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Abstract: The investigation and application of complex nano-
structures requires the hierarchical arrangement of distinct
domains on a small scale. Herein, we report a method to
prepare planet–satellite arrangements using RAFT polymers.
Our approach is based on star polymers decorated with
trithiocarbonate groups on their outer periphery that attach to
gold surfaces and thus provide the polymer with the ability to
connect (larger) gold nanoparticle planets with (smaller) gold
nanoparticle satellites. By adjusting the molecular weight of the
polymeric linker, nanostructures with tailored planet–satellite
distances, as evidenced by transmission electron microscopy,
are obtained. This strategy offers a straightforward way to
prepare gold nanoparticle scaffolds with multiple reactive
functionalities at defined distances from the central core.

Multicomponent nanoarchitectures[1] combine several dis-
tinct building units in structured nanohybrids. Besides the
general human longing for aesthetic, ordered structures, the
curiosity of studying emergent physical properties of such
systems is another driving force in this research direction and
has led to, for example, planet–satellite nanostructures. These
materials in particular were suggested as platforms for
sensing,[2] scaffolds for the selective functionalization of
individual nanoparticles on specific sites,[3] plasmon rulers,[4]

surface-enhanced Raman scattering probes,[5] and tumor-
specific delivery agents.[6] However, an efficient and versatile
synthetic procedure for obtaining custom-made planet–satel-
lite particles is the prerequisite for investigating and using
these architectures. In this regard, planet–satellite distances
were found to be tunable within a few nanometers by
increasing the length of the linking alkyl chains.[7] To achieve
control over particle distances at larger length scales, the
logical rational appears to be the use of well-defined polymers
as cross-linking agents. DNA is a versatile biopolymer to
encode nanoparticle superstructures[8] and as such, it was
consequently also applied to direct the formation of planet–

satellite assemblies.[9] However, using well-defined synthetic
polymers instead of DNA is an efficient alternative which
would avoid the laborious design and synthesis of a library of
DNA linkers and would provide higher flexibility with regard
to the chemical properties of the nanostructure.

RAFT polymerization[10] (reversible addition—fragmen-
tation chain transfer) can be used to produce polymers with
narrow molecular weight distributions around predetermined
average values and at the same time provides a handle to
control polymer topology and end-group functionality. RAFT
polymers can be used directly to form nanocomposites with
gold nanoparticles, as the RAFT polymers� thiocarbonylthio
group was shown to act as an anchor for chemisorption on
gold surfaces;[11] our lab has recently demonstrated the ability
of such polymers to attach to gold nanoparticles made by
citrate reduction[12] and two-phase Brust–Schiffrin (BS) syn-
thesis.[13] Decorating gold nanoparticles with a polymer layer
that allows further particles to be attached to the central core
is of huge current interest in the field and hyperbranched
RAFT polymers have been shown to be suitable for this task,
as they provide multiple binding sites for gold statistically
distributed among the thus produced macromolecules.[14]

Better defined macromolecules can be obtained by employing
RAFT agents with star topology.[15] When the arms of the star
are joined together through their reinitiating R groups,
macromolecules with the sulfur-containing RAFT groups
exposed on the outer sphere of the star—and therefore
accessible for functional units to be attached—will result
(Scheme 1).

Based on these considerations, we fabricated star poly-
mers of N-isoprylacrylamide (NiPAAM) derived from RAFT
agent 2 (Figure 1). PNiPAAM exhibits a temperature- and
pressure-dependent coil-to-globule transition[16] which was
recently shown to enable the construction of “smart” gold
nanoparticles.[17] More importantly for this work, it is also
a polymer soluble in solvents of different nature. The
synthesis of compound 2 was practically identical to a pre-
viously reported method[18] and we verified the structure of 2
by NMR spectroscopy (Figures S1 and S2). RAFT agent 1[13]

was used to prepare PNiPAAM with linear topology. After
isolation of the polymeric material, all samples were analyzed
by size-exclusion chromatography (SEC) (Figure S3). The SE
chromatograms display—if at all—only a small shoulder at
higher molecular weights, suggesting that star–star coupling
occurs to only a minor extent under the polymerization
conditions applied. Due to the confinement of their branches
to a central core, star polymers show a systematically smaller
hydrodynamic radius than linear polymers of the same
molecular weight, and the ratio of these two radii was derived
theoretically to depend only on the number of branches.[19] In
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earlier studies, we were able to determine a correction factor
for star polymers (including polymers with four branches)
measured on an SEC setup calibrated using linear standards
and the results from SEC obtained for this study were thus
corrected by multiplication with this factor (1.3).[20] The
results of SEC analysis are given in Table 1.

The as-prepared star polymers (a–p) were subsequently
used to cover gold nanocrystals from citrate reduction
(13.6 nm; see Figure S5 for an exemplary TE micrograph
and Figure S7 for a diameter histogram). The obtained
nanohybrids a–p were centrifuged and redispersed in meth-
anol and subsequently in dichloromethane. This procedure

allowed purification of the nanohybrids and also enabled
solvent exchange. The nanocomposites were analyzed by
TEM (Figure 2, Table S2) and DLS (Figure S8). The micro-
graphs in Figure 2 display hexagonal patterns of self-assem-
bled nanoparticles. Although the polymer layer cannot be
visualized directly, it keeps the cores at certain distances,
which grow with the increasing molecular weight of the star
polymers employed in the functionalization reactions.[12] If no
interdigitation of macromolecules of the individual shells
occurs, then the interparticle distances should be twice as
large as the polymer layer covering the gold nanoparticle. The
DLS data confirm the qualitative trend found by TEM.
Furthermore, DLS data reveal unimodal particle size distri-
butions, suggesting that exclusively individual particles are
present in solution, with no indication for cross-linked particle
networks. We analyzed several TEM images of the different
nanocomposite samples and measured edge-to-edge distances
in undistorted hexagons.[12] The results reveal interparticle
distances strictly increasing with the molecular weight of the
star polymer (Figure 5, gray circles), strongly suggesting that
the thickness of the polymer layer can be adjusted by the

Scheme 1. Synthetic scheme for the preparation of planet–satellite
particles from nanohybrid particles by citrate reduction with star
polymers of NiPAAM (top, surface-bound and free RAFT groups are
indicated by blue and green circles, respectively). The w-end groups of
linear PNiPAAM are represented by pink circles.

Figure 1. RAFT agents used in this study for the preparation of linear
(1) and star-shaped polymers (2).

Table 1: Polymerization conditions for the preparation of the different
polymer samples and results from SEC analysis.[a]

Polymer Equiv[b]

of DMF
Equiv[b]

of NiPAAM
Equiv[b]

of AIBN
t
[min]

Mn

(SEC)[c,d]
�
(SEC)[c]

Star-a 300 100 0.1 360 12000 1.20
Star-b 1600 400 0.4 90 22000 1.10
Star-c 1600 400 0.4 120 27000 1.11
Star-d 1600 400 0.4 180 34000 1.11
Star-e 1600 400 0.4 240 40000 1.08
Star-t 6000 1000 0.75 90 42000 1.08
Star-l 6000 1000 0.75 105 46000 1.09
Star-m 6000 1000 0.75 120 52000 1.13
Star-p 6000 1000 0.75 180 62000 1.15
Linear 2400 800 0.5 120 49000 1.18

[a] Star polymer samples a–p were derived from 2, whereas 1 was applied
in the preparation of the linear PNiPAAM sample. All polymerizations
were conducted at 60 8C. [b] With respect to the RAFT agent. [c] As
monitored by refractive index detection. [d] The values for star polymer
samples were corrected by an experimental form factor.[20]

Figure 2. Hexagonally assembled layers of hybrid nanoparticles.
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preceding RAFT process. The curvature of this increase gives
additional information about the binding of star polymers:
The data in Figure 5 show interparticle distances increasing
exponentially with the molecular weight of the star polymers.
This can only be explained if one assumes that the surface
area covered by one macromolecule is minimized, in order to
enable many attractive trithiocarbonate (TTC)–gold interac-
tions. This would force the star polymers to adopt conforma-
tions in which their TTC termini, whether surface-bound or
on the exterior of the polymer layer, are in close proximity.
This effect will alter the overall shape of the star polymer,
leading to elongated structures with increasing arm lengths. It
is of special interest to investigate whether the star polymers
bind to the citrate particles with all end groups. In particular,
if some of the arms of the immobilized star polymer do not
bind to the gold nanoparticle, then the TTC groups in these
dangling arms should still be available for functionalization
reactions.

To prove that TTC moieties are exposed at distinct
distances from the gold core and furthermore accessible for
functionalization reactions, tetraoctylammonium bromide(
TOAB)-capped gold nanoparticles (3.8 nm) made by the two-
phase BS method were added to the nanohybrids a–p in large
excess. (See Figure S6 for an exemplary TE micrograph and
Figure S7 for the diameter histograms of the two types of
particles employed, which do not overlap). TOAB is known to
be easily replaced by competitive ligands,[13,21] which implies
only weak binding between TOAB and gold which may result
in poor colloidal stability. Hence, in order to shield the outer
hemispheres of the satellite particles which are remote from
the central planet particle, linear RAFT polymer was added
10 min after addition of the BS particles.[22] After an addi-
tional 5 min the mixtures were centrifuged for 8 h at 8600 g.
The supernatant almost exclusively contained individual BS
particles (see Figure S9 for an exemplary TEM image),
proving the excellent separation of excess satellite particles by
centrifugation. The segregated material could be (although
not completely) redispersed in dichloromethane by shaking.
In earlier attempts, where no shielding linear polymer was
employed, the redispersion failed, showing that the shielding
with linear chains is crucial to obtain planet–satellite nano-
structures (A–P) with sufficient colloidal stability. Centrifu-
gation–redispersion was repeated once in order to fully
remove any unbound satellite particles. Figure 3 displays
exemplary TEM images of individual planet–satellite parti-
cles. These particles also tended to arrange in two-dimen-
sional assemblies on the TEM substrate after solvent
evaporation (as can be exemplarily seen for nanostructure
M in Figure 4 and for the other structures in Figure S10),
although these assemblies were not as regular as those found
for nanocomposites without satellite particles. The formation
of planet–satellite structures proves that a significant propor-
tion of star polymers tethered to the central gold core provide
TTC moieties exposed on their polymer shell, that is, they do
bind to the planet particle with less than four arms.

Planet–satellite distances were analyzed in these nano-
structures and found to monotonically increase with increas-
ing molecular weight of the star polymers employed (Figure 5,
black circles, Table S3).

To investigate whether the satellite particles in the
nanostructures A–P really bind on the exterior of the
polymer layer, rather than being statistically incorporated
inside this polymer shell, the ratio of planet–satellite distances
in A–P to the interparticle separation of nanohybrids a–p

was determined. This ratio is indeed close to 0.5—as one
would expect if the interparticle distances in a–p are a factor
of two larger than the thickness of one polymer layer (the
calculated ratios are 0.45� 0.39; 0.41� 0.26; 0.48� 0.23;

Figure 3. TE micrographs of planet–satellite nanostructures.

Figure 4. Exemplary micrograph of a two-dimensional assembly of
planet–satellite nanostructure M.

Figure 5. Edge-to-edge distances of hybrid particles a–p (gray circles)
and edge-to-edge distances of planets and surrounding satellites in
nanostructures A–P (black circles).
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0.52� 0.25; 0.56� 0.19; 0.54� 0.25; 0.65� 0.25; 0.67� 0.25;
0.67� 0.26; for the star polymers a–p, respectively).

When analyzing these planet–satellite particles by DLS
(Figure S8), we found unimodal size distributions for all
samples A–P, with a trend towards higher values as the
molecular weight of the linking star polymer increases. Thus,
the planet–satellite nanostructures can be regarded as indi-
vidual units in solution, whereas the layers comprising several
planet–satellite particles (Figure S10) form upon solvent
evaporation on the TEM substrate.

Finally, one might suspect that the NiPAAM repeating
unit interacts with the gold surfaces itself, as weak N–H···Au
hydrogen bonds were identified in DFT calculations employ-
ing neutral Au3 model clusters interacting with formamide
ligands.[23] Thus, we tested our synthetic strategy by employing
a monomer without this structural feature (N,N-dimethyla-
crylamide, DMAAM; see Figure S4 for SEC traces). The
formation of planet–satellite nanostructures was observed as
well (Figure S12), suggesting that TTC end groups, not the
monomeric repeating unit, play the dominant role in forming
these arrangements.

In conclusion, we have developed a modular procedure to
prepare multifunctional nanoparticle scaffolds[24] with chem-
ical functionality exposed at set distances from the central
core. This was proven by the formation of planet–satellite
nanostructures when another type of particles with affinity to
TTC groups was added to the system. The special value of this
strategy lies in the fact that no incorporation of specialized
functional groups[25]—which would add significantly to the
complexity of the approach—is required, neither for attach-
ing the polymers used to the central planets nor for connect-
ing them to satellite particles. Rather, the TTC group, which is
inherently present in this kind of polymer, is exploited for
functionalization reactions in a very straightforward manner.
Given the fact that a plethora of efficient TTC group
transformations are available,[26] this approach offers a general
route to precise nanoparticle modification with an array of
possible reactions.
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