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ABSTRACT

Gold nanoparticles are widely used in sensing, notably in colorimetry-based methods, where a
color change is associated to the Surface Plasmon Resonance peak shift due to a binding event or
an environment modification in the vicinity of the nanoparticles. In this work, we explore the
sensitivity of the Second Harmonic response from gold nanoparticles of two different diameters
as this response stems principally from the nanoparticle surface at small sizes as opposed to the
whole volume of the nanoparticle at larger sizes. The origin of this response is therefore different
from that involved in the colorimetric response, the latter being of volume origin. Upon addition
of Glycerol to an aqueous solution of nanoparticles, Surface Plasmon Resonance peak shifts are
first observed but they cannot fully explain the Second Harmonic intensity changes recorded.
Hence, in order to gain further insights into the origin of the changes observed in the experimental
data, polarization-resolved Second Harmonic measurements are performed. A mechanism where
first a modification of the first hyperpolarizability of the nanoparticles due to the presence of
glycerol occurs followed by nanoparticle aggregation is then proposed. The potential alternative
use of this nonlinear optical method of Second Harmonic scattering for sensing purposes is then

discussed in light of a figure of merit proposed to describe the sensing sensitivity observed.



1. INTRODUCTION

Sensitive and quantitative detection of chemical or biological compounds is currently of utmost
importance in many applications, from biomedical or forensic sciences to environmental studies.
Among the diverse methods available to date, gold nanoparticles (AuNPs) based sensors are
attracting a lot of attention due in particular to the AuNPs properties like high surface-to-volume
ratio or tunable optical properties.[1-3] These properties can be easily tailored through changes of
the AuNPs size or shape in view of the sensor applications targeted.[4, 5] Among the different
methods involving AuNPs, optical ones have retained a lot of attention as they enable simple
experimental designs. AuNPs exhibit Localized Surface Plasmon Resonances (LSPR) resulting
from the interaction of the incident light with the conduction band electrons.[6] Hence,
colorimetric methods based on linear optical extinction have been proposed with success.[7-10]
Such LSPR based sensing methods rely on the spectral properties of the LSPR and the ability to
modify them through the sensing process, in particular through a change of the surrounding

medium refractive index.[11]

Within this context of sensing, nonlinear optics based sensors are promising owing to the
dependence of the sensor response to higher powers of the incident light intensity as opposed to
the above described linear optical methods like extinction and scattering, where the response is
linear with the incident light intensity.[12] For instance, Third Harmonic Generation (THG),
namely the conversion of three photons into a single photon at the sum energy, has yielded in
simple plasmonic antennas limits of detection of the order of An ~ 1073 where 4n is the
surrounding medium refractive index change.[13, 14] Also, the nonlinear optical response stems

from the surface as opposed to the volume for even order nonlinear processes. A greater sensitivity



is thus expected along with better limits of detection in the latter case. Therefore, Second Harmonic
Generation (SHQG), the quadratic nonlinear optical phenomenon whereby two incident photons are
annihilated and a single photon at the sum energy emitted is attracting interest due to its inherent
surface origin when performed with gold nanoparticles (AuNPs). [14, 15] In its most simple
design, the SHG signal is scattered from an AuNPs aqueous suspension, a phenomenon called
Hyper Rayleigh Scattering (HRS). It has been widely described for Au spheres, rods or prisms[16-
18] for NPs sizes ranging from 150 nm down to 2.5 nm and Au nanoclusters where the LSPR
vanishes due to the loss of the metallic character.[19] However, it is though of utmost importance
to assess the exact origin of the HRS response because competing processes may dominate instead
of the expected surface response. This is the case of aggregation that can occur when the stability
of the nanoparticles suspension is broken. Similarly to colorimetric methods, HRS sensing can still
be based on the LSPR spectral shift. In this case, the gain lies in the power dependence of the
observed intensity with the LSPR spectral shift. The HRS intensity remains nevertheless weak. A
possibility is thus to define a figure-of-merit (FoM) less prone to intensity fluctuations.[3, 20] The
latter can be defined as the ratio between the sensitivity, namely the LSPR shift in nanometers
divided by the refractive index change and the full width at half maximum (FWHM) as proposed
by Sherry et al..[21] It has been shown that sensing based on multipolar LSPR resonant SHG can
already enhance the sensitivity but that the above defined FoM allows to identify an optimal size

for the spherical nanoparticles depending on the material, gold or silver for instance.[22]

In the present work, the potential for sensing of AuNPs in the context of HRS is investigated
further using a water-glycerol mixture as the surrounding medium. The standard right-angle HRS

configuration is used and the study is devoted to the intensity and polarization analysis of the



response. The first part of our study focuses on the mechanisms involved as glycerol is introduced
into an aqueous suspension of gold nanoparticles and the origin of the response is assessed. In
particular, the role of nanoparticle surface changes and aggregation are discussed as well as the
role of the LSPR spectra shift in the HRS intensity and polarization changes. In the second part,
the sensitivity to the refractive index change is discussed in view of sensing purposes. Two gold
nanoparticle sizes were selected, namely 40 nm and 100 nm diameter nanoparticles. The smaller
40 nm nanoparticles are expected to possess a nonlinearity of surface origin whereas the larger

100 nm ones are expected to have a dominant volume origin for their nonlinearity [14, 18].

2. EXPERIMENTAL

Citrate stabilized AuNPs with a mean diameter of 40 and 100 nm were purchased (BBI Solutions)
and used as received. To change the refractive index, water-glycerol mixtures were prepared from
ultra-pure water (MilliQ Millipore, resistivity 18 MQ) and glycerol (Archem Sp. z 0. 0.). The
solution refractive index was measured on an Abbe refractometer for the sodium D-line at 1 =
589 nm. The UV-Visible extinction spectra were measured on a standard spectrophotometer

(Jasco, model V670).

The Hyper Rayleigh Scattering setup has been described elsewhere.[14] Briefly, the laser beam of
a Ti:Sapphire femtosecond laser operating at the wavelength of 820 nm with pulse length of about
140 fs and repetition rate of 80 MHz was gently focused with a X16 objective into the fused silica
cell. A low bandpass filter was placed prior to the objective to remove any unwanted SHG light

generated prior to the cell. The average input power was kept at about 300 mW. The SHG intensity



was collected at right angle with a CCD camera placed after a spectrometer. Polarization analysis
was performed with a half-wave plate and a cube polarizer to select the polarization of the scattered
harmonic light, either vertically or horizontally linearly polarized, while preserving the
polarization of the detected light and a second half-wave plate was placed on the fundamental
beam path to select the linear input polarization angle. Long bandpass filters were placed right
after the cell to remove any unwanted spurious fundamental scattered light. Absorbances were

always kept low enough in order to avoid any spurious higher order nonlinear effects.

3. RESULTS AND DISCUSSION

Spherical AuNPs with two different sizes, namely 40 and 100 nm diameter, were studied to
investigate the role of the NP size. Here, we have focused on spherical nanoparticles in order to
perform through the two different sizes a comparison of the surface to volume origin of the
nonlinearity. Other shapes are possible but would further complexify the present analysis.
Different amounts of glycerol were added to the AuNPs aqueous solutions resulting in samples
containing from 0 up to 75 volume percent of glycerol. Because the solutions were purchased as
aqueous suspensions and to prevent a too large dilution of the nanoparticles, 75 volume percent
of glycerol was chosen as the upper limit for the glycerol content. A simple analysis of the optical
index as a function of the glycerol content with the Lorentz-Lorenz equation underlined the
ideality of the mixed water-glycerol system within the range of glycerol volume content studied,
see Figure S1 in Supplementary File.[23] The UV-Visible extinction spectra were collected to
observe the red-shift of the LSPR peak along with the extinction increase on the red side of the
spectra as the glycerol content increases, resulting in a change of the solvent refractive index, see

Figures 1(a),(b). As expected, the position of the LSPR peak red-shifted linearly with increasing



glycerol content as the refractive index of the solution increased, see Figures S2(a)-(d). Also, for
the 40 nm diameter gold nanoparticles, aggregation is observed through the increase of the
extinction cross-section at 800 nm, a feature not so prominent for 100 nm diameter gold
nanoparticles due to the broadening of the LSPR for this nanoparticle size hiding this
phenomenon. No change in cross-section is observed at the harmonic wavelength, neither 395 nm
nor 410 nm, for 40 nm diameter gold nanoparticles whereas a weak change occurs for 100 nm
diameter ones, a small decrease around 400 nm and a small increase at the fundamental

wavelength of 800 nm.
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Figure 1: Normalized UV-Visible extinction spectra for (a) 40 nm and (b) 100 nm AuNPs
nanosphere diameter for two different glycerol percent fraction, (red) pure water solution, (black)

2/3 glycerol volume fraction.

The HRS intensity from the different AuNPs sample solutions was then collected for the 790 nm
and 820 nm fundamental wavelengths, resulting in an HRS wavelength at 395 nm and 410 nm

respectively, see Figures 2(a)-(b) for the two nanoparticle diameters of 40 nm and 100 nm. The



intensity was renormalized for the nanoparticle content as glycerol addition into the aqueous
AuNPs solutions leads to dilution. This renormalization procedure did not signficantly affect the
observed features in Figures 2(a)-(b) but was deemed necessary for further quantitative analysis.
No significant differences in intensity behaviour were observed between the two 790 nm and 820
nm fundamental wavelengths. Results at 820 nm are therefore exhibited below, see
Supplementary Information file Figures S3(a)-(b), for data collected at 790 nm fundamental

wavelength.
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Figure 2: HRS intensity measured at 820 nm fundamental wavelength for (a) 40 nm and (b) 100
nm spherical AuNPs dispersed in water-glycerol mixtures with different glycerol additions. HRS
intensities are renormalized for nanoparticles concentration. (Black dashed): adjusted curve using

the model described below.

From the observed HRS intensity, three main features are observed. First, a sharp decrease of the
HRS intensity is observed at extremely small glycerol content followed by a recovery as the
glycerol content increases. These two features are observed for both the 40 nm and 100 nm

diameter gold nanoparticles whereas a third feature is observed for 100 nm diameter nanoparticles,



namely a decrease of the HRS intensity when the glycerol volume fraction gets larger than that of
water. To rationalize these features into physical mechanisms, the role of the LSPR peak shift must
be discussed beforehand. The SHG response from small metallic nanoparticles like gold or silver
nanoparticles can be described within the Mie theory. In this context, the response essentially
stems from the nanoparticle surface but local fields and their associated Mie resonances must be
taken into account. Electric dipole E1 and quadrupole E2 resonances associated to the
corresponding modes must be considered.[22-25] The pure electric dipole and quadrupole

responses, respectively I, and Iy, are of the following form [25]:

1 2 1 4

Ip = KlﬁDlz [SAu(410nm)+285] [eAu(BZOnm)+ZeS] ()
2 1 2 1 4

lo = K|ﬁQ| [ZeAu(410nm)+385] [sAu(BZOnm)+Zes] (1%)

where f, and 8, are two parameters scaling the nanoparticle surface response and &4,, and & are
the dielectric constants of gold [26] and the water-glycerol solvent. The constant k accounts for
all other parameters except the local field factors, strongly refractive index dependent, that are
made explicit. In principle, fp and S, are identical, both stemming from the AuNPs surface
response. Note that in Eq.(1b), only the quadrupole response at the harmonic frequency is
considered as the latter is susceptible to resonance enhancement due to the proximity of the
harmonic wavelength with the electric quadrupole resonance wavelength. Figure 3 shows the

evolution of the dipolar and quadrupolar responses I, and I, with respect to the refractive index



of the surrounding medium, plotted according to Egs.1(a)-(b). It appears that both I, and I,
intensities are slowly decreasing over the whole range of the glycerol-water mixture refractive
index whereas the HRS experiments exhibit the reverse, see Figures 2, and at least partially for the
100 nm diameter AuNPs. Thus, it is concluded that the change of the refractive index of the
surrounding medium is not responsible for the observed experimental behaviour, except possibly
for the 100 nm diameter AuNPs at refractive indices larger than 1.40. It is also noted that at very
low glycerol contents, the drop in HRS intensity is abrupt as opposed to the general behaviour
observed over the whole range of the refractive index change. The latter drop is therefore not

related to the refractive index change either.
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Figure 3: Normalized theoretical (black) dipolar and (red) quadrupolar response to the SHG

intensity as a function of the refractive index change of the mixed water-glycerol solvent.
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Hence, to explain the behaviour observed experimentally, the following mechanisms are
introduced, in line with previous works.[27] First, at very low glycerol content, it is expected that

the surface hyperpolarizability of the nanoparticles is modified according to the following law :

Bm = Bom + A.Be_a[n_nW] (2)

where the second term is the change of the surface hyperpolarizability with the glycerol content
through the solution optical index n, whereas that of neat water is ny,, and Sy, and fy,, + AP are
the first hyperpolarizability of a gold nanoparticle in glycerol and water respectively. An
exponential decrease scaling with the parameter « is introduced in an ad-hoc fashion in order to
distinguish the local changes at the nanoparticle surface at very low glycerol content as compared
to the solvent optical index changes effectively accounted for with the above Egs.1(a)-(b) and
Figure 3. The local glycerol interaction with the nanoparticle surface saturates at high enough
glycerol content. Second, and in agreement with the increase of extinction for the 40 nm diameter
nanoparticles around 800 nm, see Figure 1(a), slow aggregation is observed. The latter
phenomenon is described with an equilibrium constant between nanoparticle monomers and
dimers with an equilibrium constant, the scaling of which is linearized with respect to the solution
optical index due to the rather weak aggregation strength. As a result, the HRS intensity is given

by :

Iyrs = G[Np(BE) + Na(B3)] (3)
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In Eq.(3), N,,, and N, are the monomer and dimer concentrations and (82 and (3) the square of
their first hyperpolarizability averaged over all orientations and G is a general parameter
incorporating all other physical constants. We underline here the fact that these nanoparticles
cannot be considered as perfect sphere and therefore the orientational averaging is required.
Furthermore, the (%) dimer hyperpolarizability is assumed constant because the local interactions
with glycerol only occur at very low glycerol content when aggregation is negligible. Finally, the
total number of nanoparticles is taken constant. With this rather simple model, the experimental
data are well described, see adjusted curves in Figures 2(a)-(b), except at high glycerol content for
the 100 nm diameter nanoparticles. In this range of glycerol content, it is expected that aggregation
further proceeds towards larger aggregates with the net result of the HRS intensity decrease. This
feature suggests that larger aggregates have a much smaller hyperpolarizability as compared to
smaller ones, once normalized per nanoparticle in the aggregate. Saturation of this
hyperpolarizability has already been observed in pyridine induced aggregation.[28] Note that
considering the monomer-dimer and larger aggregates equilibria only greatly simplifies a problem

where multiple nanoparticle aggregates equilibria are certainly involved.

To get a deeper insight into the HRS response of the AuNPs with respect to the surrounding
medium change, polarization-resolved measurements were also conducted. To perform these
studies, an analyzer was placed prior to the detection system. All polar plots are included in the

Supporting Information file, see Figures S4 and S5 for the 40 nm and 100 nm diameter
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respectively. A full analysis was performed in order to extract a quantitative analysis from the data.

The graphs were adjusted with the following expression for the HRS intensity I* :[14, 29]

1¥ = a¥cos*y + bXcos?y sin?y + c¥sinty 4)

where X stands for H (horizontal, i.e. parallel to the plane of scattering) or V (vertical, i.e.
perpendicular to the plane of scattering) output polarization, a*, »* and ¢ are three intensity
parameters and y is the polarization angle of the fundamental wavelength field. All intensity
parameters are of the form of Eq.(3) where distinct hyperpolarizability tensor elements have to be
considered depending on the output polarization and the fundamental input polarization angle y.
Analysis of the polarization plots allows to introduce specific parameters, using the intensity
parameters obtained with the adjustment procedure of the two perpendicular polarization

experimental data with Eq.(4). The depolarization ratio, DV, is defined as[14]:
DV =c"/a" 5
whereas the retardation parameters {Vand ¢* are introduced as follows[18, 29, 30]:

V=mB"-ad"-c")/b" (6a)

¢ = (a" = c™)/(a" + ™) (6b)

The depolarization ratio provides an insight into the nature of the HRS response of the NPs as it
weights the dipolar and octupolar contributions to the HRS response within the context of the

irreducible representation of the first hyperpolarizability tensor.[31] On the opposite, the two ¢V
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and ¢! parameters provide a measure of the extent of retardation in the response. Retardation
describes the evolution of the spatial phase over the nanoparticle size. Hence, size will lead to
values of these parameters deviating from zero whereas deviation from a centrosymmetric shape
decreases these parameters as it enhances the surface local nonlinearity. The dependence of these
three parameters with the refractive index is depicted in Figures 4(a)-(f). Uncertainties were
calculated by the exact differential method using uncertainties from the adjustment of the
experimental data with Eq.(4). Polar graphs and their fits to Eq.(4) are provided in the Supporting

Information file, Figures S4(a)-(j), S5(a)-(v).
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Figure 4: (a-b) Depolarization ratio and (c-d) retardation parameters for Vertically and (e-f)
Horizontally polarized HRS intensity with respect to the surrounding medium refractive index for

(blue; a, ¢, e) 40 nm and (red; b, d, f) 100 nm diameter AuNPs.

For the 40 nm diameter AuNPs, the depolarization ratio D” remains in the range 0.30-0.40
indicating a rather similar contribution from the dipolar and octupolar irreducible tensor
contributions.[27] These values are rather similar to what has been observed for AuNPs with
similar sizes. Adjustment of the experimental depolarization ratio D" is then achieved with the
above model for the HRS intensity as a function of the glycerol-water mixture optical index, with
account of the selection of the hyperpolarizability tensor elements of the monomers and aggregates
with the output polarization selection. On the opposite, the 100 nm diameter AuNPs exhibit an
almost purely octupolar response with a DV coefficient close to 2/3. Retardation parameters "
and ¥ do not take large values for 40 nm diameter AuNPs as expected, only for the 100 nm
diameter ones do they take large values, also in line with previous works.[28] As a result, marked
changes only appear at small glycerol additions on the HRS intensity and are more visible for the
40 nm diameter AuNPs. For larger glycerol additions, changes in the parameters are rather smooth

and weak. Similar behaviour was observed for 790 nm excitation wavelength, see Supplementary
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Information file, Figures S6(a)-(b). It appears therefore that glycerol at very low content is
sufficient to modify the HRS response at the surface of the AuNPs. This effect is more prominent
for the smallest nanoparticles and is clearly seen on the HRS intensity plots as well as the
characteristic parameters of the response. For the larger 100 nm diameter AuNPs, larger retardation
contribution occurs, as seen from the larger retardation parameters. Being of higher order, this
contribution scales with the size of the nanoparticles, i.e. their volume, and the surface effect is
lost. The nonlinear optical surface response is therefore modified in strength and nature with the
incorporation of small amounts of glycerol. The decrease of HRS intensity with almost constant
depolarization coefficient indicates a change of the surface nonlinearity with minimal changes in
symmetry as seen from the dipolar to octupolar contributions ratio in the context of the irreducible
tensorial representation of the hyperpolarizability. This feature in particular suggests that the
AuNPs surface probes localized changes. Homogeneity of the refractive index is however
recovered at much larger glycerol contents.[31] The present results therefore indicate that the
LSPR peak shift with the refractive index in HRS measurements from AuNPs do not play any
major role in this study. Rather, the HRS response at small glycerol addition is driven by the
surface contribution, especially for the smallest AuNPs. The sensitivity to the localized surface
changes indicates that sensing using AuNPs in HRS measurements should be attractive especially
at low refractive index changes and small AuNPs sizes. At larger glycerol content, the localized
surface changes saturate and aggregation takes place with smooth increase of the HRS intensity.
However, as suggested by the extinction spectra, see Figure 1, aggregation is rather weak and
therefore the retardation parameters ¢V and (' are weakly affected because aggregates remain
small for 40 nm diameter nanoparticles. For 100 nm diameter nanoparticles, retardation is already

too much developed with values close to 0.9 to observe clear changes.
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In this respect, this study indicates that sensing with gold nanoparticles must be performed with
the smaller gold nanoparticles where surface sensitivity is achieved as compared to larger 100 nm
diameter ones. A FoM can thus be defined as opposed to the LSPR peak shift that may not be as
adapted as expected. Rather, a FoM based on the change in the HRS intensity should be better
suited. A FoM of the form (AI/I)/RIU, free from intensity fluctuations with renormalization, may
then be built where RIU stands for Refractive Index Unit. From Figure 2(a), and using the above
model adjusted on the experimental data with a first order expansion of Eq.(2) with the optical

index change n — ny,, this FoM is given by :

_ @/n _
FoM = = 2aAp (7)

the value of which is about 4000 considering the numerical values obtained from the model
adjusted to the data. Such a FoM value suggests a sensitivity of the order of less than 1% in glycerol
volume content considering Figure S1 linking the optical index to the volume fraction of glycerol.
This analysis therefore provides a quantitative assessment of the sensing ability of smaller gold

nanoparticles HRS towards small refractive index changes.

4. CONCLUSIONS
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The HRS intensity of AuNPs with a 40 nm and 100 nm mean diameter dispersed in water was
studied after addition of different amounts of glycerol. Marked changes are exhibited at the lowest
glycerol additions before an intensity recovery, features attributed to initial local surface changes
of the nanoparticle first hyperpolarizability followed by a weak aggregation. Polarization-resolved
studies are performed to assess the origin and nature of the nonlinear response. For larger glycerol
additions, changes are not so pronounced and rather smooth. These features are more prominent

for the 40 nm diameter nanoparticles as opposed to the 100 nm diameter ones.

UV-Visible extinction based colorimetric measurements do not allow to attribute the changes at
very low glycerol contents, namely below 1 vol. %, to the linear wavelength shift of the SPR peak.
For this purpose, the HRS method is more advantageous as it exhibits more pronounced signal
changes. This property of the HRS method is due to the origin of the response stemming from the
AuNPs surface at for small diameter nanoparticles as opposed to nanoparticles with larger
diameter. Combined with the simplicity of the geometrical arrangements for these measurements,
HRS scattering from AuNP solutions is a promising method for sensing applications. This work
further indicates that rather small diameter nanoparticles must be used to avoid the detrimental
contribution from retardation, still keeping large intensities, and to use the normalized HRS
intensity change as a figure of merit. Further works involving more refined platforms to perform

sensing have also appeared [32]but HRS remains rather simple into its development.
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