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ABSTRACT

Gold nanoparticles in the mid-nanometer size regime can undergo self-organization into densely

packed monoparticulate films at the air-water interface under appropriate passivation conditions.

Films could be transferred onto hydrophilic Formvar-coated Cu grids by horizontal (Langmuir-

Schaefer) deposition or by vertical retraction of immersed substrates. The latter method produced

monoparticulate films with variable extinction and reflectance properties. Transmission electron

microscopy revealed hexagonally close-packed arrays on the micron length scale. The extinction

bands of these arrays shifted by hundreds of nanometers to near-infrared wavelengths and

broadened enormously with increasing periodicity. Large particle arrays also demonstrated

extremely high surface-enhanced Raman scattering (SERS), with enhancement factors greater than

10
7
. Signal enhancements could be correlated with increasing periodicity and are in accord with

earlier theoretical and experimental investigations involving nanoparticle aggregate structures.

INTRODUCTION

The synthesis of nanostructured materials with useful and tunable properties is central to

developments in nanoscale science and technology. Nonlithographic bottom-up  approaches

based on self-assembly and self-organization are especially appealing because of their

intrinsically low overhead for large-scale production. This approach has been useful in the self-

organization of monolayer-protected metal nanoparticles into periodic two-dimensional (2D)

arrays, with many of these assemblies demonstrating novel optical or electronic properties as a

function of particle size or interparticle spacing.
1
 Interestingly, numerous examples of 2D arrays

comprised of small (<10 nm) gold nanoparticles have been reported, but well-ordered 2D arrays

of larger gold nanoparticles have not.
2
 Particles beyond a certain size (about 15 nanometers) tend

to agglomerate into multilayers or three-dimensional aggregates rather than form two-dimensional

monoparticulate films.
3
 This can be attributed to the large Hamaker constant for gold

4
 and the

rapid increase in van der Waals attraction between particles as a function of size,
5
 as well as the

loss of surfactant chain mobility of the on the planar facets of the nanoparticles.

We have recently developed strategies that enable large (>15 nm) gold nanoparticles to self-

organize into well-ordered 2D arrays at the air-water interface. The choice of surfactant is critical

in the formation and physical properties of these nanoparticle ensembles: the surfactant layer is

required to be hydrophobic and highly repulsive at close range but thin enough to maintain short

interparticle separations, a crucial factor in the electronic and optical properties of metal

nanoparticle assemblies.
1,6

 Simple extension of established surfactant methodologies does not

provide adequate control during particle aggregation; for example, passivating 20-nm colloidal

gold particles with a surfactant monolayer of dodecanethiol results in the formation of

multilayered aggregates at the air-water interface (see Figure 1a). We therefore sought to design a

surfactant monolayer with greater spacing between chains, with the premise that their relatively

high conformational entropies (greater exclusion volumes) would increase the barrier against steric

compression.
7
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Figure 1 .  a, 20-nm gold nanoparticles coated with dodecanethiol form multilayered aggregates at the air-water
interface. b, the same size nanoparticles coated with 1 form monoparticulate films.

EXPERIMENTAL RESULTS AND DISCUSSION

Having previously demonstrated calix[4]resorcinarenes to be excellent dispersants of

nanoparticles in organic solvents,
8
 we synthesized resorcinarene tetrathiol 1 as a surfactant for

large colloidal gold nanoparticles.
9
 The adsorption of the tetrathiol resorcinarenes to the

nanoparticles was expected to be robust, given the multivalent nature of the surfactants
10

 and the

very low rates of desorption of aryl monothiols from gold surfaces.
11

 Aqueous solutions of

citrate-stabilized 20-nm gold nanoparticles were treated with millimolar solutions of 1 in THF

and extracted several times against toluene. Evaporation of the solvent resulted in a blue film at

the solvent interface, which was directly transferred by horizontal (Langmuir-Schaefer)

deposition onto a carbon-coated copper grid. Analysis of the film by transmission electron

microscopy (TEM) revealed several important features (see Figure 1b). First, the resorcinarene

surfactant layer was indeed effective at enhancing the steric barrier around the nanoparticles, as

demonstrated by the larger interparticle spacings. Second, the nanoparticles were transferred as a

monoparticulate film, inferring a similarly dispersed state at the air-water interface.
12

 Third, the

nanoparticles appeared to spontaneously self-organize into densely packed ensembles, suggesting

the potential for planar array formation with long-range order.

The generality and scope of these initial observations were systematically investigated by

changing the unit size of the gold nanoparticles. Citrate-stabilized colloidal gold particles of low

size dispersity (<15%) ranging from 16 to 170 nm were treated with 1 and washed as before,

then extracted and densified in a silanized pipette. These were carefully spread at the air-water

interfaces in silanized tubes, then transferred by Langmuir-Schaefer deposition onto Formvar-
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coated TEM grids for evaluation of the local structure and order (see Figure 2). In every case,

submicron-sized domains of hexagonally close-packed nanoparticle arrays were observed. The

average interparticle distance appears to decrease with increasing particle size, possibly due to

the stronger attractive van der Waals forces between the larger particles. Although the present

quality of particle monodispersity and periodicity in the arrays prevents a rigorous measurement

of the interparticle spacings, direct analysis of the TEM images enables the interparticle spacings

to be described in relative terms, and clearly indicate a trend toward decreasing average

interparticle separations with increasing periodicity.
13

Figure 2. TEM images (Philips EM400, 80 keV) of 2D arrays of mid-nanometer sized gold nanoparticles formed
by self-organization at the air-water interface. The arrays were transferred onto Formvar-coated Cu TEM grids by
Langmuir-Schaefer deposition. a, 34 ± 2 nm particle array; b, 70 ± 5 nm particle array; c, 111 ± 8 nm particle array.

Monoparticulate films at the air-water interface could also be transferred onto freshly ionized

Formvar-coated TEM grids by slow vertical retraction of partially immersed substrates in the

absence of externally applied pressure,
14

 producing essentially hexagonally close-packed domains

with micrometer dimensions (see Figure 3a). This method was used to transfer films onto

hydrophilic annealed quartz substrates for investigating their optical properties as a function of

periodic structure.  

Figure 3. a, 87 ± 7 nm particle array transferred from the air-water interface onto hydrophilic TEM grid by slow
vertical retraction of the substrate without lateral surface compression. b, Specular reflectances of 16-, 34-, 42-, 70-,
87-, and 111-nm particle arrays transferred onto annealed quartz substrates (white light, θi = 60°). Substrates are
approximately 1 cm wide.

Vertical deposition of the gold nanoparticle arrays resulted in films which exhibited periodicity-

dependent optical properties, presumably as a function of both particle size and interparticle

spacing (see Figure 3b). Reflectance of white light from the nanostructured films was highly

variable, with maximum specular reflectance observed for the 42- and 70-nm particle arrays. The
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changes in reflectivities of the nanoparticle arrays as a function of size are probably due to

several effects. One is the angular dependency of attenuated reflection as a function of surface

roughness, a well-established phenomenon in metallic thin films.
15

 Reflectivity studies of gold

and silver films evaporated onto optically transparent surfaces with nanometer-scale features

have shown that the attenuated reflection minima broaden and shift toward wider angles of

incidence as the roughness amplitude increases.
16

 A second effect is related to the size-dependent

optical absorption properties of the nanostructured films; the nanoparticle arrays with

periodicities <40 nm demonstrated significant absorptivities at visible wavelengths (see below).

Thirdly, electromagnetic Mie scattering is responsible for the lower specular reflectances of the

larger (>70 nm) particle arrays, which again is a well-characterized property of rough metal

surfaces
15

 as well as for isolated gold nanoparticles in this size range.
17

The monoparticulate gold films varied in hue from blue to a faint grey and were strongly to

moderately absorptive in the visible and near infrared (NIR) wavelength regions (see Figure 4a).

Absorption spectroscopy indicated that the plasmon resonance bands of the planar arrays

shifted by hundreds of nanometers toward longer wavelengths as periodicity increased,

accompanied by considerable peak broadening. Size effects on the Mie extinction properties of

individual metal nanoparticles are well known, but the changes observed for the collective

electromagnetic properties of the nanoparticle arrays are much more pronounced. Interparticle

spacing has an especially important influence on the electromagnetic coupling between metal

nanoparticles and has been experimentally demonstrated in several studies, most notably by the

groups of Heath
18

 and Mulvaney.
19

 The latter were able to apply the Maxwell-Garnett model to

quantitatively explain the optical extinction properties of silica-coated gold nanoparticle films

with effective packing densities as high as 0.6. Current theoretical descriptions of the

electromagnetic properties of densely packed nanoparticle arrays are more limited in their

accuracy, but may still be useful for suggesting relative trends with respect to packing density.
20

Figure 4 .  a, Absorption spectra of large gold nanoparticle arrays transferred onto annealed quartz substrates.13

Spectra were obtained with an HP 8453 UV-visible spectrophotometer (400-1100 nm) and a modified OLIS Cary-14
spectrophotometer equipped with a NIR photodiode (850-2000 nm). Spectral intensities have been modulated for
clarity of presentation with minimal effect on the extinction maxima. Spectra reproduced with permission from the
American Chemical Society. b, Surface-enhanced Raman spectra of 1  from gold nanoparticle arrays which had been
transferred onto glass slides. Spectra were acquired with a micro-Raman spectrometer21 operating at 785 nm and 40X
magnification (N.A.=0.75) with an input power of 10 mW at the sample (spot size= 700 µm2, integration time= 30
sec.). Spectra have been shifted for clarity of presentation.
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The large gold nanoparticle arrays were also characterized by surface-enhanced Raman scattering

(SERS), which integrates high chemical sensitivity with spectroscopic identification and has

enormous potential for applications involving ultrasensitive chemical detection.
21

 Spectra were

obtained using a home-built dispersive micro-Raman imaging system operating at NIR (785 nm)

excitation
22

 with adsorbed tetrathiol 1 as the analyte. Irradiation of approximately one

femtomole
23

 of 1 with 30-second exposure times yielded Raman spectra with signal intensities

that varied by over two orders of magnitude (see Figure 4b). The strength of the Raman signals

improved as the periodicity increased, with the largest particle arrays providing the greatest

enhancements. However, it must be mentioned that this trend is strongly dependent on excitation

wavelength, such that the signal intensities generated at visible wavelengths are produced by

particle arrays with intermediate periodicities and less pronounced shifts in plasmon resonance.

Comparison of the signal intensities at 831 and 1288 cm
-1

 in the SERS spectra with unenhanced

Raman signals from noncrystalline resorcinarene films (thickness = 17-30.5 m) suggest signal

enhancement factors in excess of 10
7
, a remarkably large value given the potential for

reproducibility of the nanostructured gold films.
24

 The enormous SERS enhancements in the

larger nanoparticle arrays are likely to be a function of both the greater scattering cross-sections

of the individual gold nanoparticles (increases roughly with particle diameter to the sixth power)

as well as the strong electromagnetic coupling between particles, with the latter being highly

sensitive to the interparticle spacing (see above). This is in accord with previous theoretical
25

 and

experimental
26

 studies which suggest that controlled aggregation of metal nanoparticles can

increase signal strength by several orders of magnitude relative to that of isolated particles

because of localized electromagnetic field effects between surfaces, such that the majority of the

observed enhancements are due to highly active hot spots  in the pores and crevices created by

the dense packing of the nanoparticles.

The tunable periodicities of the large gold nanoparticle arrays are especially appealing in light of

theoretical approaches for approximating electromagnetic SERS enhancements as a function of

size and interparticle distance.
27

 However, other variables such as particle shape anisotropy,
28

surface potential of the transferred nanoparticle arrays,
29

 and optical configurations for efficient

scatter collection need to be addressed in order to provide a valid comparison between theory and

measurement. Such systematic investigations are expected to improve our understanding of the

basis of the SERS enhancements observed in the large gold nanoparticle arrays.
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