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We report the observation of the reversible adsorption of core-shell gold-silver nanoparticles at the polarized
water/1,2-dichloroethane interface using the nonlinear optical technique of surface second-harmonic generation.
This study unambiguously demonstrates the excellent stability against aggregation of these core-shell
nanoparticles, namely, gold core nanoparticles coated with silver layers of variable thickness, in the presence
of an electrolyte salt like lithium chloride. Furthermore, it is also demonstrated that the adsorption of the
nanoparticles is reversible by modulating the applied potential at water/1,2-dichloroethane interface. The analysis
of these results is performed within the Debye-Hückel approximation of the electrostatic interactions between
the nanoparticles. This approach shows that the stability of core-shell nanoparticles can be attributed to the
formation of a silver oxide layer at the surface of the particles.

Introduction

Small metallic particles (SMP) like gold and silver particles
have received a large interest owing to their optical properties.
These properties are dominated by the collective excitation of
the free conduction band electrons of the particles known as
the surface plasmon resonance (SPR). The characteristics of this
resonance, namely, its energy and width, depend critically on
the material, the morphology, the size, the shape, the surface
charge, or the surrounding medium for instance.1,2 Tailoring
these nanomaterials and elaborating assemblies therefore open
new routes for the development of advanced functional materials
with desired optical, magnetic, and electronic properties. During
the past few years, intense efforts have been devoted to the
development of new techniques of synthesis to produce well-
dispersed SMP with variable size or shape, new theoretical
models accounting for the electronic and the optical properties
of these nanoparticles, and new experimental techniques to probe
isolated and assembled nanoparticles.3-9 Because of their
peculiar optical and electronic properties, core-shell and
homogeneous bimetallic gold-silver nanoparticles have also
attracted a particular attention to understand the electronic
properties of nanocomposite materials.10,11From an optical point
of view, the UV-vis photoabsorption spectra of homogeneous
bimetallic gold-silver nanoparticles strongly deviate from that
of core-shell gold-silver nanoparticles. In fact, a dispersed
solution of bimetallic gold-silver nanoparticles exhibits a single

plasmon resonance located at an energy between the SPR of
pure silver nanoparticles at 3.1 eV and pure gold nanoparticles
at 2.38 eV whereas a dispersed solution of core-shell gold-
silver nanoparticles exhibits two SPR located at 3.1 and 2.38
eV. This experimental feature is now well understood in terms
of Mie theory extended to core-shell nanoparticles.1,12-14

Although an increasing amount of work is being devoted to
the linear optical properties of nanoparticles, little attention has
been given to their nonlinear optical properties.15-18 Even
scarcer is the work reported of the nonlinear optical properties
of core-shell nanoparticles.19 Nonlinear optical techniques like
surface second-harmonic generation (SSHG) and sum frequency
generation (SFG) have gained popularity, however, as surface
probe to investigate systems like liquid/metal, air/liquid, and
liquid/liquid interfaces.20-27 This interest lies in the property
of even-order nonlinear optical processes which vanish in the
dipole approximation in media with inversion symmetry. As a
result, at interfaces between two centrosymmetric media like
liquids, the SHG process is allowed and highly surface specific.

In this work, we report the use of SHG to investigate the
adsorption of gold nanoparticles coated with variable thicknesses
of silver at the polarized water/1,2-dichloroethane interface.
Stock solutions of particles were prepared chemically prior to
their intoduction into the water phase. The potential control
between the two adjacent phases was externally controlled and
allowed for the observation of the controlled reversible adsorp-
tion of the core-shell nanoparticles. No aggregation was
observed for these composite core-shell particles and this
feature may be understood within a Debye-Huckel model of
the electrostatic interactions.

Experimental

Core-Shell Nanoparticles Synthesis.Tetrachloroauric acid
(HAuCl4, 3H2O, 99.9999%) and silver nitrate (AgNO3, 99.9999%)

† Part of the special issue “Kenneth B. Eisenthal Festschrift”.
* To whom correspondence should be addressed. Current address: Ecole

Normale Supe´rieure de Cachan, Laboratoire de Physique Quantique et
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were purchased from Aldrich. Citrate trisodium dihydrate
(Na3C6H5O7, 2H2O) and hydrochloric and nitric acids were
purchased from Fluka. All chemicals were used as received.
Prior to use, the glassware and the magnetic stirring beads were
thoroughly cleaned with freshly prepared aqua regia followed
by extensive rinsing with Millipore water (conductivity 0.8µS
cm-1).

Silver-coated gold nanoparticles were prepared with a variable
amount of silver in a two-step procedure as reported previ-
ously.19 Core-shell nanoparticles with a molar ratiox ranging
from 0 to 0.5 were synthesized and studied at water/1,2-
dichloroethane. The solutions were used as prepared without
further treatments.

Electrochemical Cell.Lithium chloride, bis(triphenylphos-
phorandylidene) ammonium chloride (BTPPACl), tetrabutyl-
ammonium chloride (TBACl), tetramethylammonium chloride
(TMACl), and 1,2-dichloroethane (DCE) were all purchased
from Fluka. Potassium tetrakis(4-chlorophenyl)borate (KTPBCl)
was purchased from Biosolved. The organic supporting salt
(BTPPATPBCl) was prepared by metathesis of bis(tri-
phenylphosphoranylidene ammonium chloride and potassium
tetrakis (4-chlorophenyl)borate in a 3:1 mixture of methanol
and water and then was recrystallized twice in acetone. A system
of four electrodes was designed to apply and control the potential
between the two immiscible liquids. The two counter electrodes
were made of platinum and the reference electrodes were made
of AgCl coated silver wires. The SHG experiments were
performed in a rectangular quartz cell obtained from Hellma.
The reference to the potential scale of the Galavani potential
difference∆o

wφ was defined using the standard ion transfer
potential of TMA+, the value of which is+0.160 V. Figure 1
gives a schematic of the experimental cell.

Nanoparticle Characterization. The UV-vis photoabsorp-
tion spectra of the different solution of silver-layered gold
particles were performed with a spectrophotometer (USB 2100,
Ocean Optics, United States) in the range 190-800 nm. The
final spectra were obtained by averaging over 600 spectra. The
size distribution of the pure gold and gold-silver core-shell
nanoparticles was determined by transmission electron micros-
copy (TEM) (CM20, Philips) and dynamic light scattering.
High-resolution transmission microscopy (HRTEM) (CM300,
Philips) was also performed to yield the thickness of the silver
layer. For all TEM measurements, a drop of the sample solution
was deposited on a copper grid and was dried under nitrogen
atmosphere in a glove box. The size distribution was obtained
from a collection of 300 particles belonging to 10 different
batches.

Nonlinear Optical Experiments. The rectangular quartz cell
(4 cm × 2 cm) was first filled with 12 mL of a 2.5 mM
BTPPATPBCl 1,2-dichloroethane solution. On top of this
organic phase, a volume of 8 mL of a 2.5-mL LiCl aqueous
solution was introduced. The core-shell nanoparticles were
introduced directly into this phase by direct addition of adequate
aliquots. The SHG experiments were performed with the idler
output of a Q-Switched Nd:YAG laser pumped optical para-
metric oscillator (OPO) delivering pulses of 20 mJ and 5-ns
duration at a wavelength of 1064 nm and a repetition rate of
10 Hz. The output signal from the OPO can be tuned from 770
to 1300 nm with an energy varying from 20 to 1.5 mJ depending
on the wavelength. The incident beam was collimated by a
telescope to a diameter of 3.5 mm and was directed with a
periscope onto the water/DCE interface through the organic
phase. The experimental angle between the incident beam and
the surface normal was about 69.5° and ensured that the
experiment was performed in a total internal reflection optical
geometry (TIR). A set of colored filters were used just before
the quartz cell to reject any second-harmonic light generated
from the optics placed before the cell. The reflected SHG signal
was then passed through a colored filter to reject light at the
fundamental wavelength and was focused with a lens onto the
entrance slit of a monochromator coupled to a fast response
photomultiplier tube (Hamamatsu, R928), the output signal of
which was sent to a gated boxcar averager. The fundamental
input and output polarization angles were controlled by a half-
wave plate on the entrance side and a UV-analyzer on the ouput
side of the setup. In all the experiments performed on the core-
shell nanoparticles at water/DCE and reported here, the funda-
mental and the harmonic light beams polarization state were
set parallel to the plane of incidence (linear p polarization state).

Results and Discussion

UV Photoabsorption Spectroscopy and TEM Imaging.
Figure 2a gives the UV-vis photoabsorption spectra of the gold
nanoparticle solution before and after silver coating. The SPR
for the aqueous pure gold nanoparticle solution occurs at 2.38
eV, a wavelength of about 520 nm. The regular increase of the
absorbance at energies above 2.58 eV, or wavelengths lower
than 480 nm, arises from the interband transitions. In the case
of the core-shell nanoparticles, a large increase of the absor-
bance is observed between 2.4 and 5 eV with the increasing
amount of silver deposited onto the surface of the gold
nanoparticles. The absorption spectra therefore present two broad
resonances located at 3.1 and 2.4 eV for these heterogeneous
particles. Because of the existence of two distinct metallic
phases, two SPR are observed at the energy location corre-
sponding to the location of the corresponding pure metal
particles. The low-energy resonance corresponding to the gold
SPR gradually shifts toward higher energies, eventually being
hidden by the large higher energy SPR of silver. Simultaneously,
the silver SPR increases and shifts to lower energies progres-
sively. The absence of a single SPR at an intermediate energy
position between the two SPR at 3.1 and 2.4 eV is a clear
indication of the absence of isolated alloyed gold-silver
nanoparticles in the solution that could be formed during the
silver reduction and deposition process. Alloying between silver
and gold could indeed occur by atomic interdiffusion because
of the similar atomic properties of these metals.28 Theoretical
approaches based on the Mie theory and its developments for
core-shell structures yield a good agreement further supporting
this analysis.12-14 For a dilute suspension of small metallic

Figure 1. Schematics of the electrochemical cell employed in the SHG
experiments. (RE DCE, reference electrode in DCE; CE DCE, counter
electrode in DCE; RE Water, reference electrode in water; CE Water,
counter electrode in water.)
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particles without any interaction between particles, the extinction
cross section for a particle if radiusR is given by13

whereεcore, εshell, andεm are, respectively, the dielectric functions
of the metal core, metal shell, and surrounding medium andf
is the volume fraction of silver layer. The resulting absorption
spectra calculated for different silver layer thicknesses are shown
in Figure 2b using the dielectric functions of the corresponding
bulk metals.29 No deposition or aggregation was observed for
these as-prepared sols and the solutions were stable for more
than 6 months. As described elsewhere,19 the gold nanoparticles
presented a near-spherical shape with an average size of 16 nm
as deduced from a statistical analysis of the TEM imaging and
further complemented by dynamic light-scattering measure-
ments. The solution was monodispersed with a standard
deviation of about 12%. With the growth of a silver layer shell,
the average diameter of the particles increased from 16 nm up
to 19.8 nm, see Table 1. High-resolution TEM measurements
were also performed on the silver shell-gold core particles,
see Figure 3. If the thin layer obtained for the Au0.9Ag0.1 is
barely seen, the layer obtained for the Au0.6Ag0.4 is clearly
observed with a slight variation of the thickness depending on
the gold crystal plane where the growth occurred.

Stability of Charged Nanoparticles.The stabilization of the
SMP is achieved electrostatically with the adsorption of ions
such as chloride or citrate. These adsorbed ions provide the
electrostatic repulsion required to avoid the process of aggrega-
tion between the nanoparticles. As a result, the double layer
formed at the interface between the particle and the solution

induces a modification of the dielectric properties of the
particles. However, the consequences on the energy location
of the SPR were not seen here, possibly hindered by other
phenomena like the effect of the surrounding solvent and its
correct description.30 In principle, any weakening of the
Coulombic interactions as compared to the van der Waals
attraction will cause the aggregation of the metal particles and
hence the modification of their optical properties through
electromagnetic coupling. In a suspension of aggregates, the
optical reponse strongly deviates from the model developped
for well-dispersed nanoparticles in solution. Different models
may be derived depending on the state of the aggregation, but
this suggests that the stability of metallic particle suspension
can be monitored through its optical spectrum.

In small metal particles, surface-bound ions determine the
electrostatic interactions between neighboring particles. Ag-
gregation is thus initiated by changes in the double layer like
the addition of a salt, for instance, sodium chloride or sulfate,
to screen the particle surface charge. Depending on the screening
efficiency,31 the van der Waals attractive contribution will be
overcome by the electrostatic repulsive part, leading to the
aggregation process. In electrochemistry, salts like lithium
chloride or sulfate are often used as supporting electrolytes. In
the perspective of the nonlinear optical experiments performed
in an electrochemical context, the effect of lithium chloride on
the stability of the gold and the gold-silver core-shell
nanoparticles was studied. First, variable amounts of lithium
chloride were added in the particle suspensions. Second, a fixed
concentration of 2.5 mM lithium chloride in an aqueous phase
was used, the latter corresponding to the salt concentration used
in a typical electrochemical cell at water/DCE for the aqueous
supporting electrolyte. For the suspension of pure gold nano-
particles, the evolution of the UV-vis absorbance with the
lithium chloride concentration is presented in Figure 4a. Initially,
with a salt concentration of 8 mM, the absorbance is decreased
and a new band appears at photon energies below 2 eV. At salt
concentrations exceeding 16.6 mM, the UV-vis absorption
spectrum is, however, dramatically modified with the almost
complete disappearance of the SPR and the simultaneous rise
of the new absorption band at energies below 2 eV. This new
low-energy band can be associated with the aggregation process
and the interparticle interactions. The latter process though has
a slow kinetics and after 10 min only is complete. No further
evolution of the spectrum is observed afterward at a higher salt

Figure 2. (a) UV-vis absorption spectra recorded for gold core-silver shell particles with a silver molar fraction ranging from 0 to 0.5. (Bottom
solid curve: seeding gold particles, dashed line curves: increasing amount of silver from 0.1 to 0.5). (b) Theoretical extinction cross section for
core-shell nanoparticles in the UV-vis range (from bottom to top: core-shell nanoparticles with silver molar fraction ranging from 0 to 0.5).

TABLE 1: Size Characteristics of Gold and Core-Shell
Nanoparticles

silver fraction average size/nm layer thickness/nm

0 16.0 0
0.1 17.1 0.5
0.2 17.9 1.0
0.3 18.7 1.3
0.4 19.8 1.9

Cext )
4πR2

εm
1/2

λ

[ (εshell - εm)(εcore- εm) + (1 - f)(εcore- εshell)(εm + 2εshell)

(εshell + 2εm)(εcore+ 2εshell) + (1 - f)(2εshell - 2εm)(εcore- εshell)]
(1)
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concentration. Within the same range of the lithium chloride
concentration, no dramatic evolution of the absorption spectrum
of the gold core-silver shell particle suspension is observed,
see Figure 4b. In this set of experiments, a suspension of Au0.6-
Ag0.4 was used. A salt concentration of 60 mM is required to
induce the start of the aggregation of the nanoparticles as
indicated by the start of the rise of the absorbance at photon
energies below 2 eV. Hence, compared to the gold nanoparticles
suspension, a better stability is observed for the core-shell
nanoparticles as compared to the pure gold ones. Considering
the mechanism of aggregation, this feature can be attributed to
a higher surface charge on the core-shell particles. Similarly,
the presence of a silver oxide layer reducing the van der Waals
interactions could play a nonnegligible role. These investigations
were repeated at the water/DCE interface with the nanoparticles
suspension used as the upper aqueous phase of the liquid/liquid
cell. This time, the salt concentration was held constant at 2.5
mM, the salt concentration used in the nonlinear optical
experiments coupled to the electrochemical measurements. The
UV-vis absorption measurements were performed with two

optical fibers connected to the spectrophotometer and employed
in a transmission mode right through the whole two-phase
system. The results obtained are displayed in Figure 5a and 5b.
In the case of the gold nanoparticle suspension, the aggregation
process does occur albeit with a slower kinetics. Ninety minutes
after the start of the experiment, the aggregation process is
clearly visible. This time, the absorption spectrum is modified
both at higher and lower photon energies compared to the SPR.
This feature arises from the measurement procedure. In the
previous geometry, large aggregates will sediment and move
downward away from the light path in the photoabsorption cell.
On the opposite, in the second configuration, the large ag-
gregates will sediment at the interface and therefore will remain
within the light path in the cell. The increase of the absorbance
at photon energies higher than the SPR one should be attributed
thus to the large aggregates. At photon energies around 2 eV,
the increase of the absorbance is similar in the two configura-
tions. The core-shell nanoparticle suspension presents a rather
different behavior. After 2000 min, no evidence for any
aggregation is observed, in particular at low photon energies

Figure 3. (a) HRTEM image of a core-shell particle with a silver molar fraction of 0.1. (b) HRTEM image of a core-shell particle with a silver
molar fraction of 0.4.

Figure 4. (a) Effect of the lithium chloride salt additions on the stability of the gold particle suspension as followed by UV-vis absorption
spectroscopy: solid line, gold particles without lithium chloride; dotted line, from top to bottom: 8, 17, and 32 mM lithium chloride concentration.
(b) Effect of the lithium chloride salt additions on the stability of Au0.6Ag0.4 particle suspension as followed by UV-vis absorption spectroscopy:
solid line, Au0.6Ag0.4 particles without lithium chloride; dotted line, from top to bottom: 8, 16, 32, and 66 mM lithium chloride concentration.
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around 2 eV. In the range of energies above 2.5 eV, a small
progressive decrease of the absorbance is observed. This feature
is difficult to describe. It is possible that long-range interactions
do occur between particles, enough to decrease the absorbance
in this range of energies in a way similar to the homogeneous-
phase aggregation process but not sufficiently to produce the
rise of a new band at low photon energies. In the liquid-liquid
configuration, additional complications must also be taken into
account like the effect of the interface or the solubility of the
particles in both phases, and these could play a nonnegligible
role. Nevertheless, these results obtained in two different
geometries for two different particle morphologies can be
understood in term of the changes of the surface charge retained
by the particles or the formation of a silver oxide layer at the
surface of the core-shell particles. In fact, the stability of
dispersed nanoparticles is governed by the surface charge and
on the extent of the electrical double layer.

The repulsive electrostatic pair potential between two charged
spheres large enough that the Debye-Hückel approximation
holds is given by the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory and writes32

wherex is the distance separation between the particles,Z is
the particle surface charge,R is the radius of the particle, and
κ is the inverse screening length. Also,ε0 is the permittivity of
the free space ande is the charge of the electron. This
electrostatic repulsive potential is compensated by an attraction
potential because of the van der Waals interactions. The
expression of this attractive potential is given by

whereAH is the Hamaker constant. The stability of the dispersed

suspension of nanoparticles will then depend on the total
interaction energy, namely,

To understand the discrepancy between the different stability
of the gold and the gold core-silver shell nanoparticles, the
total interaction energy has been estimated using the effective
charges of the particles determined using capillary electrophore-
sis. The Hamaker constants for the nanoparticles have been taken
from ref 33. In the same way, the estimated interparticle
potential functions are represented in Figure 6a and 6b expressed
in units ofkBT. For both the gold and the core-shell nanopar-
ticles, before the addition of the salt, the screening length is
estimated to be equal to 3.5 nm. Hence, without addition of the
lithium chloride salt, the repulsive interaction easily overcomes
the attractive one and no aggregation phenomenon occurs.
However, as observed in Figure 6a, addition of lithium chloride
severely reduces the height of the repulsive barrier. In the case
of the gold nanoparticles, the low surface charge cannot provide
a sufficient repulsive interaction and the aggregation process
cannot be avoided. On the opposite, for the core-shell particles,
the much stronger surface charge prevents the aggregation. The
deposition of the silver layer around the gold nanoparticles
increases the particle surface effective charge by a factor of
nearly 4 (62 for gold nanoparticles and 235 for Ag0.4Au0.6),
providing a better stabilization of the core-shell particles as
compared with the gold ones. This increase in surface charge
cannot be related to the much smaller increase in surface area
because of the larger radius of the particle. It has therefore to
be related to a higher surface density of citrate and chloride
anions. For the core-shell particles, the enhanced effective
charge allows the stability of the suspension with a final
screening length of about 1.5 nm. Finally, a silver oxide layer
may be formed at the surface of the core-shell particles. This
existence of this layer would change both the attractive and the
repulsive potentials together.

In the liquid/liquid configuration, the process of aggregation
is observed for the gold nanoparticles at concentrations of the
lithium chloride salt well below the concentrations required to

Figure 5. (a) Time evolution of the UV-vis absorption spectrum of gold nanoparticles at the water/DCE interface with a lithium chloride concentration
of 2.5 mM: solid line,t ) 0; dotted line,t ) 90 min; dashed line,t ) 720 min. (b) Time evolution of the UV-vis absorption spectrum of
Au0.6Ag0.4 particles at the water/DCE interface with a lithium chloride concentration of 2.5 mM: solid line,t ) 0; dotted line, from top to bottom:
t ) 90, 720, 1000, 1200, 2000 min.

VDLVO(x) ) Z2e2

ε0εm

e-κx

(1 + κR)x
(2)

VvdW(x) ) - AH[ 2R2

(x2 + 4Rx)
+ 2R2

x2 + 4Rx+ 4R2
+

ln( x2 + 4Rx

x2 + 4Rx+ 4R2)] (3)

VTotal(x) ) VDLVO(x) + VvdW(x) (4)
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induce the aggregation process in the homogeneous phase. This
feature may be related to the difference in solubility of the
nanoparticles in the two phases and also the different dielectric
properties of the aqueous and the organic phase. Furthermore,
the Hamaker constant is also dependent on the solvent where
the particles are dispersed. The strong difference in stability
between the two type of particles, and more particularly the
absence of aggregation observed for the gold core-silver shell
particles, suggests that it is possible to conduct optical experi-
ments at the polarized liquid-liquid interface without the
complication of aggregation.

SHG Studies at the Polarized Water/DCE Interface.The
study of the adsorption of the nanoparticles was then undertaken
at the polarized water/DCE interface. The Galvani potential
between the two phases was swept forward and backward from
0.55 to-0.20 V and the SHG experiments where conducted at
a harmonic wavelength in resonance with the SPR of the
dispersed nanoparticles. In this case, the SHG signal intensity
is enhanced.16 Previous works by Agarwal and Jha have
demonstrated in the past that this enhancement should occur
when{Re}ε(ω) + 2εm ) 0.34 The SH intensities were thus
measured at 2.39 eV (harmonic wavelength of 518 nm) and
2.53 eV (harmonic wavelength of 490 nm). The evolution of
the SH intensity with respect to the Galvani potential of the
water/DCE interface is displayed in Figure 7. As Galvani
potential is swept toward negative, the SH signal starts to appear
and reaches its maximum at the most negative potentials. This
feature has been observed for core-shell nanoparticles with
different silver mole fractions. On the opposite, if the Galvani
potential is swept positive, the SH intensity decreases back to
its background level close to zero. However, if the Galvani
potential is repeatedly swept back and forth negative to positive,
the first initial cycle for the SH intensity is repeated without
any loss in intensity. The SHG clearly shows a reversible nature
and an intensity controlled by the externally applied potential.
For the core-shell nanoparticles, no SH signal is observed at
energies lower than 2.3 eV corresponding to the energy of the
SPR of pure gold particles. These low energies correspond to
the range of energies where a new absorption band was observed
during the aggregation process in the homogeneous phase. It is
therefore concluded that aggregation is not occurring at the

polarized water/DCE interface and that the adsorption process
is indeed reversible. On the opposite, in the case of the gold
nanoparticles, an initial sweep of the galvanic potential toward
negative yields an increase of the SHG intensity followed by a
decrease when the potential is swept positive. However, no
further cycle may be performed since the SHG signal vanishes.
This vanishing of the SHG signal is attributed to the aggregation
process and the loss of the SPR enhancement. These results
clearly demonstrate that the better stability of the core-shell
nanoparticles allows the control through the applied potential
of the reversible adsorption of these nanomaterials owing to
the high surface charge held by the composite particles. At
negative Galvani potential differences, the particles are ac-
cumulated at the interface yielding an increase of the SHG
intensity, whereas for positive Galvani potential differences,
desorption of the particles yields the decrease of the SHG signal
intensity. This behavior suggests that the increase and decrease
of the SHG intensity is determined by the density of the particles
at the interface since the SHG intensity writes19-23

where I is the fundamental intensity andK is a constant

Figure 6. (a) Theoretical curves of the total potential of interaction between two particles in the presence of lithium chloride salt with different
concentrations for gold particles: From top to bottom: 0, 2.5, 8.3, 16.6, 32.3, 64 mM. (b) Theoretical curves of the total potential of interaction
between two particles in the presence of lithium chloride salt with different concentrations for core-shell particles: From top to bottom: 0, 2.5,
8.3, 16.6, 32.3, 64 mM, (solid lines) Au0.9Ag0.1 core-shell particles, (dashed lines) Au0.6Ag0.4 core-shell particles.

Figure 7. SHG intensity and Galvani potential difference as a function
of time at the water/DCE interface for (triangles) Au0.9Ag0.1 particles
and (circles) Au0.6Ag0.4 particles.

ISHG ) K|øS
(2)|2I2 (5)
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depending on the geometry of the experiment and the dielectric
constants of the two liquid phases. The susceptibility tensorøS

(2)

of the interface also writes

whereNs is the surface density of the particles and〈â〉 is the
hyperpolarizability of the nanoparticles. The averaging proce-
dure over all orientation may be required since the particles
may not be purely spherical and may have a pure dipolar
response.18 In absence of aggregation, the hyperpolarizability
may be assumed constant and therefore the SHG intensity should
scale as the square of the particle surface density. The observed
experimental SHG intensity is, though, not straightforward to
extract and relate to the particle surface density since the
potential dependence of the adsorption isotherm is not precisely
known.35 In the case of the gold nanoparticles, a similar behavior
is observed during the first cycle with the accumulation of the
particles at the interface. Because of the weakness of the
effective surface charge of these particles, aggregation is
initiated, however, inducing a red shift of the SPR. The SHG
intensity thus subsequently vanishes by loss of the resonance
enhancement and no further cycle may be observed.

Conclusions

Gold core-silver shell nanoparticles were chemically pre-
pared using a seeding procedure starting from pure gold particles
and were electrostatically stabilized. These nanoparticles present
an enhanced stability in aqueous solutions and at the water/
DCE interface as compared to the pure gold particles because
of a nearly 4-fold increase in surface charge and the possible
presence of silver oxide at the surface. SHG experiments were
performed demonstrating the reversible adsorption and desorp-
tion at the interface controlled by the externally applied potential
without any sign of aggregation. For gold nanoparticles, the
weakness of the surface charge quickly induced the aggregation
of the nanoparticles at liquid/liquid interface and the loss of
the SHG intensity precluding the observation of any reversibility.
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