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A new strategy for encapsulating neutral nanoclusters is presented which employs surfactants with
large concave headgroups and multiple contact sites. Au nanoclusters ranging from 3 to 20 nm in diameter
were generated in the vapor phase and dispersed into dilute solutions of resorcinarenes 1—3, where they
were stabilized for up to several months. The resorcinarenes were readily displaced by dodecanethiol,
which resulted in the precipitation of the larger particles as determined by UV—vis absorption spectroscopy
and transmission electron microscopy. The chemisorption of resorcinarenes to the Au cluster surface is
most likely mediated by multiple Au—0 interactions, which is supported by surface-enhanced Raman

spectroscopy.

Nanometer-dimension inorganic clusters have gener-
ated enormous interest in recent years because of their
size-dependent physical properties. Of particular interest
are their tunable electronic, magnetic, and photonic
behaviors due to quantum confinement effects, with
nanocluster-based devices being envisioned as the next
generation in electronics miniaturization.! Quantized
electromagnetic phenomena are highly sensitive to per-
turbations arising from point-charge defects, so an im-
portant requisite for the fabrication of cluster-based
nanodevices is the ability to stabilize and manipulate
charge-neutral nanoclusters. One approach is to generate
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aerosols of bare metal nanoclusters by gas-phase con-
densation of a pure metal vapor and then capture them
in a neutral surfactant solution.? Chemisorptive surfac-
tants such as the alkanethiols have been successful in
stabilizing small (<10 nm) gold nanoparticles against
agglomeration in hydrocarbon solutions; however, al-
kanethiol-passivated clusters over 10 nm in diameter do
not exhibit long-term stability and precipitate at ambient
temperatures.® This behavior is due largely to the rapid
increase in the attractive van der Waals force between
particles as a function of their size,* but entropic effects
also play an important role. In the case of the alkanethiols
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1: R=H, X=CH,;CHj,

2: R=CHjy, X=CH,CHjz

3: R=CHj, X=CH=CH,
%0, 4: R.R=-CHy-, X=CH,CHj,
(structure at right)

the small headgroups encourage a dense packing of the
hydrocarbon chains, which tends to promote flocculation.

In this Letter we present a new strategy for nanocluster
encapsulation and stabilization by using surfactants with
larger headgroups and multiple contact sites for adsorption
(see Scheme 1). This design confers several advantages:
(i) multidentate binding of the surfactant to the nano-
cluster; (ii) a lower surfactant/particle ratio, reducing the
entropic cost of self-assembly;? (iii) greater mobility of the
pendant hydrocarbon tails, increasing the solubility of
the encapsulated materials. We demonstrate this approach
by capturing and stabilizing neutral gold nanoclusters of
up to 20 nm in diameter with resorcinol-derived calix[4]-
arenes (resorcinarenes).® The large, concave headgroups
(ca. 1 nm diameter) are ideally suited for encapsulation
on the multinanometer scale and allow the hydrocarbon
chains sufficient mobility for maintaining high solubility.

Gold nanoclusters of controlled size ranges were gener-
ated as aerosols using a distributed arc cluster source
(DACS)” and were bubbled directly into dilute (0.1—1.2
mM) solutions of resorcinarenes 1-38 in mesitylene, which
turned deeply purple. This encapsulation procedure was
noteworthy in several respects. First, the resorcinarenes
were several times more efficient at capturing nanoclusters
than dodecanethiol (C12SH) at equimolar surfactant
concentrations. At 520 nm, the characteristic Mie reso-
nance for isolated gold particles, solutions of 3.7 & 1.5 nm
Au clusters captured in 1.2 mM of 1 or 2 absorbed five to
six times more strongly than solutions of clusters captured
in 1.2 mM C12SH. Second, both large (> 10 nm) and small
(<10 nm) nanoclusters remained well dispersed in mil-
limolar solutions of 1 and 2 at ambient temperature over
aperiod of several months, with minimal loss of absorption
intensity or precipitation. Third, 3—15 nm Au clusters
stabilized by 3 gradually precipitated from solution when
treated with 1 molar equiv of C12SH relative to 3, as
determined by UV —vis absorption spectroscopy (see Figure
1). Transmission electron micrographs of the solutions
before and after C12SH addition strongly suggest that
displacement of 3 by alkanethiol at the particle surface
led to the precipitation of the larger clusters (see Figure
2). Thisunderscores the resorcinarenes’ exceptional ability
to maintain the nanoclusters in a dispersed solution state.

Evidence for a specific mode of chemisorption is provided
by surface-enhanced Raman spectroscopy (SERS), a
powerful and highly sensitive method for characterizing
monolayer adsorbates on noble metal particles.® Au
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Figure 1. UV-vis absorption spectra of 3—15 nm Au nano-
clusters dispersed into a 0.1 mM mesitylene solution of 3
(reference). Treatment with 1 molar equiv of dodecanethiol (t
= 0—72 h) resulted in a loss of absorbance over time.
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Figure 2. Transmission electron micrographs (JEOL 2000 FX,
200 keV) of 3—15 nm Au nanoclusters generated as bare gold
clusters in the DACS and dispersed in a 0.1 mM mesitylene
solution of 3 before (a) and after (b) addition of dodecanethiol.
Samples were obtained by casting a few drops of the solution
onacarbon film TEM grid and allowing the solvent to evaporate.

clusters (15 nm) encapsulated by 2 were gently precipi-
tated by addition of one volume of CH3;CN to remove excess
surfactant and then redissolved in mesitylene and drop-
coated onto a glass surface. This substrate was observed
to generate strong Raman signals, many of which were
substantially different in frequency and/or intensity from
those produced by polycrystalline samples of pure 219 (see
Figure 3a,c). Although we are presently unable to make
an unambiguous assignment of all the group frequencies,
there are two pieces of evidence which are strongly
suggestive of a specific mode of chemisorption. First,
several of the peaks in Figure 3a are significantly
broadened, most notably those at 720 and 856 cm™* (Avy,
~ 30 cm™1). This broadening is commonly attributed to
inhomogeneities due to chemisorption on different surface
lattices or adecrease in vibrational excited-state lifetimes,
both of which can strongly affect the bandwidths of the
vibrational modes of surfactants which are directly
adsorbed onto the metal surface.!* Second, to compare
the Raman signals in Figure 3a with those produced by
2 physisorbed nonspecifically to colloidal Au surfaces,
charge (chloride)-stabilized 15—20 nm Au clusters were

(10) Amorphous thin films of 2 were also analyzed by Raman
spectroscopy, but these failed to give reproducibly strong or well-defined
signals.
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Figure 3. Raman spectra (500 mW diode laser, A=785 nm,

integration time=30 s) of resorcinarene 2 (a) adsorbed onto the

surface of 15 nm Au nanoclusters; (b) as a thin film on top of

charge-stabilized 15—20 nm Au nanoclusters; (c) in bulk

polycrystalline phase.

precipitated onto a glass slide and coated with a thin film
of 2. This sample produced completely different Raman
scattering frequencies and intensity patterns than those
generated by the encapsulated nanoclusters (see Figure
3b).12 These differences in Raman frequencies and in-
tensities presumably arise from orientational effects
during surface adsorption.!3

(12) Itis possible that the Raman signals in Figure 3b originate from
adsorbates other than 2. However, the precipitated Au colloid did not
produce any strong signals at wavenumbers higher than 350 cm~1 prior
to addition of 2.
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Stabilization of the Au nanoclusters by the resorcinare-
nes is most likely mediated by chemisorption through
multiple Au—O0 interactions, which is remarkable con-
sidering the relatively low affinity of oxygen for gold.'*
However, the eight oxygen atoms along the rim of the
resorcinarene headgroup can adsorb to the Au surface in
a cooperative fashion, in accordance with the now-classic
concept of preorganization in supramolecular chemistry.®
Further evidence for the importance of Au—0 chemisorp-
tion is provided by the observation that tetra-O,O-
methylene resorcinarene derivative 4,8 whose oxygen lone
pairs are prevented from chemisorbing cooperatively due
to steric hindrance, completely failed to capture or stabilize
Au nanoparticles.

Although resorcinarenes 1—3 have proven to be excel-
lent stabilizing agents of Au nanoclusters in solution,
removing excess surfactant or increasing solvent polarity
leads to the rapid degradation of the resorcinarene-
encapsulated material, suggesting facile chemical ex-
change. Appropriate modification of the resorcinarene
headgroup is anticipated to increase the robustness of the
encapsulation shell, so that charge-neutral nanoparticles
can be isolated and characterized as discrete chemical
entities. With this modification, encapsulation of neutral
Au nanoclusters by resorcinarene-based surfactants will
provide asignificant advance in the controlled fabrication
of nanometer-scale devices.
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