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Nanoclusters of metals and semiconductorsÐwhich exhibit
unusual size-dependent electronic, magnetic, optical, and
catalytic properties due to the onset of ªquantum effectsºÐ
are being heralded as the next generation of building blocks
for designing modern materials.[1] However, these particles
are metastable and cannot be isolated or manipulated without
appropriate stabilization by organic capping ligands.[2] Various
functionalized organic arrays including protein cages,[3] poly-
mer matrices,[4] and surfactant vesicles[5] have been used
previously to form nanoparticles by encapsulation. A more
recent development is the use of polyamidoamine (PAMAM)
dendrimers[6]Ða class of highly branched, monodisperse, and
globular synthetic polymersÐto passivate nanoclusters of
zero-valent metals,[7] metal oxides,[8] and metal sulfides.[8, 9]

However, a simple relationship between particle size and
dendrimer generation was not established.[10]

In contrast to classical dendrimers such as the PAMAM
species, a dendron is a segment of dendrimer that possesses a
focal point onto which the branching units of a dendritic
architecture are attached.[11] If the focal moiety is capable of
metal complexation, the
specific metal ± dendron
interactions can be utiliz-
ed to control reactions at
this site.[12] We envision
that such reactivity con-
trol in a confined and
localized area may be
used for the controlled
growth and stabilization
of nanoparticles. Such a
concept is validated here
with the production of
gold nanocrystals using
dendrons G1 ± G3 with a
focal 4-pyridone function-
ality[13] as capping agents.

out for both compounds with the wavelengths l� 1.7965(1) and l�
1.3066(1) � in the range 28< 2q< 1588. Crystal structure data for SrN2

at 298 K derived from neutron diffraction experiments: tetragonal,
space group I4/mmm (no. 139), a� 3.8136(3), c� 6.2855(4) �, V�
91.4(1) �3, Z� 2; Sr in (2a); N in (4e), z� 0.4026(2); Rprofile� 0.0422,
RBragg� 0.0358; number of observed reflections: 61. Crystal structure
data for SrN at 298 K from neutron diffraction experiments: mono-
clinic, space group C2/m (12), a� 13.472(1), b� 3.8121(3), c�
6.7284(5) �, b� 94.720(1)8, V� 344.4(1) �3, Z� 8, Sr1 in (4i) x�
0.1541(3), z� 0.3926(7); Sr2 in (4i) x� 0.3561(4), z� 0.0922(6); N1
in (4i) x� 0.2442(3), z� 0.7487(6); N2 in (4i) x� 0.0223(3), z�
0.0830(6); Rprofile� 0.0527, RBragg� 0.0663; number of observed reflec-
tions: 690. The refinements have been carried out using the programs
WinPLOTR[8] and FULLPROF.[9] The following scattering lengths
were used: Sr 7.02 fm; N 9.36 fm.[10] Further details on the crystal
structure investigations may be obtained from the Fachinformations-
zentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(�49) 7247-808-666; e-mail : crysdata@fiz-karlsruhe.de), on quoting
the depository numbers CSD-411555, and CSD-411556.
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The gold ± dendron nanocomposites were synthesized by
the liquid ± liquid phase-transfer reaction[14] shown in Equa-
tion (1) (Gn� nth-generation dendron; n� 1 ± 3). In all cases,

HAuCl4� (n-C8H17)4NBr�Gn�NaBH4 ! AuÿGn (1)

wine-red solutions were obtained. These solutions exhibit a
characteristic gold surface plasmon (SP) resonance at about
l� 525 nm (Figure 1) and are stable for at least six months

Figure 1. UV/Vis spectra of solutions of nanocomposites AuÿGn (n� 1 ±
3). The absorbance A is arbitrarily normalized at l� 450 nm.

under ambient conditions. This stability is attributable to
passivation of the metal surface by the dendrons, as only
insoluble black residues were obtained in the absence of the
capping ligands. A similar wine-red solution can also be
generated without using any phase-transfer agent, however,
with a significant amount of black precipitate. This is
presumably due to the inefficient mixing of HAuCl4/NaBH4

with the dendrons in the absence of the agent. These
observations lead to the conclusion that the use of a phase-
transfer agent facilitates formation of the gold ± dendron
composites, but is not mandatory.

The gold ± dendron nanocomposites can be isolated from
the solution as dark crystalline solids that redissolve in
dichloromethane without noticeable visual changes. Further
purification by recrystallization from dichloromethane/pen-
tane yields analytically pure AuÿG1 and AuÿG2, but AuÿG3
is contaminated with a small amount of free G3 due to similar
solubilities. Microanalysis of AuÿG1 revealed its composition
to be 5 % G1 and 95 % Au, corresponding roughly to an
Au:G1 ratio of 49:1. Based on the packing density calculation
for bulk-state gold,[15] a 2-nm particle (see below) contains 247
gold atoms, leading to the formula Au247(G1)5. A straightfor-
ward calculation[16] gives an Ausurface:G1 ratio of 27.5:1, which
is not unreasonable considering the coverage offered by the
umbrella-shaped dendron.

Transmission electron microscopy (TEM) analysis (Fig-
ure 2) of the dropcast films of AuÿGn demonstrates the
correlation between the particle size and the generation
number of the dendron: The higher the generation, the larger
the encapsulated particles. Thus, with G1, G2, and G3 gold
particles with an average diameter of 2.0� 1.0, 3.3� 1.1, and
5.1� 1.7 nm (measured over 200 particles in each case) were
obtained, respectively. The characteristic [111] gold lattice
fringes (inset, Figure 2 a) manifest crystallinity of the particles.

Figure 2. Transmission electron micrographs of a) AuÿG1, b) AuÿG2, and
c) AuÿG3. Inset: gold lattice fringence of AuÿG1.

The TEM images of differently sized particles were corrobo-
rated by the UV/Vis absorption spectra of the particle
solution: Going from AuÿG3 to AuÿG1, the SP band blue
shifts slightly (3 nm) and decreases in intensity with decreas-
ing particle size. Similar trends were observed for Au nano-
crystals stabilized by PAMAM dendrimers.[7c,d, 10]

Before the size control imposed by different-generation
dendrons can be rationalized, the microscopic interactions
between the dendron and the gold surface need to be
discerned. The dendron focal moiety appears to be the only
reasonable site where the particles may nucleate and grow,
because the dendron surface lacks metal-stabilizing groups,
while the loose dendron may not be able to sustain the
confinement of the particles within the branching units. The N
atom, the C�O moiety, and even the conjugated six-mem-
bered ring can potentially bind metals. Efforts have been
made to establish the dendron coordination mode(s), but
definitive assignment of a particular type of dendron ± gold
interaction is difficult owing to the intrinsically weak nature of
such interactions. The IR spectra of AuÿG1 and AuÿG2 are
essentially superimposible with those of their respective
ligands. This observation is in line with results reported for
the similarly weak PAMAM ± gold interactions.[7c, 17]

The 1HNMR signals of AuÿG2, though significantly
broadened, appear at positions that are almost identical to
those of free G2. Similar observations are well documented
for gold nanoparticles functionalized with passivating
amines[16] and thiols,[2a] and the broadening effects have been
extensively discussed.[2a] The XPS studies revealed noticeable
broadening of 1s peaks for C, O, and N atoms in AuÿG2
relative to free G2, but the changes in ionization energies are



COMMUNICATIONS

Angew. Chem. Int. Ed. 2001, 40, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4003-0551 $ 17.50+.50/0 551

negligible, indicating a rather weak interaction between the
metal surface and individual dendrons. Based upon these
observations, the possibility of NÿAu and focal ring ± Au
interactions cannot be ruled out. However, such modes of
particle stabilization, both involving the seemingly inaccess-
able N atom, are less likely due to steric encumbrance. The
C�O moiety is therefore putatively responsible for binding to
the metal, and the observed passivation is provided by the
dendron sheath within which the single gold particle resides
(Figure 3). To the best of our knowledge, there are no

Figure 3. Schematic presentation of AuÿGn nanocrystallite growth con-
trolled by different-generation dendrons: a) G1 and b) G3.

precedents for monolayer formation of pyridone derivatives
on bulk metal surfaces of any kind, presumably due to the
chemical instability of such monolayers. This work thus
represents an exciting departure from the bulk systems in
that the high surface curvature (as a result of their finite size)
of the Au nanoparticles supports the high-density packing of
the capping ligands, which provide concomitant protection of
the nanocrystals.[16]

The systematic variation of particle size may be understood
as follows: The higher the dendron generation, the greater the
steric requirement of the focal metal-binding moiety, and
hence the more room for gold atoms to agglomerate
(Figure 3). This steric argument can be easily appreciated by
comparing the bulk of a G2 dendron (nine peripheral
aromatic rings, Figure 4[18]) with that of a G1 dendron (only
three peripheral aromatic rings). Given the weak force
between the particle and the dendrons, particle aggregation
conceivably occurs, and the nanocomposite containing the
more sterically demanding dendrons is more susceptible to
such a coalescence. In other words, the more hindered
periphery leads to a less compact and therefore less stable
composite structure because of the increasing open space
between the branching units. This hypothesis is corroborated
by the observation that the particles of AuÿG3 (Figure 2 c) are
not as well separated as those of AuÿG1 (Figure 2 a) and
AuÿG2 (Figure 2 b). Dendrons with a focal thiol group would
be more propitious for stabilizing gold nanoparticles and
therefore mitigating particle agglomeration. Experiments
with such dendrons are in progress as are studies of other
factors that possibly affect the particle size and size distribu-

Figure 4. An ORTEP representation of the crystal structure of G2 at the
50% probability level. Carbon: gray, nitrogen: blue, oxygen: red.

tion (for example, dendron:metal ratio, rate of reductant
addition, and reaction temperature).

In summary, we have demonstrated that dendrons that are
focally modified with a metal-coordinating functionality can
be utilized as stabilizing media for the controlled growth of
nanocrystals. With 4-pyridone-based dendrons, gold nano-
clusters were obtained that are stable for six months both in
solution and in the solid state. The average size of the
resulting nanoparticles is a direct function of the generation
number of the passivating dendron, with higher generation
dendrons producing larger particles.

Experimental Section

To a solution of HAuCl4 ´ 3 H2O (11.2 mg, 28.4 mmol) in deionized water
(5 mL) was added (n-C8H17)4NBr (36.5 mg, 66.7 mmol) in toluene/CH2Cl2

(15 mL, 2/1). An orange-red organic phase and a colorless aqueous phase
resulted after 1 h of vigorous stirring. The dendron (310 mmol; 0.156, 0.452,
and 1.34 g for G1, G2, and G3, respectively) in CH2Cl2 (15 mL) was added
to the above mixture. Subsequent dropwise addition of a freshly prepared
aqueous solution (5 mL) of NaBH4 (16.5 mg, 436 mmol) caused an instant
color change of the mixture to wine-red. The resulting mixture was stirred
under dry N2 for an additional 24 h. Decanting the aqueous phase and
adding ethanol to the organic phase at ÿ20 8C afforded the products as
dark purple solids. Recrystallization from CH2Cl2/pentane yielded dark
purple crystalline solids (AuÿG1 and AuÿG2) or dark purple waxy solids
(AuÿG3). Elemental analysis of AuÿG1: C 4.14, H 0.25, N 0.14. Based on
this CHN analysis and the molecular formula of G1 (C33H29NO4), O is
calculated to make up 0.64 % of the AuÿG1 nanocomposite, and hence Au
makes up 94.8 %.
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Alkylene-bridged N,N,N'N' ± Tetrasubstituted
Bis(2-amino-5-thiazolyl)methinium SaltsÐ
A New Class of Strongly Fluorescent Dyes**
Horst Hartmann* and Antje Noack

Owing to their strong fluorescence, pyronines 2 a (R1�H)[1]

and rhodamines 2 a (R1�Aryl)[2] have found several practical
applications, such as fluorescence and laser dyes,[3] or, if they
are specifically functionalized, for example at the amino
groups, as fluorescence markers for biological substrates and
polymer characterization.[4] The fluorescence of the dyes 2 a is
in sharp contrast to their unbridged di- and triarylmethane

dye analogues 1 which are nonfluorescent under normal
conditions.[5] The fluorescence-enhancing effect of bridging by
heteroatoms is associated, however, with a pronounced
hypsochromism of the absorption of these dyes. Thus, the
bridged di- and triarylmethane dyes 2 a absorb at about
550 nm. This is a nearly 50 nm shorter wavelength than the
absorption wavelength of their unbridged analogous 1.[6]

Whereas the fluorescence-enhancement is effected by the
increasing rigidity of the molecular system and originates
from a restriction or diminishing of the nonradiative deacti-
vation processes[7] the hypsochromic effect originates from
the incorporation of the lone pair of the bridging oxygen atom
into the conjugation of the p system responsible for the color.
This incorporation gives rise to a stabilization of the electronic
ground state and, hence, to a widening of the gap between the
ground and first excited state in the bridged compounds.[6]

In agreement with this postulate no hypsochromic effect is
observed in going from the unbridged compounds 1 to the
alkylene-bridged di- and triarylmethane dyes 2 b in which the
bridging group has no lone pair. Therefore, these compounds
absorb at nearly the same wavelength as their unbridged
analogues 1, but in contrast they exhibit, analogous to the
oxygen-bridged compounds 2 a, a strong fluorescence.[8a] A
practical application of the isopropylidene-bridged dyes 2 b
has not been reported because the necessary educts for these
compounds, the isopropylidene-substituted N,N-dialkylani-
lines 3 b, can only be prepared by a multistep reaction from
commercially available precursors, making them far less
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