J. Am. Chem. So2000,122,3979-3980

Assembly of Phenylacetylene-Bridged Silver and
Gold Nanoparticle Arrays

James P. Novak and Daniel L. Feldheim*

Department of Chemistry, North Carolina State uhrisity
Raleigh, North Carolina 27695

Receied February 8, 2000

The optical properties of metal nanostructures have received a

great deal of attention in the past decade because of their
application in surface-enhanced spectroscopies, photocatalysis, an
nonlinear optics.In an attempt to understand particle size and
shape-optical property relationships, a number of methods have
been developed for fabricating nonspherical metal nanostruétures.

Perhaps the simplest of these methods involves the aggregation

of spherical gold or silver nanoparticles in solution or onto an
optically transparent solid suppdit Electromagnetically coupled
particles increase electric-field enhancement factors, while the
serendipitous formation of noncentrosymmetric aggregates can
create large nonlinear optical responges.

Optical characterization of aggregated samples of particles havey;
thus led to a deeper understanding of interparticle electromagnetic

coupling. However, studies on randomly aggregated samples of
spherical particles often suffer from uncertainties in aggregate
size and symmetry. Despite these concerns, surprisingly few
experimental methods have been described for arranging particle
into discrete collections of spatially and symmetrically well-
defined aggregates. Alivisatos reported linear arrays of DNA-
linked gold particle dimers and trimet€lectromagnetic inter-
actions between particles were not observed, however. Foss use
porous AbOs; membranes to synthesize centrosymmetric and
noncentrosymmetric particle pair structubeElectromagnetic
coupling and SHG were observed over large particle separation
distances.

Our strategy for assembling coupled gold particle structures
has been to synthesize rigid thiol-functionalized phenylacetylenes
for use as molecular templatésierein we report the extension
of this strategy to the assembly of coupled silver and gold particle
arrays with pseud®., D3y, andTq symmetries. In addition, we
show that the linear optical properties of 30 nm diameter silver
particle dimers agree qualitatively with recent calculations on
similar systems.

Gold and silver particles bridged by the thioacetyl-terminated
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Counting ~100 structuresfor each sample revealed estimated
yields of~50, 30, and 10% for the dimers, trimers, and tetramers,
respectively. The remainder of the sample in each case consisted
predominantly of uncoupled particlés.

The symmetry observed by TEM for gold particle dimers and
mers was confirmed with hyper-Rayleigh scattering spectros-
copy? Here we focus on the linear optical properties versus
separation distance for silver nanoparticle dimers. The 30 nm
diameter silver particles contain a single extinction at 420 nm,
corresponding to the well-known silver plasmon resonance.

SAddition of a 9-unit phenylacetylene bridge caused a slight red-

shift and absorbance increase of the silver plasmon band (Figure
2A). At separation distances corresponding to 7 phenylacetylene
nits, an extinction at 450 nm was observed with a more well-
efined shoulder at 420 nm (Figure 2B). Both bands were more
intense than the single-particle plasmon band. Further reduction
in separation to 3 phenylacetylenes caused no further shift in the
low-energy extinction; however, the high-energy shoulder blue-
shifted to 370 nm, and both bands grew in intensity (Figure 2C).

(6) (a) Brousseau, L. C., lll; Novak, J. P.; Marinakos, S. M.; Feldheim, D.

L. Adv. Mater. 1999 11, 447. (b) Metal nanoparticle sols-2 nM) were
prepared using methods published previodshPhenylacetylene linkers were
synthesized according to refs 6¢c and 6d. Gold nanoparticle arrays were
assembled using the following procedure. Linker solutions were prepared by
adding a stoichiometric amount of linker to 0.5 mL of a 3:2 THF/EtOH solution
and 0.5 mL of 3 mM aqueous citrate buffer. In a separate flask, 3 mL of gold
sol was diluted to 10 mL in the citrate solution. The linker solution was then
added to the gold sol in 1Q4L aliquots at 10 min intervals with rapid stirring.
Silver dimers were assembled by diluting 100 of a 1 «M linker solution

ith 5 mL of 3:2 THF/EtOH, and 10 mL of kD. 2 mL of 1 nM Ag sol was

phenylacetylene bridges shown in Scheme 1 were assembledgdded quickly to the linker solution. The flask was stirred for 1 h. Finally, 10

according to published protocdiSransmission electron micro-
graphs (TEM) support the hypothesis that these molecular linkers
can dictate particle array symmetry (Figure 1). The structures
shown in Figure 1 are typical of those found over the entire grid.
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uL of 30% NH,OH was added to deprotect the thiol endgroup. TEM grids

were prepared by first diluting the solution of linked gold or silver particles
by 20-fold. One drop of the solution was then placed on a Formvar-coated
Cu grid in contact with filter paper. The solvent was quickly wicked away by
the filter paper, preventing particle agglomeration. (c) Zhung, J.; Moore, J.
S.; Xu, Z.; Aguirre, R. AJ. Am. Chem. Sod 992 114, 2273. (d) Su, D,
Menger, F. M,Tetrahedron Lett1997 38, 1485.

(7) (a) Jensen, T.; Kelly, L.; Lazarides, A.; Schatz, G.JCCluster Sci.

1999 10, 295. (b) Yang, W.-H.; Schatz, G. C.; Van Duyne, R.JPChem.
Phys.1995 103 869. (c) In discrete dipole calculations, each patrticle is divided
into a large number of dipoles. An average particle polarization is then
calculated which includes electric field contributions from the incident light
and dipoles on the neighboring particle. Importantly, these calculations assume
that the incident electric field is polarized along the long axis of the particle
pair structure. Thus, only longitudinal plasmon modes are apparent in
calculated extinction spectra.

(8) For example, when dimers were the intended structure, only dimers
and monomers were found. Trimers or larger aggregates were not observed.
When theDg, phenylacetylene bridge was usé&, particle trimers, a small
number of dimers, and monomers were observed exclusivehgain,
structures with other symmetries or large aggregates were absent. Control
experiments, in which gold and silver particles were added to a solution of
CHj3(CH,)sSH under conditions identical to those reported in ref 6, showed
relatively few dimers and n®s, or Ty structures.

(9) A depolarization ratio of 1.5% 0.007 was determined for gold trimers
using polarized hyper-Rayleigh scattering. This is close to the theoretical value
of 1.5 expected for chromophores wiih, symmetry. (Vance, F. W.; Novak,

J. P.; Johnson, R. C.; Hupp, J. T.; Feldheim, D. L., unpublished results).
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Figure 1. Representative transmission electron microscope images of
(A): Silver particle dimers linked by structuda. (B) and (C): Gold
particle trimers linked by structurég andllb, repectively. (D) A gold
particle tetramer linked by structure Il

Wavelength (nm)
Figure 2. UV —visible spectra for: (A) 30 nm diameter silver particle
dimers linked by structurke; (B) dimers linked by structurtb; and (C)
dimers linked by structurka (upper trace) and silver particle “monomers”
In addition, a relatively weak extinction was observed at (lower trace). The monomer spectrum was acquired under solvent

~600 nm?o conditions identical to those of the dimers but in the absence of a linker.
To rationalize the spectra of silver particle dimers, comparisons

were made to recent calculations using the discrete dipole 1.0 S

approximation. Figure 3 presents spectra calculated for 60 nm $1

diameter particle dimers as a function of particle separation > 8.0 p oy

distanc€. Note that despite the size difference, the behaviors are 2 ) | ,"

qualitatively in aggreement; that is, both data sets reveal a red- RS /

shift of the single-particle plasmon band, an increase in overall = 6.0 '

extinction efficiency, growth of a high-energy shoulder870 s

nm), followed by the appearance of a band at 600 nm as o

interparticle distance decreases. Moreover, the ratio of extinctions -S 4.0

at ~450 nm to~370 nm approaches 1 in both data sets as 2

separation distance decreases. =
A closer look at the spectra, however, reveals a few distinct M 2.0

differences between theory and experiment. First, the bands -

observed experimentally for the 3-unit linker at 450 and 370 nm 0 N "‘w--:g:,_.ﬁ

appear at-500 and 420 nm, respectively, in the calculated spectra. 300 400 500 600 700

Second, the absolute extinction ratios are much higher in the
calculated spectra. These subtle differences are likely due to Wavelength (nm)

particle size and size dispersity differences between particles in Figure 3. Silver particle dimer spectra calculated by Schatz et al. (adapted
the calculated versus experimental spectra. Additional disparitiesrom ref 7a). Particle diameter was 60 nm. Keg:monomers 30 nm
could arise from the following observations. First, the appearance Separation> 4 nm separationx 2 nm separation.

of an intense, high-energy band which blue-shifts with decreasing orientations (plus residual monomer) and would therefore be
interparticle separation could be attributed to a strong quadrupoleexpected to appear toward the blue of the true longitudinal rffode.
resonance which is superimposed on the transverse plasmon We have presented new methods for coupling metal particles
resonancé! Second, the band observed experimentally at 450 into symmetrically and sptially well-defined arrays of dimers,
nm represents a weighted sum of extinctions for all particle trimers, and tetramers. These structures are useful for testing
theories of electromagnetic interactions between metallic spheres

(10) All spectra shown were recorded after a period of 12 h. After this ; Fnati ; ;
time the spectra remained relatively unchanged for periodsigfh. At longer and could find application in chemical sensﬂ%gnanoscale

times the spectra began to show a large increase in the quadrapole extinctiorlectronics;® and photonic$?

and a decrease in the dipole extinction. This result is most likely due to particle

aggregation at long timeé$.Control experiments in which GCH,)sSH was Acknqwledgment. The au'thors the Arnol'd and Mable Beckman

added to silver monomers showed no change in the visible spectrum. FurtherFoundation and NSF for partial support of this work.

controls in which particles were slowly aggregated with NaQievealed a JA000477A

gradual disappearance in absorbance at 420 nm with a concommitent increase

at 800 nm characteristic of extended particle aggregates. (12) Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. Nature
(11) Chumanov, G.; Sokolov, K.; Cotton, T. Ni. Phys. Chem996 100, 1996 382, 607.

5166. (13) Keating, C. D.; Feldheim, D. LChem. Soc. Re 199§ 26, 1.




