-
rophores. This can open the way to surface structure
fabrication with multicolor labeling in polymeric sys-
tems on the first level for characterization and for
potentially optical and optoelectronic applications. In
this context we would like to mention an interesting
study in which cadmium selenide particles have been
patterned on SAMs.?’

Conclusions. Nanosize dendrimer—inorganic hybrid
particles have been selectively deposited on micron-scale
hydrophilic domains of amphiphilic surfaces, both on
SAMs of alternating stripes of acid- and methyl-
terminated thiols and on a PDLA—PCL polymer blend
film surface. Characterization by AFM shows a mono-
layer to bilayer deposition in the topography of the
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dendrimer stripes on the SAM hydrophilic region.
Dendrimers containing CdS were also selectively de-
posited on the blend film surface. They retain their
fluorescence, demonstrating the feasibility of dendrimer—
guantum dot hybrids as probe molecules for character-
izing self-organized systems and their potential for
optoelectronic applications.
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