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The recent emergence of advanced technological applications for colloidal gold suspensions and related particle
assemblies and interfaces has created a demand for new chemical and physical techniques with which to
characterize them. For macroscopic samples/interfaces, coherent second harmonic generation (SHG) has proven
itself a useful characterization tool due, at least in part, to metal-based plasmon enhancement. In an effort to
defeat or bypass the size restrictions inherent to SHG, we have utilized a relatedincoherentmethodology,
hyper-Rayleigh scattering (HRS), to interrogate aqueous colloidal suspensions of 13 nm diameter gold particles.
The nanoscale particles have proven to be remarkably efficient scatterers; when evaluated in terms of the
first hyperpolarizability (â), HRS signals from the gold particles substantially surpass those observable from
the best available molecular chromophores. Moreover, the present experiments indicate thatâ is highly sensitive
to colloid aggregation and imply that HRS is an effective tool for the characterization of symmetry-reducing
perturbations of nanoscale interfaces.

The intentional miniaturization of metal/solution interfaces
to the point where colloidal stabilization of suspensions of
solvated metal particles occurs has been possible, at least at a
rudimentary level, for more than a century. Arguably, however,
only over the past decade has the concept generated widespread
excitement among chemists and materials scientists. Fueling the
contemporary interest are demonstrated and emerging applica-
tions involving medical screening,1 chemical sensing,2 single-
electron conduction (Coulomb blockade behavior),3 optical
frequency tripling,4 and new materials-assembly schemes.5-7

Accompanying the new applications chemistry is a need for
interface characterization. Among the more attractive method-
ologies formacroscopicmetal/solution interface characterization
is optical second harmonic generation (SHG).8 For otherwise
centrosymmetric metal structures, interface formation creates
an asymmetry providing for interface localized signal generation.
SHG has been utilized to interrogate surface symmetry,9,10

surface charge,11 adsorbate coverage,12 and/or adsorbate orienta-
tion13 on gold surfaces as well as to interrogate gold particles
at the liquid/air interface.14 However, the coherent nature of
conventional SHG and the necessity of utilizing a finite
wavelength of radiation place a practical lower limit on sample
size.15 On the other hand, implementation ofincoherentsecond
harmonic generation or hyper-Rayleigh scattering (HRS) meth-
ods16 should circumvent the interface size limitation (albeit at
the expense of much smaller signal intensity).17,18On the basis
of a successful application of HRS to nanoscale silica/water
interfaces (surface acidity characterization)19 and on the basis
of a brief report of HRS from silver colloid samples (molecular
adsorption effects),20 we reasoned that the methodology might
be applicable to nanoscale gold/water interfaces, especially if
plasmon enhancement of HRS were operative. We find not only
that hyper-Rayleigh scattering is observable from aqueous metal
(gold) nanoparticle suspensions but that the HRS signal intensi-
ties exceed by factors of up to 105 those observed from
suspensions of similarly sized wide band gap semiconductor
or insulator particles. We additionally find that HRS is an
exceedingly sensitive in situ reporter on nanoparticle aggregation

and, more generally, on chemical or physical perturbations
leading to particle and particle-assembly symmetry reduction.

For molecular systems (isotropic solutions), the HRS re-
sponse,I(2ω), is generally expressed in terms of an analyte
hyperpolarizability,âa. Its value can be quantified by comparison
to the HRS intensity of a solvent, or other internal reference,
possessing a known first hyperpolarizability,âs:21

In the equation,G is a parameter reflecting collection efficiencies
and local field corrections,N is the number density (cm-3) of
the analyte or the solvent,R is the absorption cross section
(cm-2) at the scattered frequency (2ω), andl is the path length
(cm) of the optical cell. The exponential term accounts for losses
due to absorption of scattered light by the analyte solution, and
the brackets signify that the measurement is an orientational
average.

Figure 1 shows that output signal intensities at 410 nm from
aqueous suspensions of nominally spherical, 13 nm diameter
gold particles22 increase approximately as the square of the
intensity of the incident light at 820 nm, as expected if eq 1
were applicable. Also observed (Supporting Information and
Figure 1) is a linear dependence of the 410 nm signal on gold
particle concentration (number density) after correction for self-
absorption. A linear as opposed to quadraticNa dependence
implies that the doubled light is indeed due to HRS, rather than
residual coherent SHG.15 A possible alternative assignment as
two-photon fluorescence was eliminated by showing that the
putative HRS signal is essentially monochromatic.

On the basis ofâwater ) 0.56× 10-30 esu,23 eq 1 and Figure
1 yield aâgold value (on a “per atom” basis) of (2800( 500)×
10-30 esu for incident light ofλ ) 820 nm and (2000( 300)
× 10-30 esu forλ ) 720 nm. For comparison,â values for the
best molecular chromophores are on the order of 5000× 10-30

esu per molecule24,25 or (50-100)× 10-30 esu per atom. As a
further comparison, the frequency-doubling efficiency per atom
of colloidal gold (proportional toâ2; see eq 1) is 106-107 higher

I(2ω) ) G < Nsâs
2 + Naâa

2 > I2(ω) e(-NaRal) (1)

10091J. Phys. Chem. B1998,102,10091-10093

10.1021/jp984044u CCC: $15.00 © 1998 American Chemical Society
Published on Web 11/24/1998



than reported for colloidal silver20 and 103-105 higher than
found for colloidal silica.19,26 We attribute the apparently
unprecedented response to exceptionally effective resonance
enhancement.27-29 In HRS, resonance enhancement is expected
when an electronic transition is near either the incident (ω) or
doubled (2ω) frequency of light.30-32 Thus, the intense surface
plasmon absorption (λmax ) 520 nm; Figure 2), known to
enhance other spectroscopies,22,33 may lead to near resonance
enhancement (both frequencies) in the HRS intensity. Alterna-
tively, the enhancement may stem from two-photon resonance
with the broad higher energy transition; planned experiments
at longer wavelength should clarify the interpretation.

A further requirement for finite hyper-Rayleigh scattering is
the absence of a symmetry inversion centersa requirementnot
fulfilled by an isolated metallic sphere. The observed scattering,
therefore, is attributed to lower symmetry, nonspherical particles
(isolated nanocrystals) or to lower symmetry aggregates of
particles. In either case, only a small fraction of the available
particles would likely be capable of HRS. To test the latter
interpretation, irreversible particle aggregation was intentionally
induced via addition of aqueous NaCl. For substantial salt
additions, the well-known red to blue colloid color change was
directly observable. The change is due primarily to greatly
increased Rayleigh scattering (one-photon scattering) in the red

portion of the visible spectrum, due to large aggregate forma-
tion.34,35As shown in Figure 3, the expected increase in Rayleigh
scattering is almost unobservable when only small amounts of
electrolyte (e30 mM) are added. In contrast, the intensity of
hyper-Rayleigh scattering increases by at least an order of
magnitude in response to the same solution compositional
changes.36 We infer that HRS responds to much smaller
aggregates than does Rayleigh scattering. Note that for a
monodisperse collection of spheres, the smallest noncentrosym-
metric assemblies would be nonlinear trimers (e.g., triangles)
and compact tetramers (e.g., tetrahedra). We hope to evaluate
hyper-Rayleigh scattering from intentionally prepared low-
symmetry trimers and tetramers and from related samples that
lack centrosymmetry even at the single particle level.
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