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Abstract: Optical second-harmonic generation (SHG) is achieved using adsorbed gold nanoparti-
cles (AuNPs) with an average diameter of 16 nm at the aqueous solution–air interface in reflection. 
A detailed analysis of the depth profile of the SHG intensity detected shows that two contributions 
appear in the overall signal, one arising from the aqueous solution–air interface that is sensitive to 
the AuNP surface excess and one arising from the bulk aqueous phase. The latter is an incoherent 
signal also known as hyper-Rayleigh scattering (HRS). The results agree with those of an analysis 
involving Gaussian beam propagation optics and a Langmuir-like isotherm. Discrepancies are re-
vealed for the largest AuNP concentrations used and indicate a new route for the design of soft 
metasurfaces. 
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1. Introduction 
Frequency conversion, a process achieved routinely in nonlinear optics at the mac-

roscopic scale, requires new devices at the nanoscale to enhance efficiency. This process 
is achieved with metasurfaces offering opportunities in physics, chemistry, material 
science, or life sciences, for instance in applications of characterization methods or sens-
ing [1]. Metasurfaces are two-dimensional structures not found in nature composed of an 
array of sub-wavelength-sized elements, usually called meta-atoms, engineered to ma-
nipulate electromagnetic waves to achieve specific properties. Metasurfaces currently 
find applications in holography, beam steering, or imaging, for instance. Despite the 
diversity of metasurfaces obtained owing to the availability of materials and fabrication 
methods, some issues remain to be addressed, notably flexibility or reconfiguration. One 
promising design is the use of liquid interfaces to introduce soft metasurfaces [2]. Liquid 
interfaces can be polarized either externally using a potentiostat or chemically using a 
well-defined choice of supporting electrolytes to drive charge transfer reactions such as 
ion transfer, assisted ion transfer, or even heterogeneous dark or photo-electron transfer 
reactions [3,4]. The polarization can also be used to control the adsorption of not only 
molecules [5,6] but also of nanoparticles [7–11]. These controlled adsorption phenomena 
are very important for the control of the functionalization of these interfaces by molecu-
lar catalysts to drive for an oxygen reduction reaction, for example, [12–14] or by nano-
particles to reduce aqueous protons to hydrogen [15,16]. In this context, the structuring 
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of liquid interfaces via the adsorption of metallic nanoparticles is highly desired for its 
ability to simultaneously allow the benefits from the optical properties of these particles 
to be combined with the adsorptive control offered by the intrinsic interfacial properties 
of the liquid phase [17]. 

The plasmonic effects introduced via the adsorption of plasmonic nanoparticles can 
be observed at polarized liquid–liquid interfaces both in reflectivity [18] and pho-
to-current measurements [19]. This is a first step towards linear soft metasurfaces. 
However, it is important to propose new possibilities for these interfaces, perhaps with 
accompanying active functions like reactivity [20]. Due to their natural propensity to 
enhance electromagnetic fields, combined with their surface optical sensitivity, plas-
monic nanoparticles are also effective platforms for nonlinear optical spectroscopy tech-
niques. This propensity has been shown via investigations of liquid interfaces like liquid–
air or liquid–liquid interfaces, for example [21–24]. The simplest of the nonlinear optical 
processes is second-harmonic generation (SHG), whereby two photons at a fundamental 
frequency are converted into a single photon at the harmonic frequency [21,25]. Within 
electric dipole approximation, SHG is forbidden to occur in bulk centrosymmetric media 
and can only arise from interfaces between two such media where the centrosymmetry is 
broken [26]. However, incoherent SHG, also known as hyper–Rayleigh scattering (HRS), 
is still allowed to occur within centrosymmetric bulk media, but is generally not consid-
ered when coherent SHG is concerned because of its weak efficiency [27,28]. 

SHG experiments performed at liquid interfaces have already demonstrated their 
potential for use in structural studies, by yielding the surface coverage, surface molecular 
orientation or surface polarity through intensity, and light-polarization- or wave-
length-dependent measurements, for example [29,30]. Moreover, time-resolved studies 
have unraveled the characteristic durations for the dynamics of molecular processes to 
appear at the interface as well as for the kinetics of interfacial reactions to be observed 
[6,31–34]. Hence, the use of liquid interfaces is an intuitive method that can be used to 
design nonlinear soft metasurfaces. SHG is usually performed on flat, large-area liquid 
interfaces [35]. The use of curved surfaces has seldom been investigated in SHG because 
the interface itself may act as an optical element modifying the laser beam’s physical 
properties. Nevertheless, experiments on droplets, vesicles, and microspheres have been 
reported, as the aforementioned problems can be circumvented with the use of tight fo-
cusing conditions, for instance with microscope objectives. Indeed, the use of a droplet’s 
curved surface may represent an asset for the design of soft metasurfaces. Nanoscale 
droplets have also been investigated but require a different approach, usually considered 
through Mie theory [36]. 

SHG has been used to investigate metallic nanoparticles, especially of gold and sil-
ver [37], the optical responses of which are dominated by the collective excitation of the 
conduction band electrons in the visible part of the spectrum. The latter is known as lo-
calized surface plasmon resonance (LSPR). The origin and the different field contribu-
tions involved in the SHG response have been extensively discussed, and different ma-
terials have been used [38]. The field of linear and nonlinear flat metasurfaces is now well 
established. However, few works have reported on SHG studies of metallic nanoparticles 
adsorbed at liquid interfaces [39]. In the present work, we design soft nonlinear 
metasurfaces for use with SHG via the adsorption of gold nanoparticles (AuNPs) at an 
aqueous solution–air interface. We first determine the nature of the SHG signal retrieved 
using depth profiling and then determine the relationship between the SHG intensity and 
the AuNP average surface density. 
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2. Experimental Methods 
2.1. Chemicals 

All chemicals were used as received without further purification. All aqueous solu-
tions were prepared with ultra-pure water (Millipore Milli-Q, specific resistivity 18.2 
MΩ·cm). Potassium gold(III) chloride (KAuCl4, 98%) and sodium citrate dihydrate 
(Na3C6H5O7·2H2O, 98%) were purchased from Sigma-Adrich and Acros, respectively. 

2.2. Acquisition of Longitudinal SHG Intensity Profiles at AuNP-Modified Aqueous Solution–Air 
Interfaces 

The experimental set-up is outlined in Figure 1. A mode-locked Ti:sapphire laser 
(Spectra Physics, Tsunami, Santa Clara, USA) tuned to a wavelength of 810 nm and de-
livering pulses with a duration of about 80 femtoseconds at a repetition rate of 80 MHz 
was used as the laser source. The laser beam was focused at the surface of a 2 mm diam-
eter hanging droplet with a microscope objective (Olympus, X20, NA 0.40), and a 
low-pass filter was used to remove any residual light at the harmonic frequency gener-
ated before the cell. The fundamental beam was also chopped at a frequency slightly 
different from 50 Hz to allow a gated photon counting regime to remove the background 
photons. The second-harmonic photons produced by the aqueous droplets containing 
AuNPs were collected through a monochromator (Jobin-Yvon, TRIAX series 190) and 
detected by a sensitive photomultiplier. The scattered fundamental photons were re-
moved with a high-pass filter placed before the monochromator. The drop was obtained 
using a vertical thin capillary held by a manual piston burette (Metrohm) filled with the 
aqueous AuNP solution. This system allowed for the control of the size of the drop 
manually. However, the AuNP concentration of the solution could not be set continu-
ously and was therefore changed manually for each profile. The capillary was held on a 
translation stage (Physik Instrumente), permitting longitudinal scanning of the drop in 
the laser beam along the propagation direction. For each experiment, the drop was ini-
tially placed 0.5 mm above the microscope objective, the working distance of which was 
1.2 mm. 

 
Figure 1. Experimental set-up of the aqueous drop at the end of the capillary tube, this itself 
mounted on a vertical translation stage. The bottom air–aqueous drop interface and volume are 
illuminated with the fundamental beam of a femtosecond Ti-Sa laser at 810 nm, and the output 
SHG light is captured with a photomultiplier tube placed behind a monochromator. The light beam 
is focused and captured through the same objective (see the text for further details). Red line indi-
cates path of the fundamental beam whereas blue line indicates path of harmonic beam. 

2.3. Synthesis and Characterization of AuNPs 
AuNPs were synthesized following Turkevich’s method [40]. Briefly, an aqueous 

solution of 0.27 mM KAuCl4 (95 mL) was heated to its boiling point, and a 1% sodium 
citrate solution (5 mL) was added under vigorous stirring. Subsequently, the solution 
was heated for 1 h, and the resultant red solution was left to cool to room temperature. 
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Transmission electronic microscopy (TEM) was used to determine the size distribution of 
the nanoparticles. The particles had an average diameter of 16 nm with a standard devi-
ation of ca. 10%. The extinction spectrum of the 2 nM solution is provided in Figure 2 
alongside a TEM picture. 

 
Figure 2. Extinction spectrum for a 2 nM aqueous solution of 16 nm diameter gold nanoparticles 
(AuNPs), synthesized using Turkevich’s method. Insert: Transmission electron microscopy (TEM) 
of sample; the scale bar is 20 nm. 

3. Results and Discussion 
3.1. Longitudinal SHG Intensity Profile at a AuNP-Modified Aqueous Solution–Air Interface 
Prepared Using a Diluted Aqueous Solution of AuNPs 

Second-harmonic photons produced at a wavelength of λ = 405 nm were generated 
by irradiating a 2 mm diameter aqueous droplet containing a diluted solution of AuNPs 
with femtosecond laser pulses at λ = 810 nm and collected in retro-reflected mode with 
the same objective. The position of the interfacial region was moved incrementally 
through the beam focus, produced with the microscope objective, in a longitudinal di-
rection along the laser beam propagation pathway. Two distinct regions were identified 
in the resulting SHG intensity profile depending on the position of the beam waist, i.e., 
the beam portion of the highest intensity, for the neat water solution–air interface, a re-
gion of vanishing SHG intensity when the beam focus was in the air, and a region of 
non-vanishing SHG intensity when the beam focus was in the solution volume; see Fig-
ure 3. 
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Figure 3. SHG intensity profile, collected at 405 nm, of the aqueous solution–air interface as the 
position of the laser focal point was scanned from within and outside of a water droplet in the ab-
sence of AuNPs. The disks represent the experimental data and the red line represents the fit to the 
model (see Section 3.3). The parameter obtained from the model is 𝛼 = 0.5; see below. 

In particular, it is noted that the SHG signal captured in the absence of AuNPs was 
rather weak, leading to considerable noise. A region of high intensity at z > 0.40 mm, in-
dicating the presence of an SHG signal, was seen with the beam waist positioned in the 
bulk aqueous phase. A region of vanishing intensity at z < 0.40 mm, indicating the ab-
sence of SHG, was seen when the beam waist was located in air. See Figure 3 for the neat 
aqueous solution–air interface and Figure 4 to observe the low concentration of the 
aqueous solution with respect to the AuNPs. 

 
Figure 4. SHG intensity profile, collected at 405 nm, of the AuNP-modified aqueous solution–air 
interface as the position of the laser focal point was scanned from within and outside of a water 
droplet containing a 1:4 v/v dilution of a 2 nM aqueous solution measuring 16 nm in diameter 
AuNPs. At z > 0.40 mm, the laser beam waist was positioned in the bulk aqueous phase, and at z < 
0.40 mm, it was located in air. The disks represent the experimental data, and the red line repre-
sents the fit to the model (see Section 3.3). The parameter obtained from the model is 𝛼 = 1.65; see 
below. 

The localization of the beam waist at the interface was hence determined to be at 
location zI = 0.40 mm on the longitudinal displacement scale, as shown in Figure 3 and 4. 
The SHG signal collected in the bulk aqueous phase remained constant irrespective of the 
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movement of the beam waist away from the interface into the region of higher intensity. 
Thus, this SHG contribution originated from the bulk itself and is attributed to incoherent 
SHG or HRS produced within the aqueous phase and subsequently collected via the mi-
croscope objective in retro-reflection. However, at position zI = 0.40 mm, a peak was ob-
served that corresponded to the interface contribution, a spatial region where the cen-
trosymmetry was broken. 

3.2. Longitudinal SHG Intensity Profile at a AuNP-Modified Aqueous Solution–Air Interface 
Prepared Using an Undiluted (Stock) Aqueous Solution of AuNPs 

Metallic nanoparticles are known to lead to intense SHG, owing to their large first 
hyperpolarizability. Indeed, the latter is much higher than that reported for molecular 
organic chromophores, although the nanoparticle sizes should be taken into account for 
comparison [41,42]. 

The experimental SHG response recorded for a AuNP-modified aqueous solution–
air interface, using a 2 nM stock solution measuring 16 nm in diameter AuNPs, is shown 
in Figure 5. In agreement with previous reports of HRS from aqueous AuNP solutions, 
the incoherent SHG response collected in the bulk of the undiluted droplet was signifi-
cantly higher than that collected from a diluted droplet (see Figure 4). This feature 
stemmed from the linear dependence of the incoherent SHG intensity on the AuNP 
concentration. Adsorbed AuNPs at the interface produced an intense SHG signal that 
was observed in a thin spatial domain corresponding to a position where the interface 
was at, or near, the position of the beam waist. Note that NPs made from other materials 
like dielectric materials, and preferentially non-centrosymmetric materials, would also 
provide similar features, although metallic nanoparticles like AuNPs have large efficiency 
with respect to the process of SHG. Analogous to the description in Figures 3 and 4, no 
SHG signal is measured when the beam waist is in the air phase at a distance far enough 
from the liquid interface. However, the width of the SHG surface response is rather broad 
in the presence of a larger surface excess of AuNPs at the aqueous–air interface in com-
parison to that for the diluted aqueous droplet; see Figure 5 and a discussion below. 

 
Figure 5. SHG intensity, obtained at 405 nm, of the AuNP-modified aqueous solution–air interface 
as the position of the laser focal point was scanned in and out of a water droplet containing a 2 nM 
aqueous solution of 16 nm diameter AuNPs. At z > 0.40 mm, the laser beam waist was positioned in 
the bulk aqueous phase and at z < 0.40 mm, it was located in air. The disks represent the experi-
mental data, and the red line represents the theoretical model fitting (see Section 3.3). The param-
eter obtained from the model is 𝛼 = 7.9; see below. 
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3.3. Theoretical Model to Describe SHG Intensity Generated at AuNP-Modified Aqueous 
Solution–Air Interfaces 

A theoretical framework within which the SHG intensity profiles resulting from a 
neat aqueous solution–air interface, as well as from adsorbed AuNPs at an aqueous so-
lution–air interface, was thus developed. Within this theoretical model, the interface is 
defined as a region of finite thickness, e, a thickness smaller than the fundamental wave-
length. We assume that the incoherent SHG signal arising from the bulk aqueous phase 
cannot interfere with other SHG contributions, for example from the interface, as it is an 
incoherent contribution. The bulk contribution is indeed fully incoherent as the medium 
is centrosymmetric but undergoes instantaneous orientation fluctuations. Indeed, AuNPs 
are close to spherical but not strictly so (see Figure 2 and the TEM insert), and therefore 
possess a specific orientation. However, due to Brownian motion, this orientation differs 
from one NP to another and fluctuates over time. This contribution is therefore fully in-
coherent and is named hyper-Rayleigh scattering. The interfacial SHG signal thus arises 
from a very thin spatial region, thinner than the wavelength of the incoming fundamen-
tal beam. The phase of the electric field amplitude can be neglected as the integration 
length is of the order of 1 nm for molecular interfaces and 16 nm for adsorbed AuNPs. 
The fundamental laser beam was taken as a simple TEM00 Gaussian beam of intensity 
I(r,z) with a radial coordinate, r, and a longitudinal z dependence. In deriving the model, 
z0 is taken as the position of the beam waist relative to the interface itself located at zI and 
e is the interfacial thickness. Also, 𝛽ሺ𝑧ሻ is the first quadratic hyperpolarizability of water 
or AuNPs and 𝑁(𝑧) is the number of water or AuNPs per unit volume. The brackets, 
<…>, indicate orientational averaging. In the liquid phase, water or AuNPs are assumed 
to take on a random distribution, thereby neglecting correlation, whereas at the interface, 
this random orientation is no longer pertinent, and an orientational distribution breaking 
the centrosymmetry is introduced. Indeed, although AuNPs are close to spherical, when 
they sit at the interface, a nonlinear response results from their interaction with the in-
terface. The orientationally averaged surface and bulk hyperpolarizabilities must there-
fore be distinguished with a longitudinal 𝑧 dependence. Likewise, the molecule number 
density must also possess a similar longitudinal coordinate dependence to distinguish 
the surface and bulk densities. 

Several further assumptions were also applied to the model, describing SHG inten-
sity generated at AuNP-modified aqueous solution–air interfaces. First, the theory for 
SHG from Gaussian beams was assumed. Therefore, because the confocal parameter of 
the SHG wave was smaller than that of the fundamental wave by a factor of √2 [43], the 
harmonic beam was considered fully recaptured via reflection through the microscope 
objective. Second, the propagation of the harmonic beam was considered using the 
standard ABCD matrix optics for Gaussian beams. Thus, within the approximation of a 
Gaussian beam, the SHG intensity, 𝐼ௌுீ(𝑧), is given by Equation (1): 𝐼ௌுீ(𝑧) = 𝑔   〈𝑝(𝑧)𝑝∗(𝑧)〉𝑒ିே(௭)௭𝐼ଶ(𝑟, 𝑧)𝑑𝑧ାஶିஶ 𝑟𝑑𝑟  (1)

with 𝑝(𝑧) = ∑ 𝛽(𝑧)ே(௭)ୀଵ , where 𝑔 is a general constant and 𝑁(𝑧)𝐴𝑑𝑧 is the number of 
molecules in the slab of thickness 𝑑𝑧 and area A, the latter corresponding to the laser 
beam transverse section. Here, we use scalar quantities, as it is assumed that the polari-
zation states at the fundamental and harmonic frequencies are fixed, thereby defining the 
exact combination of the tensor elements involved. Nevertheless, it is not necessary to 
define those further at this stage. Finally, the Gouy phase, is neglected because of the 
small thickness of the interface with respect to the fundamental wavelength, as is the 
spatial phrase, and the harmonic light produced in the bulk phase is considered fully 
incoherent here. Also, 𝜅 = 2𝜅(𝜔) + 𝜅(2𝜔) is the effective molar extinction coefficient 
introduced to take into account the possibility of extinction of the fundamental and 
harmonic waves with the 𝜅(𝜔) and 𝜅(2𝜔) molar extinction coefficients, respectively. 
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Then, neglecting self-absorption, integrating Equation (1) over the radial 𝑟 and longitu-
dinal 𝑧 coordinates yields the following: 𝐼ௌுீ(𝑧) = 𝐺𝑁〈𝛽ଶ〉 ேೄమே 〈ఉೄమ〉〈ఉೇమ〉 ቄ𝑎𝑡𝑎𝑛 ቀ ௭௭ೃቁ − 𝑎𝑡𝑎𝑛 ቀ௭ି௭ೃ ቁቅ+ ቄగଶ − 𝑎𝑡𝑎𝑛 ቀ௭ି௭ೃ ቁቅ൨  (2)

where zR is the Rayleigh parameter of the fundamental beam after it is focused through 
the microscope objective and propagates across the aqueous solution–air interface. The 
determination of 𝑧ோ  may be performed using the conventional ABCD formalism for 
Gaussian beams, but can be also extracted via adjustments to the experimental data, as 
the latter bear information on the interfacial structure. A Rayleigh parameter of zR = 0.035 
mm was assumed in the liquid phase, and the interface thickness was set to same diam-
eter as the AuNPs of 16 nm. Likewise, the general constant, 𝐺, resulted from the inte-
gration of Equation (1) and embedded all remaining constants. 

The major parameter of the model, namely 𝛼 = 𝑁ௌଶ〈𝛽ௌଶ〉 𝑁〈𝛽ଶ〉⁄ , is the ratio of the 
surface to bulk hyperpolarizabilities multiplied by their corresponding molecular or 
nanoparticle concentrations. However, at the surface, because molecules are oriented a 
particular way, the concentration dependence is squared due to the coherent effects. Al-
so, due to the method, the interfacial width is convoluted with the Gaussian beam waist, 
whereas the interfacial thickness is expected to be in the nanometer range. Our theoretical 
model, as proposed, reproduces the experimental results of the AuNP-modified solution–
air interface prepared using a diluted AuNP solution rather accurately (see Figure 4) but 
some deviations appear for the undiluted AuNP solution (see Figure 5). 

3.4. Evolution of the α Parameter as a Function of the AuNP Concentration in the Aqueous 
Droplet 

The influence of the AuNP concentration in the aqueous droplet on the HRS inten-
sity and the consequent evolution of the α parameter was investigated by carrying out a 
series of dilutions of the 2 nM stock solution. The α parameter for the neat aqueous solu-
tion and each AuNP concentration investigated, obtained via the fitting of the theoretical 
model to the experimental data, is reported in Figure 6. A linear increase with the AuNP 
concentration at the interface was observed in the α parameter. 

 
Figure 6. Plot of the α parameter as a function of the concentration of the aqueous 16 nm diameter 
AuNP solution. The disks represent the experimental data, and the red line represents the linear 
adjustment. 

The HRS intensity is known to scale linearly with the AuNP concentration in the 
aqueous droplet. However, at the interface, the bulk phase centrosymmetry is broken in a 
direction normal to the interface, and the surface contribution is coherent at this point. 
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Hence, the orientational averaging procedure of 〈𝑝(𝑧)𝑝∗(𝑧)〉 must differ from that in the 
bulk phase. Therefore, this coherent contribution provides an 𝑁ௌଶ dependence to the α 
parameter. Using a simple Langmuir-like isotherm of the form 𝑁ௌ = 𝐾𝑁 (1 + 𝐾)⁄  with 
constant 𝐾, a linear dependence of the α parameter as a function of the bulk concentra-
tion, 𝑁, is indeed recovered at low values of the product 𝐾𝑁. Low values for this prod-
uct are expected because the AuNPs are known to be negatively charged and therefore 
do not have a propensity to adsorb easily at interfaces in the absence of a specific driving 
force. Interestingly, the slope of the line in Figure 6 provides the product of this constant, 𝐾, multiplied by the ratio of the hyperpolarizabilities, namely 𝐾ଶ〈𝛽ௌଶ〉 〈𝛽ଶ〉⁄ . Therefore, 
this ratio only depends on the surface and bulk hyperpolarizabilities, as well as their 
orientational averaging and the Langmuir constant. 

3.5. The Limits of the Values Obtained from the Adjustment Procedure 
As a final analysis, we discuss the limits of the values obtained from the adjustment 

procedure. In particular, the Gaussian beam Rayleigh parameter zR is assumed to be 
constant, as determined via the properties of the optical constant of the liquid phase and 
optical elements like the objective. However, it is known that due to the presence of me-
tallic nanoparticles, it is possible that higher-order nonlinear optical processes come into 
play, particularly Kerr effects and nonlinear refraction. Hence, it is possible that the 
Rayleigh parameter zR may change with concentration. This might be the reason why the 
results of adjustment procedure are not in very good agreement with the experimental 
data in Figure 5 on the decreasing edge of the SHG intensity profile. Interestingly, the 
rising edge of the profile remains well described with an invariant Rayleigh parameter, 
zR. It is also worth noting that the extinction of the 2 nM aqueous solution of 16 nm di-
ameter AuNPs was 0.56 for a 1 cm optical path length at 405 nm and 0 at 800 nm; see 
Figure 2. Hence, in these experiments, extinction certainly played some kind of role, no-
tably in the absorption of SHG light by the AuNPs themselves. However, it is unlikely to 
have been uniquely responsible for the decreasing edge of the SHG intensity profile. This 
point is further supported by the observation of a plateau in the SHG intensity profile for 
the deepest beam waist positions. If extinction had played the main role alone, the SHG 
intensity would have been lost altogether for these beam waist positions. Further work is 
therefore required to reveal the microscopic structure of these AuNP-modified aqueous–
air interfaces and their observed thickening in their SHG response. The proposed ex-
perimental approach herein provides an adequate method to achieve this goal. 

This system, consisting of adsorbed plasmonic AuNPs at a liquid interface, provides 
a new platform for nonlinear optics and, in particular, SHG. It appears that the SHG 
beam, captured in retro-reflection, is simply controlled through the volume concentration 
of the AuNPs and the detailed structure of the interface. This feature opens up perspec-
tives in the design of liquid interfaces as soft metasurfaces for nonlinear optics [44] as 
there are other possibilities to externally control the structure of the interface, for example 
through the application of an external electric potential or a second beam, with applica-
tions in areas like sensing [45]. 

4. Conclusions 
The SHG intensity profile of metallic AuNPs adsorbed at the aqueous solution–air 

interface is reported for different nanoparticle bulk concentrations. The obtained re-
sponses consist of an interfacial contribution superposed on the incoherent contribution 
from the bulk volume. A simple theoretical model is derived to account for these obser-
vations. The major parameter of this model is the ratio between the contributions from 
the surface to the bulk volume. The presence of AuNPs at the interface induces a strong 
SHG response that is then easily disentangled from that of the volume. Furthermore, in 
agreement with the results of our theoretical model, the surface response is such that the 
α parameter varies linearly with the bulk volume concentration of AuNPs in the aqueous 
droplet, a regime in which the number of particles per unit surface at the interface is ra-
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ther small. Interestingly, at high AuNP concentrations, deviation from the model is 
identified, opening up a possible avenue in which to investigate the microscopic struc-
ture of these interfaces. 

Author Contributions: Conceptualization, H.H.G. and P.-F.B.; methodology, P.-F.B. and 
C.J.; investigation, D.S., A.M., F.G. and P.F.B.; data analysis, M.D.S., D.S. and C.J.; writ-
ing—original draft preparation, A.M. and P.-F.B.; writing—review and editing, all au-
thors. All authors have read and agreed to the published version of the manuscript. 

Funding: The Swiss National Science Foundation (SNSF), the EPFL, and the NCCR Must 
project are gratefully acknowledged for their support. PFB is particularly grateful to the 
SNSF and EPFL for the facilitation of a visiting professorship and for funding from the 
Agence Nationale de la Recherche under contract RACINE (ANR-17-CE24-0029-03) and 
METATRAP (ANR-22-CE09-0011-01). 

Data Availability Statement: All data available from authors upon request. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. Krasnok, A.; Tymchenko, M.; Alù, A. Nonlinear metasurfaces: a paradigm shift in nonlinear optics. Mater. Today 2018, 21, 8–21. 
2. Walia, S.; Shah, C.; Gutruf, P.; Ahmadabadi, H.N.; Chowdhury, D.; Withayachumnnankul, W.; Bhaskaran, M.; Sriram, S. 

Flexible metasurfaces and metamaterials: A review of materials and fabrication processes at micro- and nano-scales. Appl. Phys. 
Rev. 2015, 2, 011303. 

3. Samec, Z. Electrochemistry at the interface between two immiscible electrolyte solutions. Pure Appl. Chem. 2004, 76, 2147–2180. 
4. Girault, H.H. Electroanalytical Chemistry, A Series of Advances; Bard, A.J., Zoski, C.G., Eds.; CRC Press: Boca Raton, FL, USA, 

2010; Volume 23, pp. 1–104, 5 Character 1. 
5. Higgins, D.A.; Corn, R.M. Second harmonic generation studies of adsorption at a liquid-liquid electrochemical interface. J. 

Phys. Chem. 1993, 97, 489–493. 
6. Ruiz-Lopez, M.F.; Francisco, J.S.; Martins-Costa, M.T.C.; Anglada, J.M. Molecular reactions at aqueous interfaces. Nat. Rev. 

Chem. 2020, 4, 459. 
7. Bera, M.K.; Chan, H.; Moyano, D.F.; Yu, H.; Tatur, S.; Amoanu, D.; Bu, W.; Rotello, V.M.; Meron, M.; Kral, P.; Lin W.; Schoss-

man, M.L. Interfacial localization and voltage-tunable arrays of charged nanoparticles. Nano Lett. 2014, 14, 6816−6822. 
8. Scanlon, M.D.; Smirnov, E.; Stockmann, T.J.; Peljo, P. Gold Nanofilms at Liquid−Liquid Interfaces: An Emerging Platform for 

Redox Electrocatalysis, Nanoplasmonic Sensors, and Electrovariable Optics. Chem. Rev. 2018, 118, 3722−3751. 
9. Abid, J.-P.; Abid, M.; Bauer, C.; Girault, H.H.; Brevet, P.-F. Controlled Reversible Adsorption of Core-Shell Metallic Nanopar-

ticles at the Polarized Water/1,2-Dichloroethane Interface Investigated by Optical Second-Harmonic Generation. J. Phys. Chem. 
C 2007, 111, 8849–8855. 

10. Flatte, M.E.; Kornyshev, A.A.; Urbakh, M. Understanding voltage-induced localization of nanoparticles at a liquid–liquid 
interface. J. Phys. Condens. Matter 2008, 20, 073102. 

11. Flatte, M.E.; Kornyshev, A.A.; Urbakh, M. Electrovariable Nanoplasmonics and Self-Assembling Smart Mirrors. J. Phys. Chem. 
C 2010, 114, 1735–1747. 

12. Opallo, M.; Dusilo, K.; Warczak, M.; Kalisz, J. Hydrogen Evolution, Oxygen Evolution, and Oxygen Reduction at Polarizable 
Liquid|Liquid Interfaces. ChemElectroChem 2022, 9, e202200513.  

13. Ozel, F.; Aslan, E.; Sarilmaz, A.; Patir, I.H. Hydrogen Evolution Catalyzed by Cu2WS4 at Liquid-Liquid Interfaces. ACS Appl. 
Mater. Interfaces 2016, 8, 25881−25887. 

14. Olaya, A.J.; Schaming, D.; Brevet, P.-F.; Nagatani, H.; Zimmermann, T.; Vanicek, J.; Xu, H.-J.; Gros, C.P.; Barbe, J.-M.; Girault, 
H.H., Self-Assembled Molecular Rafts at Liquid|Liquid Interfaces for Four-Electron Oxygen Reduction, J. Am. Chem. Soc. 2012, 
134, 498–506. 

15. Aslan, E.; Patir, I.H. Catalysis of hydrogen evolution reaction by in situ electrodeposited amorphous molybdenum sulfide at 
soft interfaces. Mater. Today Energy 2021, 21, 100742. 

16. Xuan, Y.; Huang, X.; Su, B. Biomimetic Oxygen Reduction Reaction Catalyzed by Microperoxidase-11 at Liquid/Liquid Inter-
faces. J. Phys. Chem. C 2015, 119, 11685−11693.  

17. Huang, C.; Cui, M.; Sun, Z.; Liu, F.; Helms, B.A.; Russel, T.P. Self-Regulated Nanoparticle Assembly at Liquid/Liquid Inter-
faces: A Route to Adaptive Structuring of Liquids. Langmuir 2017, 33, 7994–8001. 

18. Hojeij, M.; Younan, N.; Ribeaucourt, L.; Girault, H.H. Surface plasmon resonance of gold nanoparticles assemblies at liq-
uid|liquid interfaces. Nanoscale 2010, 2, 1665–1669. 

19. Schaming, D.; Hojeij, M.; Younan, N.; Nagatani, H.; Lee, H.J.; Girault, H.H. Photocurrents at polarized liquid|liquid interfaces 
enhanced by a gold nanoparticle film. Phys. Chem. Chem. Phys. 2011, 13, 17704–17711. 

20. Zaera, F. Surface chemistry at the liquid/solid interface. Surf. Sci. 2011, 605, 1141–1145. 



Photonics 2024, 11, 789 11 of 11 
 

 

21. Eisenthal, K.B. Liquid Interfaces Probed by Second-Harmonic and Sum-Frequency Spectroscopy. Chem. Rev. 1996, 96, 1343–1360. 
22. Tadjeddine, A.; Pluchery, O.; Le Rille, A.; Humbert, C.; Buck, M.; Peremans, A.; Zheng, W.Q. What can we learn from the 

non-linear optical investigation of the liquid|solid interface? J. Electroanal. Chem. 1999, 473, 25–33. 
23. Liu, J.; Subir, M.; Nguyen, K.; Eisenthal, K.B. Second harmonic studies of ions crossing liposome membranes in real time. J. 

Phys. Chem. B 2008, 112, 15263–15266. 
24. Roke, S. Nonlinear Optical Spectroscopy of Soft Matter Interfaces. Chem. Phys. Chem. 2009, 10, 1380–1388. 
25. Corn, R.M.; Higgins, D.A. Optical second harmonic generation as a probe of surface chemistry. Chem. Rev. 1994, 94, 107–125. 
26. Brevet, P.F. Surface Second Harmonic Generation, Presses Polytechniques et Universitaires Romandes: Lausanne, Switzerland, 

1997. 
27. Clays, K.; Persoons, A. Hyper-Rayleigh scattering in solution. Phys. Rev. Lett. 1991, 66, 2980–2983. 
28. Zyss, J.; Van, T.C.; Dhenaut, C.; Ledoux, I. Harmonic rayleigh scattering from nonlinear octupolar molecular media: the case of 

crystal violet. Chem. Phys. 1993, 177, 281–296. 
29. Nagatani, H.; Piron, A.; Brevet, P.-F.; Fermín, D.J.; Girault, H.H. Surface Second Harmonic Generation of Cationic Wa-

ter-Soluble Porphyrins at the Polarized Water/1,2-Dichloroethane Interface. Langmuir 2002, 18, 6647–6652. 
30. Nagatani, H.; Samec, Z.; Brevet, P.-F.; Fermín, D.J.; Girault, H.H. Adsorption and Aggregation of me-

so-Tetrakis(4-carboxyphenyl)porphyrinato Zinc(II) at the Polarized Water|1,2-Dichloroethane Interface. J. Phys. Chem. B 2003, 
107, 786–790. 

31. Antoine, R.; Tamburello-Luca, A.A.; Hébert, P.; Brevet, P.F.; Girault, H.H. Picosecond dynamics of Eosin B at the air/water 
interface by time-resolved second harmonic generation: orientational randomization and rotational relaxation. Chem. Phys. Lett. 
1998, 288, 138–146. 

32. Piron, A.; Brevet, P.F.; Girault, H.H. Surface second harmonic generation monitoring of the anion methyl orange during ion 
transfer reactions across a polarised water∣1,2-dichloroethane interface. J. Electroanal. Chem. 2000, 483, 29–36. 

33. Rinuy, J.; Piron, A.; Brevet, P.F.; Blanchard-Desce, M.; Girault, H.H. Intramolecular Electron Density Redistribution Upon 
Hydrogen Bond Formation in the Anion Methyl Orange at the Water/1,2-Dichloroethane Interface Probed by Phase Interfer-
ence Second Harmonic Generation. Chem. Eur. J. 2000, 6, 3434–3441. 

34. Punzi, A.; Martin-Gassin, G.; Grilj, J.; Vauthey, E. Effect of Salt on the Excited-State Dynamics of Malachite Green in Bulk 
Aqueous Solutions and at Air/Water Interfaces: A Femtosecond Transient Absorption and Surface Second Harmonic Genera-
tion Study. J. Phys. Chem. C 2009, 113, 11822–11829. 

35. Guyot-Sionnest, P.; Shen, Y.R. Local and nonlocal surface nonlinearities for surface optical second-harmonic generation. Phys. 
Rev. B 1987, 35, 4420–4426. 

36. Dadap, J.I.; Shan, J.; Eisenthal, K.B.; Heinz, T.F. Second-Harmonic Rayleigh Scattering from a Sphere of Centrosymmetric 
Material. Phys. Rev. Lett. 1999, 83, 4045–4048. 

37. Tsuboi, K.; Kajikawa, K. Arrays of microdots of gold nanoparticles immobilized above gold surface probed by optical sec-
ond-harmonic microscopy. Appl. Phys. Lett. 2006, 88, 103102–103103. 

38. Nappa, J.; Revillod, G.; Russier-Antoine, I.; Benichou, E.; Jonin, C.; Brevet, P.F. Electric dipole origin of the second harmonic 
generation of small metallic particles. Phys. Rev. B 2005, 71, 165407. 

39. El Harfouch, Y.; Benichou, E.; Bertorelle, F.; Russier-Antoine, I.; Jonin, C.; Lascoux, N.; Brevet, P.-F. Effect of a thioalkane cap-
ping layer on the first hyperpolarizabilities of gold and silver nanoparticles. J. Phys. Condens. Matter 2012, 24, 124104. 

40. Turkevich, J.; Stevenson, P.C.; Hillier, J.J. A study of the nucleation and growth processes in the synthesis of colloidal gold. 
Discuss. Faraday Soc. 1951, 11, 55–75. 

41. Vance, F.W.; Lemon, B.I.; Hupp, J.T. Enormous Hyper-Rayleigh Scattering from Nanocrystalline Gold Particle Suspensions. J. 
Phys. Chem. B 1998, 102, 10091–10093. 

42. Russier-Antoine, I.; Jonin, C.; Nappa, J.; Benichou, E.; Brevet, P.F. Wavelength dependence of the hyper Rayleigh scattering 
response from gold nanoparticles. J. Chem. Phys. 2004, 120, 10748–10752. 

43. Boyd, R.W. Nonlinear Optics; Academic Press: New York, NY, USA, 2008. 
44. Behel, Z.; Mugnier, Y.; Le Dantec, R.; Chevolot, Y.; Monnier, V.; Brevet, P.F. Controlled Second Harmonic Generation with 

Optically Trapped Lithium Niobate Nanoparticles. Nano Lett. 2024, 24, 5699–5704. 
45. Li, W.; Zhao, W.; Cheng, S.; Zhang, H.; Yi, Z.; Sun, T.; Wu, P.; Zeng, Q.; Raza, R. Tunable metamaterial absorption device based 

on Fabry–Perot resonance as temperature and refractive index sensing. Opt. Lasers Eng. 2024, 181, 108368. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content. 


