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Supramolecular structures involving inorganic nanoparticles
are currently of great interest in areas ranging from sensing to
cancer therapy and energy conversion.[1] Self-assembly allows
the design of complex structures in a facile manner,[2] while
inorganic metal and semiconductor nanoclusters possess
unique optic, magnetic, and electric properties. Therefore,
high potential lies in structures that combine both features.
Different approaches for the noncovalent connection of
inorganic nanoclusters in solution exist.[3] An established
method is the supramolecular association through DNA base
pairing.[4] Nanoparticles have also been connected by hydro-
gen bonds or ionic interaction with other polymers.[5] Aggre-
gation with oppositely charged colloids yields so-called “super
crystals”.[6] The shape of the resulting aggregates can be
controlled when using amphiphilic building blocks that form
micelles and vesicles.[7] From a functional perspective, exam-
ples with high potential are semiconductor quantum dots
combined with dyes or conjugated polymers.[8] However,
controlling the assembly size in solution is a challenge.[9]

Kinetic control and a step-growth “polymerization” process
have been discussed.[10] Yet possibilities are limited and it is
desirable to develop further concepts for the formation of
nanoscale hybrid assemblies. Of particular interest are
approaches that rely on a combination of general interaction
forces rather than the synthesis of specific binding motifs.

Recently, we have shown that “electrostatic self-assem-
bly” of organic macroions and multivalent organic counter-
ions leads to well-defined supramolecular assemblies of
various sizes and shapes in aqueous solution.[11] The concept
is based on the combination of ionic and p–p interactions and
thus can be applied to a wide variety of chemically and
structurally different building blocks. This has also led to
light-switchable, host-triggerable, and catalytically active
assemblies,[12] although in all cases with organic molecules
as building blocks.

Herein, we present the formation of a new type of
organic–inorganic hybrid particles through self-assembly

driven by the interplay of ionic, p–p, and Hamaker inter-
actions: well-defined gold–dendrimer–dye and cadmium
sulfide–dendrimer–dye assemblies of up to several hundred
nanometers in size can form in aqueous solution. The
supramolecular reaction path is shown in Scheme 1: First,
gold colloids are formed in generation 8 (G8) poly(amido-
amine) (PAMAM) dendrimers through the established pro-
cedure of electrostatic nanotemplating.[13] Subsequently, and
for the first time, the gold-containing dendrimers, which are
again positively charged, are interconnected by ionic dye
molecules where ionic interaction, mutual p–p interaction of
dye molecules, and Hamaker interactions between gold
colloids play a role.

In the first step, gold-containing G8 dendrimer is pre-
pared: the cationic dendrimer is loaded 1:1 with AuCl4

�-ions,
that is, theoretically 1024 gold ions per dendrimer; chemical
reduction results in 3 nm-size gold nanoparticles inside an
11 nm-sized G8 dendrimer.[13c,14] These hybrid particles are
then mixed with the ionic dye Ar26 at pH 11 and the solution
is then set to pH 7, so that the primary amine groups of the
dendrimer become protonated again: The Au-G8 dendrimer
carries 1024 positive charges and the anionic Ar26 is divalent.
Substantial interconnection into larger assemblies occurs for
charge ratios (molar ratio of dye sulfonate to protonated
dendrimer amine groups) l� 0.3, as can be seen from the
static light scattering intensity (see the Supporting Informa-
tion). Figure 1 shows transmission electron microscopy

(TEM) images of the resulting structures: Gold-containing
dendrimers have become interconnected into large assem-
blies with diameters of about 120 nm. In the inset the
crystalline structure of the 3 nm gold nanoparticles in the
dendrimer is visible. Dynamic light scattering allows mea-
surement of the size distribution of these assemblies directly
in solution (Figure 2). Results for a charge ratio of l = 0.38 as
shown in Figure 2 a reveal narrow monomodal distributions

Figure 1. Transmission electron microscopy at different scales of
supramolecular gold–dendrimer–dye assemblies (l (Ar26/G8) =0.35).
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(width of the relaxation time distribution: s = 0.11). There-
fore, hybrid assemblies of very well-defined size form. These
are stable in aqueous solution with a constant size and they
also remain stable when varying the temperature between
5 8C and 60 8C. The average aspect ratio as measured from
TEM is 1.2; that is, particles are slightly ellipsoidal, which is in
agreement with the light scattering results.[15] Through choice
of the dye/hybrid particle loading ratio, the size of the
assemblies can further be tuned between hydrodynamic radii
of RH = 65 nm and RH = 180 nm (Figure 2b). For smaller
loading ratios, no significant (light scattering detectable)

assembly formation occurs while precipitation is observed for
loading ratios l� 0.45. (For factors controlling the size in the
tunable stable range, see below). The hybrid particles of
varying size in solution are stable for at least some months.

As compared to purely organic dendrimer–dye assem-
blies,[16] the assembly size differs significantly: RH = 48 nm is
found for the dendrimer–dye assembly but RH = 121 nm for
the gold–dendrimer–dye assembly. This means that different
or additional effects play a role in the assembly size control in
the ternary system. The behavior can only be caused by the
gold particles. Gold colloids can mutually attract each other
through Hamaker interaction (“van-der-Waals interaction on
the colloidal scale”). This is a short-range force that in
a diluted system can only come into play once particles are
brought near to each other through other forces. Thus, it does
not play a role in the initial solution at high pH, where the
dendrimer is uncharged and no association occurs. When the
dendrimer becomes charged through acid addition, oppo-
sitely charged dye counterions bind to the polyelectrolyte
dendrimer in a cooperative manner (as for the neat dendri-
mer–dye system[16]) so that they can undergo ionic interaction
with the macroion and p–p interaction with each other and
interconnect dendrimers owing to their multivalency.[16, 17]

This brings the dendrimers in close proximity and the gold
colloids into a distance of a few nanometers where the
Hamaker attraction becomes effective. (Based on the archi-
tecture of the gold–dendrimer hybrid particle,[13c] a distance of
1–6 nm is expected.) The different attractive interactions
(ionic, p–p, and Hamaker) and repulsive interactions (repul-
sion of like charges, geometric effects) equilibrate at a certain
assembly size and aggregation number. This is why defined
hybrid assemblies arise. The formation of “monodisperse”
equilibrium assemblies is in analogy to the dendrimer–dye
system,[11c,12a–b] but on the attractive side, more free energy
contributes than in the pure dendrimer–dye system so that
larger assemblies result. The charged nature of the assemblies,
as can be detected by z-potential measurements, is what
stabilizes the assemblies in solution.

Furthermore, it is of major interest whether the concept
can also be applied to a wider range of chemical systems.
Therefore, we chose an example of semiconductor nano-

Scheme 1. Representation of the supramolecular structure formation investigated in this study.

Figure 2. a) Dynamic light scattering on gold–dendrimer–dye assem-
blies: electric field autocorrelation function g1(t) and distribution of
relaxation times A(t) at a scattering angle of q = 908, l (Ar26/
G8)= 0.38; b) dependence of hydrodynamic radius RH on Ar26/G8
charge ratio.
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particles (specifically, cadmium sulfide particles) to be
produced with dendrimer templates prior to the supramolec-
ular structure formation. Importantly, this is a different type
of electrostatic nanotemplating, as the chemical reaction that
creates the particles here is a “precipitation” rather than
a reduction reaction. Here we show the example of a G8
dendrimer containing CdS nanoparticles with a size of
predominately 1.4 nm (plus larger sizes up to 3.1 nm particles;
for CdS size characterization, see the Supporting Informa-
tion). The CdS-containing dendrimer is then again combined
with the divalent anionic dye molecules. Figure 3 shows TEM

images of the CdS–dendrimer particles before and after
interconnection with the dye. While the TEM contrast of the
nanoparticles within the organic matrix is lower for the CdS
than for the gold, it can again be seen that supramolecular
interconnected assemblies form. Of course, drying effects
may play a role in TEM sample preparation. Dynamic light
scattering results of the solution show again a very narrow size
distribution (RH = 129 nm, s = 0.12; Figure 4). Interestingly,
to build CdS containing assemblies in solution of a compara-
ble size as the Au-containing assemblies discussed above
requires a larger loading ratio (l (Ar26/G8) = 0.74). For
assemblies with CdS with l (Ar26/G8) = 0.36, an RH = 59 nm
(s = 0.10) results. This is most likely due to the stronger
attractive Hamaker interaction in the gold case. The latter is
also confirmed by further densification of the Au–dendrimer–
dye assemblies upon drying in TEM sample preparation as
compared to larger and looser structures seen for the CdS
sample.

Figure 5 shows photographs before and after supramolec-
ular structure formation through dye addition. Clearly, the
fluorescence of the CdS quantum dots becomes quenched.
Thus, the dye and the quantum dot “talk to each other”,
despite the presence of the dendrimer.[18] This is important, as
it is the key for producing a wide variety of potentially

functional nanoparticle–dye systems in which the macro-
molecular component provides connectivity, structural con-
trol, and stability. As the concept is based on the delicate
interplay of general noncovalent interactions rather than the
specific design of certain binding motifs, it can be widely
exploited using various building block chemistries and
architectures. Resulting hybrid structures may for example
be of interest for solar energy conversion or for nanoscale
devices in optoelectronics.

Figure 3. Transmission electron microscopy of a) CdS nanoparticles in
dendrimer templates (STEM mode, mean CdS diameter 2.6 nm) and
b),c) supramolecular CdS–dendrimer–dye assemblies; d) enlargement
of (c) with CdS particles visible in the outer part of the aggregate
(l (Ar26/G8) = 0.74, c(G8) = 2 � 10�7 molL�1).

Figure 4. Dynamic light scattering on CdS–dendrimer–dye assemblies:
electric field autocorrelation function g1(t) and distribution of relaxa-
tion times A(t) at a scattering angle of q = 908 (l (Ar26/G8)=0.74,
c(G8)= 2 � 10�7 molL�1).

Figure 5. Photographs of a CdS–dendrimer solution (left) and a CdS–
dendrimer–dye assembly solution (right), both in daylight (top) and
upon UV irradiation (bottom); l (Ar26/G8) = 0.1.

.Angewandte
Communications

8744 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 8742 –8745

http://www.angewandte.org


Received: April 4, 2013
Revised: May 29, 2013
Published online: July 19, 2013

.Keywords: colloids · nanoparticles · organic–inorganic hybrids ·
polyelectrolytes · self-assembly

[1] a) S. Wang, K.-J. Chen, T.-H. Wu, H. Wang, W.-Y. Lin, M.
Ohashi, P.-Y. Chiou, H.-R. Tseng, Angew. Chem. 2010, 122, 3865;
Angew. Chem. Int. Ed. 2010, 49, 3777; b) M. Orbach, M. Lahav, P.
Milko, S. G. Wolf, M. E. van der Boom, Angew. Chem. 2012, 124,
7254; Angew. Chem. Int. Ed. 2012, 51, 7142.

[2] a) S. Zhou, C. Burger, B. Chu, M. Sawamura, N. Nagahama, M.
Toganoh, U. E. Hackler, H. Isobe, E. Nakamura, Science 2001,
291, 1944; b) J. Du, Y. Chen, Y. Zhang, C. C. Han, K. Fischer, M.
Schmidt, J. Am. Chem. Soc. 2003, 125, 14710; c) T. Fenske, H.-G.
Korth, A. Mohr, C. Schmuck, Chem. Eur. J. 2012, 18, 738; d) S.
Zhang, J. Zou, F. Zhang, M. Elsabahy, S. E. Felder, J. Zhu, D. J.
Pochan, K. L. Wooley, J. Am. Chem. Soc. 2012, 134, 18467.

[3] a) H. Cçlfen, M. Antonietti, Angew. Chem. 2005, 117, 5714;
Angew. Chem. Int. Ed. 2005, 44, 5576; b) A. B. Descalzo, R.
Martinez-Manez, F. Sancenon, K. Hoffmann, K. Rurack, Angew.
Chem. 2006, 118, 6068; Angew. Chem. Int. Ed. 2006, 45, 5924;
c) E. Pçselt, S. Fischer, S. Fçrster, H. Weller, Langmuir 2009, 25,
13906; d) M. Grzelczak, J. Vermant, E. M. Furst, L. M. Liz-
Marzan, ACS Nano 2010, 4, 3591; e) Y. Mai, A. Eisenberg, Acc.
Chem. Res. 2012, 45, 1657; f) M. R. Rasch, C. A. Bosoy, Y. Yu,
B. A. Korgel, Langmuir 2012, 28, 15160.

[4] a) C. A. Mirkin, R. L. Letsinger, R. C. Mucic, J. Storhoff, Nature
1996, 382, 607; b) S. Y. Park, A. K. R. Lytton-Jean, B. Lee, S.
Weigand, G. C. Schatz, C. A. Mirkin, Nature 2008, 451, 553;
c) M. M. Maye, D. Nykypanchuk, M. Cuisinier, D. van der Lelie,
O. Gang, Nat. Mater. 2009, 8, 388.

[5] a) K. Boal, F. Ilhan, J. E. DeRouchey, T. Thurn-Albrecht, T. P.
Russell, V. M. Rotello, Nature 2000, 404, 746; b) G. Wang, R. W.
Murray, Nano Lett. 2004, 4, 95; c) J. Fresnais, J.-F. Berret, B.
Frka-Petesic, O. Sandre, R. Perzynski, Adv. Mater. 2008, 20,
3877.

[6] B. Kowalczyk, D. A. Walker, S. Soh, B. A. Grzybowski, Angew.
Chem. 2010, 122, 5873; Angew. Chem. Int. Ed. 2010, 49, 5737.

[7] a) E. R. Zubarev, J. Xu, A. Sayyad, J. D. Gibson, J. Am. Chem.
Soc. 2006, 128, 15098; b) M. S. Nikolic, C. Olsson, A. Salcher, A.
Kornowski, A. Rank, R. Schubert, A. Frçmsdorf, H. Weller, S.
Fçrster, Angew. Chem. 2009, 121, 2790; Angew. Chem. Int. Ed.
2009, 48, 2752; c) R. J. Hickey, A. S. Haynes, J. M. Kikkawa, S.-J.

Park, J. Am. Chem. Soc. 2011, 133, 1517; d) J. He, Y. Liu, T.
Babu, Z. Wei, Z. Nie, J. Am. Chem. Soc. 2012, 134, 11342.

[8] a) T. Ren, P. K. Mandal, W. Erker, Z. Liu, Y. Avlasevich, L. Puhl,
K. M�llen, T. Basch�, J. Am. Chem. Soc. 2008, 130, 17242;
b) E. B. Pentzer, F. A. Bokel, R. C. Hayward, T. Emrick, Adv.
Mater. 2012, 24, 2254; c) G. Santosh, E. Shirman, H. Weissman,
E. Shimoni, I. Pinkas, Y. Rudich, B. Rybtchinski, J. Phys. Chem.
B 2010, 114, 14389.

[9] a) C. Durand-Gasselin, N. Sanson, N. Lequeux, Langmuir 2011,
27, 12329; b) Q. Liang, C. Li, G. Chen, M. Jiang, J. Colloid
Interface Sci. 2012, 383, 82.

[10] a) M. M. Maye, D. Nykypanchuk, D. van der Lelie, O. Gang, J.
Am. Chem. Soc. 2006, 128, 14020; b) K. Liu, Z. Nie, N. Thao, W.
Li, M. Rubinstein, E. Kumacheva, Science 2010, 329, 197.

[11] a) F. Grçhn, K. Klein, S. Brand, Chem. Eur. J. 2008, 14, 6866;
b) F. Grçhn, K. Klein, K. Koynov, Macromol. Rapid Commun.
2010, 31, 75; c) I. Willerich, F. Grçhn, J. Am. Chem. Soc. 2011,
133, 20341.

[12] a) I. Willerich, F. Grçhn, Angew. Chem. 2010, 122, 8280; Angew.
Chem. Int. Ed. 2010, 49, 8104; b) I. Willerich, T. Schindler, H.
Ritter, F. Grçhn, Soft Matter 2011, 7, 5444; c) S. Fr�hbeißer, F.
Grçhn, J. Am. Chem. Soc. 2012, 134, 14267.

[13] a) M. Antonietti, F. Grçhn, J. Hartmann, L. Bronstein, Angew.
Chem. 1997, 109, 2170; Angew. Chem. Int. Ed. Engl. 1997, 36,
2080; b) M. Q. Zhao, R. M. Crooks, Angew. Chem. 1999, 111,
375; Angew. Chem. Int. Ed. 1999, 38, 364; c) F. Grçhn, B. J.
Bauer, C. L. Jackson, E. J. Amis, Macromolecules 2000, 33, 6042;
d) B. I. Lemon, R. M. Crooks, J. Am. Chem. Soc. 2000, 122,
12886; e) J. Zhang, S. Xu, E. Kumacheva, J. Am. Chem. Soc.
2004, 126, 7908; f) W. Lesniak, A. U. Bielinska, K. Sun, K. W.
Janczak, X. Y. Shi, J. R. Baker, L. P. Balogh, Nano Lett. 2005, 5,
2123.

[14] This has been shown in analogy to previous studies by TEM,
SAXS and SANS.[13c]

[15] The ratio of the radius of gyration from static light scattering and
the hydrodynamic radius from dynamic light scattering is RG/
RH = 1.1, which thus indicates slightly elongated particles.

[16] a) I. Willerich, F. Grçhn, Chem. Eur. J. 2008, 14, 9112; b) I.
Willerich, H. Ritter, F. Grçhn, J. Phys. Chem. B 2009, 113, 3339.

[17] The p–p interaction between the initially molecularly dissolved
dye molecules that is induced upon binding to the polyelectro-
lyte is evident from UV/Vis absorption spectra; see the
Supporting Information and Ref. [16].

[18] The quenching is not due to a re-absorption of the emission of
CdS nanocrystals of a different size in close proximity, as is
evident from the remaining fluorescence of a dried neat CdS–
dendrimer sample (film) in which nanocrystals are even closer.

Angewandte
Chemie

8745Angew. Chem. Int. Ed. 2013, 52, 8742 –8745 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/ange.201000062
http://dx.doi.org/10.1002/anie.201000062
http://dx.doi.org/10.1002/ange.201203291
http://dx.doi.org/10.1002/ange.201203291
http://dx.doi.org/10.1002/anie.201203291
http://dx.doi.org/10.1126/science.291.5510.1944
http://dx.doi.org/10.1126/science.291.5510.1944
http://dx.doi.org/10.1021/ja0368610
http://dx.doi.org/10.1002/chem.201102435
http://dx.doi.org/10.1021/ja309037m
http://dx.doi.org/10.1002/ange.200500496
http://dx.doi.org/10.1002/anie.200500496
http://dx.doi.org/10.1002/ange.200600734
http://dx.doi.org/10.1002/ange.200600734
http://dx.doi.org/10.1002/anie.200600734
http://dx.doi.org/10.1021/nn100869j
http://dx.doi.org/10.1021/ar2003144
http://dx.doi.org/10.1021/ar2003144
http://dx.doi.org/10.1021/la302734r
http://dx.doi.org/10.1038/382607a0
http://dx.doi.org/10.1038/382607a0
http://dx.doi.org/10.1038/nature06508
http://dx.doi.org/10.1038/nmat2421
http://dx.doi.org/10.1021/nl034922m
http://dx.doi.org/10.1002/adma.200800846
http://dx.doi.org/10.1002/adma.200800846
http://dx.doi.org/10.1002/ange.201002295
http://dx.doi.org/10.1002/ange.201002295
http://dx.doi.org/10.1002/anie.201002295
http://dx.doi.org/10.1021/ja066708g
http://dx.doi.org/10.1021/ja066708g
http://dx.doi.org/10.1002/ange.200805158
http://dx.doi.org/10.1002/anie.200805158
http://dx.doi.org/10.1002/anie.200805158
http://dx.doi.org/10.1021/ja1090113
http://dx.doi.org/10.1021/ja3032295
http://dx.doi.org/10.1021/ja8073962
http://dx.doi.org/10.1002/adma.201104788
http://dx.doi.org/10.1002/adma.201104788
http://dx.doi.org/10.1021/jp100662b
http://dx.doi.org/10.1021/jp100662b
http://dx.doi.org/10.1021/la2023852
http://dx.doi.org/10.1021/la2023852
http://dx.doi.org/10.1016/j.jcis.2012.06.006
http://dx.doi.org/10.1016/j.jcis.2012.06.006
http://dx.doi.org/10.1021/ja0654229
http://dx.doi.org/10.1021/ja0654229
http://dx.doi.org/10.1126/science.1189457
http://dx.doi.org/10.1002/chem.200800650
http://dx.doi.org/10.1021/ja207565m
http://dx.doi.org/10.1021/ja207565m
http://dx.doi.org/10.1002/ange.201003271
http://dx.doi.org/10.1002/anie.201003271
http://dx.doi.org/10.1002/anie.201003271
http://dx.doi.org/10.1039/c1sm05405h
http://dx.doi.org/10.1021/ja307596q
http://dx.doi.org/10.1002/ange.19971091913
http://dx.doi.org/10.1002/ange.19971091913
http://dx.doi.org/10.1002/anie.199720801
http://dx.doi.org/10.1002/anie.199720801
http://dx.doi.org/10.1002/(SICI)1521-3757(19990201)111:3%3C375::AID-ANGE375%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1521-3757(19990201)111:3%3C375::AID-ANGE375%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1521-3773(19990201)38:3%3C364::AID-ANIE364%3E3.0.CO;2-L
http://dx.doi.org/10.1021/ma000149v
http://dx.doi.org/10.1021/ja0031321
http://dx.doi.org/10.1021/ja0031321
http://dx.doi.org/10.1021/ja031523k
http://dx.doi.org/10.1021/ja031523k
http://dx.doi.org/10.1021/nl051077u
http://dx.doi.org/10.1021/nl051077u
http://dx.doi.org/10.1002/chem.200801167
http://dx.doi.org/10.1021/jp8096605
http://www.angewandte.org

