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One-dimensional (1D) chains of regularly spaced, metal nano- PR - | ., b
particles exhibit unique, coherent optical properties when the . PR
distance between particles is short enough for near-field coupling 5 Y, .
of their surface plasmon resonanééor example, theoreticahnd » bnd \

experimentdl studies have shown that a 1D nanoparticle chain can

serve as a “plasmon waveguide”, through which optical energies s =« 500nm ¢ 200 nm, 500 nm
can propagate even though the chain is much narrower than the 50 nm d Eocoum e 15 f
diffraction limit. Surface lithography? solution-phase templated .i“ § [EDC)=87 uM Em

assembly?, and dipolar interactiorfshave been used to fabricate o W o =

plasmonically coupled nanoparticle chains, with the goal of i § ) r; s

precisely controlling particle shape and size, interparticle spacing, ‘Ql! "’_‘m [EDCI';? " o o} w0 o
and chain geometry. Herein, we report that nanoparticles that have 108.am ™ o e Wavelength (nm) [EDC] (uM)

begn encapsulated withi_n cross-linked, sph_erical mi_cellar shells CalFigure 1. (a—c) TEM images of transition from spherical AU@RED-

be induced to assemble into structurally defined chains by triggering PAA,; (4, Table 1) to nanoparticle chains with increasing concentrations
a morphological, sphere-to-string transition in the micelle compo- of EDC; [EDC] = (a) 0uM, (b) 55uM, (c) 87 uM. (d) TEM images of
nent (Scheme 1). representative nanoparticle chains prepared from nanostructures with

. . . . different shell thicknesses: (toB) (bottom)2. (e) Absorption spectra of
Previous research has shown that direct morphological tl’anSmOnsnanoparticle chains made fronat different concentrations of EDC. The

between spherical and wormlike block-copolymer micelles can be wavelength of maximum absorptiofn() is marked on each spectrum. (f)
induced by varying solvent quality, ionic strength, or pHh Variation in Amax with [EDC].

addition, under special circumstances, this transition can be
frustrated to yield intermediate, necklace-like structdrége have
found that this same frustrated transition occurs when metal
nanoparticles surrounded by a layer of cross-linked, amphiphilic
poly(styreneblockacrylic acid) (‘“Au@PSs-PAA”) 10 are exposed trigger

to conditions that reduce interfacial curvature in the copolymer micelle 0
e transition

Scheme 1

(Scheme 1). Au nanoparticles were encapsulated withigtPS —
PAA;3 (m= 100, 160, or 250), and 50% of the PAA carboxylates

were cross-linked, as previously described (Tabl¥-1)Transmis-

sion electron microscopy (TEM) images of these starting structures Au@PS,,-b-PAA,
showed single, isolated nanoparticles surrounded by copolymer

shells of uniform thickness (Figure 1a). As aquepus SL_JSpenS'onSTable 1. Structural Characteristics of Nanoparticle Chains Formed
of these nanostructures (between 5 nM and 1 pM in particles) were from Au@PS-b-PAA

gradually exposed to increasing concentrations of NaCl, £acCl

dedge-sd ge

A ) - . sample Oy (M) shell composition initial tshen (NM) Oedge—edge (NM)
acetic acid (AcOH), or 1-(3-dimethylamino)propyl)-3-ethylcarbo- 1 i1 PSubPAA a1 it 2
S O L e sob-PAA 3
d||m|d.e methlodldg (ED.C&aII of which induce a transition from 5 3243 PSoob-PAALs 10+1 174 2
spherical to wormlike micelles for PSPAA aloné—the Au@PS- 3 32+3  PSerb-PAAss 28+4 50+ 6
b-PAA nanoparticles were progressively assembled into longer and 4 3243 PSsob-PAA3 2142 35+ 6
longer, 1D chains. For example, as [EDC] was titrated from 0to S 52+5  PSerb-PAAs3 16+2 27+3

~90 uM, an aqueous suspension of Au@k®-PAA;; gradually
turned from reddish to paler, bluish violet in color, due to to-string morphological transition. However, too much added EDC
aggregation of the gold nanoparticles and coupling of surface ligand results in cationic surfaces that once again exhibit sufficient
plasmon excitation¥ TEM analysis of these aggregates (Figure intra- and interparticle repulsion to maintain isolated, spherical
1b,c) showed that particles were assembled into chains rather tharparticles. This process was confirmed in situ by absorption
random structures, and that for [ED&]90 «M, more EDC led to spectroscopy (Figure 1e,f), which showed a gradual red-shift in
longer chains. As EDC was added beyond [EB£90 uM, TEM the absorption maxima characteristic of surface plasmon coupling
images and visual inspection of the solution showed that the for low to intermediate concentrations of EDC, followed by a blue-
aggregates had re-dissociated into individual encapsulated Aushift for higher concentrations. The sphere-to-string transition was
particles. We attribute this behavior to inversion of charge at the also induced by increasing solution ionic strength to screen surface
micelle surface. In principle, micelle-bound, cationic EDC ligands charge (NaCl), adding bridging ions (Cafl or neutralizing
initially balance the surface charge from carboxylate anions enoughdissociated carboxylates (AcOH). In all cases, the transition could
to allow a reduction in micelle surface curvature and the sphere- be reversed by neutralizing or diluting the additive. However, when
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Figure 2. (a) SEM and dark-field optical microscopy (inset, scale bar
represents 2m) images of a straight nanoparticle chain made fEorfihe
sample position in the optical image is rotated® 2%ckwise relative to

the SEM image. (b) Scattering spectra of the chain, collected under oblique
illumination with light polarized parallelH) or perpendiculargp) to the

long axis. Spectra were collected from the aperture-limited, circled area in
the inset of (a)ma{Ey) = 621 nm,AmayEp) = 607 nm. The solid lines are
Lorentz fits of the spectral data.

single chain with different polarizations of incident light showed
significantly different intensities and wavelength maxima, indicating
directional surface plasmon couplifg.

In conclusion, we have demonstrated a facile method of
spontaneously assembling plasmonic Au nanoparticle chains which
takes advantage of a morphological micelle transition. We are
currently investigating the effects of particle size, composition, and
spacing on directional plasmon coupling in more detail, with the
goal of constructing plasmon waveguides with tunable interparticle
coupling by solution-phase self-assembly. We propose that this
method provides a simple avenue to investigate the unique optical
properties of 1D nanoparticle arrays for future optoelectronic device
applicationg?

Acknowledgment. This work was supported by the Alfred P.
Sloan Foundation (Fellowship BR-4527 to T.A.T.) and the ACS
Petroleum Research Fund (38303-G5).

EDC was used to induce assembly, the resulting nanoparticle strings

could be locked into place by immediately adding aqueous diamine
linker. This yielded permanent structures that were not affected by
solution conditions.

The sphere-to-string transition yielded chains of regularly spaced

Supporting Information Available: Detailed synthetic procedures
and experimental details for far-field polarization spectroscopy, TEM,
and SEM images for other Au nanoparticle chains. This material is
available free of charge via the Internet at http://pubs.acs.org.

nanoparticles up te-20 um in length. By contrast, when hydro-
phobic Au nanoparticles were mixed with free BRAA am-
phiphile, and solvent conditions were changed such that cylindrical
micelles were assembled directly around the nanoparti¢[eEEM
images showed poorly structured combinations of micelles and
particles instead! This is consistent with previous efforts to directly
synthesize nanoparticles within wormlike micelles, which yielded
less control over interparticle spacittgSome longer patrticle strings
were branched, as is also observed for wormlike micéfles.
Branching was sensitive to the conditions of micelle assembly and
TEM sample preparation, and optimizing both of these steps
improved the yield of unbranched, straight structures observed by
TEM. Overall, the degree of branching in all samples was much
less than that in fractal particle precipitatédn addition, the
average three-center angléScheme 1) for stringed particles with
only two neighbors wag 150 for all samples® Most importantly,
TEM images of the micelles showed that interparticle spacing was
determined exclusively by the thickness of the micellar shgl

in the spherical starting materials. As shown in Table 1, this method
was used to construct chains from different Au particle sizes,
polymer shell compositions, and shell thicknesses. In all cases, the
final edge-to-edge interparticle distancgyfe eqgd Was~0.85 times

the sum of the two shell thicknesses. Standard deviatiofgd8eqge
were less than 20%, and deviations in interparticle center-to-center

distances were less than 10%. We argue that this consistency is

due to the glassy nature of the PS copolymer block, which cannot
deform during the assembly process. Because both the particle
diameter and shell thickness of the Au@BBAA starting material

can be specifically determinédlassembly yields 1D nanopatrticle
arrays with precise structural control.

Far-field, polarized microspectroscopy has been previously used
to analyze unidirectional near-field plasmon coupling in nanostruc-
ture array$;2°and we chose to use this method to test the potential
of micelle-templated assemblies for use as 1D optical conduits.
Nanoparticle chains were straightened by depositing a droplet of
warm suspension onto a silicon wafer and allowing it to dry.
Structural combing at the drying droplet edge led to straightening
of the particle chains, as verified by SEM imaging. One particular
chain which could be reproducibly located in terms of surface
markers was chosen for analysis by SEM (Figure 2a), dark-field
optical microscopy (Figure 2a, inset), and polarized scattering (dark-
field) microspectroscopy (Figure 2b). Scattering spectra of this
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