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Here we introduce a new template-synthesis strategy for pre- '
paring metal nanoclusters within dendrimer “nanoreactors”. Proof
of concept is demonstrated by preparation of Cu clusters but the = otol T T ™
approach will be applicable to any transition metal ions that can £o b
be extracted into the interior of a dendrimer and subsequently 8
reduced. Clusters ranging in size from 4 to 64 atoms are prepared 8 Sool ]
by partitioning of C&" into the interior of a poly(amidoamine) £ 0% £l @] ]
(PAMAM) Starburst dendrimer and subsequent chemical reduc- 2 So0l 1
tion. By controlling the chemical structure and size of the § 3 0_‘?2 & ]
dendrimers, different-size clusters can be prepared. 5 0.001 o 100 200 ]
Small clusters of metalsand semiconductotsre interesting e | et amnesmesman.

because of their uniqgue mechanical, electronic, optical, magnetic, 0 20 40
and chemical properties. Of particular interest are transition-metal Cu2+/G4-OH
nanoclusters, which are useful for applications in catalysis and Figure 1. (a) Absorption spectra of 0.6 mM Cu% the presence (solid
electrocatalysi&.? The per-atom catalytic efficiency of metal line, curve 3) and in the absence (dashed line, curve 2) of 0.05 mM G4-
clusters and colloids often increases as the cluster size decrease§H- Curve 1 is the absorption spectrum of 0.05 mM G4-OH vs water.
Unfortunately, as a consequence of the presence of many unsat(®) Spectrophotometrl_c titration plot: absorbance at the peak maximum
isfied metal bonds, the probability of cluster aggregation also ©f 605 nm as a function of the number of Tuons per G4-OH. The
increases with decreasing size. The extent of agglomeration car/tial concentration of G4-OH was 0.05 mM. The inset shows the
be effectively reduced by lowering the surface energy by adsorp- ggt't?]r;sg'gr:sg’rv?f%g‘;i::%?g&;;ﬁ“ﬁ:}i Cgmgzxeghvg'tggfaﬁonr;%': g
telgrgcct)ftﬁitsaglolﬁgzgﬁgg tgspgggm%sﬂ?er gllljjrsf?ecrtigrt;%;'hoevlyeeg;rl in point is estimated as the extrapolated intersection of the two linear regions

AT . . A of the curve before and after the equivalence point. The optical path length
marginalizing applications such as catalysis. A significant chal- |, . 1 cm, the temperature was2@® °C, and unbuffered aqueous CuSO

lenge, therefore, is the development of methods for eliminating ;1 5 1) was used to titrate the unbuffered aqueous dendrimer solution
aggregation without reducing catalytic efficiency. Another key (pH ~g.1 for Gn-OH and pH~9.0 for G4-NH).

challenge involves controlling cluster size and size distribution.

There are two methods in common use for achieving this goal: terminated, fourth-generation (G4) PAMAM dendrimers having
(1) optimization of the synthesis conditions for cluster nucleation, 4, ethylenediamine core (G4-OH)max for the d—d transition
growth, and growth termination and (2) growth of particles within - gifts to 605 nm¢ ~ 100 M- cm%, based on the equivalents of
monodisperse templates such as reversed micelles or poroug g+ present). In addition, a strong band centered at 300enm (

membrane&* ¢ By using dendrimers as monodisperse templates . 4000 M-t cm1) emerges, which can be assigned to the ligand-
for cluster growth, we achieve both cluster stability and full to-metal-charge-transfer (L,MCT) transitigir23

control over size and size distribution, while simultaneously To learn more about the Culigand field, we quantitatively

60

allowing access of substrates to the clustezr surfate. assessed the number of Cuons extracted into each dendrimer
_Figure 1a shows absorption spectra of*Cgoordinated to  py spectrophotometric titration (Figure 1b). The data indicate
different ligands. In the absence of dendrimerZCexists pri- that each G4-OH dendrimer sorbs 162Cions. It is tempting

marily as [Cu(HO)g]*", which results in a broad, weak absorption ¢4 conclude that each €uion is coordinated with about 4 amine
band centered at 810 nm. This corresponds to the well-known 4,655 since a G4-OH dendrimer contains 62 interior tertiary
d—d transition for C&" in a tetragonally distorted octahedral or  zmines. However, we think it more likely that most of the ions

i i ,20 - . . . .
square-planar ligand fief#:® In the presence of hydroxyl-  ping to the outermost 16 pairs of tertiary amine groups because
*To whom correspondence should be addressed. CPK models indicate that the dendrimer structure is not well
Elg Lewis, L. N.Chem. Re. 199ha 93, 2693. configured for complexation between the inner most amines and
2) Kamat, P. V.Prog. Inorg. Chem1997, 44, 273. + R i i
(3) Acrea, G 3. K.: Hards G, Aohilos. Trans. R, Soc. London %996 CW*. Thus, on average, each @us coordinated to two amine
354 1671. groups, and the remaining positions of the ligand field are likely
(4) Hamnett, A.Philos. Trans. R. Soc. London ¥996 354, 1653. occupied by weakly binding ligands such as amide groups or water

(5) Stonehart, P. IElectrochemistry and Clean Energhhe Royal Society 4,25 i i i i
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(6) Fonseca, I. T. E. Ihemistry and Energyl; Sequeira, C. A. C.: Ed.; spect(ophotometnc titrations of GZ.-OH.and G6-OH, which
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T ' " in the presence of G4-OH or G6-OH dendrimers and with & Cu
257 A loading less than the maximum threshold values (Figure 1b) were
o . . found to be stable (no observable agglomeration or precipitation)
e Y for at least 1 week in an oxygen-free solution. However, in air-
g1 plasmon peak saturated solutions the clusters revert to intradendrimér ©uas
§ 1.0} overnight. In contrast, when excess?Cis added to a dendrimer
< solution, Cd* is present both inside the dendrimer and as hydrated
o5 4 ions in solution. After reduction, the excess®Ctorms a dark
0.0 e precipitate within a few hours, but the remaining transparent solu-
200 500 300 tion yields the same absorption spectrum as one prepared with a
Wavelength (nm) stoichiometric amount of dendrimer and€u TEM images of

Figure 2. Absorption spectra of a solution containing 0.6 mM CuSO  the particles in these solutions reveal two size regimes: the first
and 0.05 mM G4-OH before (dashed line, curve 1) and after (solid line, js 9 + 4 nm in average diameter and is responsible for the dark
curve 2) reduction with a 5-fold molar excess of NaBBurve 3 was  precipitate; the second, which is estimated to have an upper limit
obtained under the_same conditions as those for curve 2 except 0.05 MMqgf 1.8 nmin diametef® corresponds to the intradendrimer cluster.
G4-NH; was used in place of G4-OH. The ability to prepare well-defined intradendrimer metal nano-

) ) ) ) ) clusters depends strongly on the chemical composition of the
and which sorb 4 and 64 €uions, respectively (Figure 1binset).  gendrimer. Spectroscopic results such as those shown in Figure
In addition, the EPR spectrum of €ucoordinated within G4- 1 jndicate that when amine-terminated G4 PAMAM dendrimers
OH yields ag factor of 2.22 gnd a hypen_‘lne coupling constant, (G4-NH,) are used as templates, they sorb a maximum of 36 Cu
A, of 189 crr_Tl (see Supporting Information). These values are jons which bind primarily to the terminal primary amine groups.
consistent with the presence of €un a tetragonal ligand field Reduction of a solution containing 0.6 mM CuS&hd 0.05 mM
qonsisting of 2 amines and 2 other nitrogen- or oxygen-containing G4-NH, results in a clearly observable plasmon resonance band
“ga”dsg"r_rzg_ ) ) at 570 nm (Figure 23-3334which indicates that the Cu clusters

The binding between Ct and dendrimer is pH dependent. prepared in this way are5 nm in diameter. This larger size is
Depending upon the solution conditions, however, the sorption g consequence of agglomeration of Cu particles adsorbed to the
of Cuw?* within the dendrimer is irreversible: the-dl transition unprotected dendrimer exterig3
band at 605 nm does not decrease significantly even after 36 h | conclusion, using dendrimers as a synthetic template and
of dialysis against pure water. However; Effectively competes 55 3 cluster stabilizer, we have developed a new method for
with Cu?* for the tertiary amine site¥,and so it is possible to  preparing stable metal nanoclusters composed of a well-defined
release C# from the G4-OH interior in a pH 1.3 HCI solution.  nymber of atoms. Importantly, cluster size can be controlled by

Chemical reduction of Cti-loaded G4-OH dendrimers (G4-  yarying the size of the host-dendrimer nanoreactor. At present
OH/Cw*) with a 5-fold molar excess of NaBHresults in we believe that some fraction of the cluster surface is not
intradendrimer Cu clusters. Evidence for this comes from the cqordinated to internal dendrimer branches, which may make these
immediate change in solution color from blue to golden brown: materials uniquely suited for catalysis. Experiments are underway

the absorbance bands originally present at 605 and 300 NMyq test this idea and better characterize these fascinating new
disappear and are replaced with a monotonically increasing nanocomposite materials.

spectrum of nearly exponential slope toward shorter wavelengths ] ) ) )
(Figure 2). This behavior results from the appearance of a new _ Acknowledgment. This work is supported by the National Science
interband transition arising from the formation of intradendrimer Foundation (CHE-9313441), the Office of Naval Research, and the Robert
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characteristic of a band-like electronic structure, which strongly Note Added in Proof. We h Vb h
suggests that the reduced Cu does not exist as isolated atoms, Vot Added in Proof. We have recently become aware that

but rather as clustef. This view is also supported by loss of results similar to those reported here have been obtained by
signal in the EPR spectrum following reducti#h. Tomalia et al. (Michigan Molecular Institute, Midland, MI).

The absence of an absorption peak arising from Mie plasmon  g5horting Information Available:  Absorption spectra of solutions
resonance (around 570 nihjndicates that the Cu cluster is  of 3.0 mM C&#* and 0.05 mM Gn-OH I{ = 2, 4, and 6) and
smaller than the Mie-onset particle diameter of about 53hth. spectrophotometric titration plots of G4-Nldnd G4-OH with C&F; pH
The plasmon resonance cannot be detected for very small metakffect on the absorbance of solutions of 0.6 mM-Cand 0.05 mM G4-
clusters because the peak is flattened due to the large imaginaryOH, and 1.5 mM C&" and 0.05 mM G4-Nb} EPR spectral{ = 140 K)
dielectric constant for small metal clustéts. of solutions of 0.6 mM C#&" and 0.05 mM G4-OH before and after

Transmission electron microscopy (TEM) results also indicate réduction (3 pages, print/PDF). See any current masthead page for
the presence of intradendrimer Cu clusters after reduction. °rdering information and Web access instructions.
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