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ABSTRACT: Gold nanoparticles are widely used in different fields. They are currently under extensive
investigation with regard to their linear and nonlinear optical properties. So far, nanoparticles with
centrosymmetrical shapes, such as nanospheres or nanorods, have received the main attention. In this
work, the properties of gold nanoprisms exhibiting a highly noncentrosymmetrical threefold symmetry are
investigated with hyper-Rayleigh scattering (HRS). Aqueous solutions of gold nanospheres and
nanoprisms with different sizes were synthesized. The first hyperpolarizability magnitudes of both the
nanospheres and nanoprisms were determined separately with the assumption of a surface origin of the nonlinearity. Using
polarization-resolved HRS, retardation is shown to be largely underdeveloped for the nanoprisms as opposed to the nanospheres.
The nanoprism shape noncentrosymmetry has therefore a leading role in the HRS response although it is also shown that surface
defects induce deviations from the ideal threefold symmetry.

■ INTRODUCTION

Metallic nano-objects, such as gold, silver, or platinum
nanoparticles with a size of the order of 100 nanometers or
smaller, have been gaining growing interest over the last few
years driven by the potential applications envisaged. They
exhibit localized surface plasmon resonances (LSPR) due to
the oscillation of their conduction band electrons within a
small volume yielding enhanced electromagnetic fields in their
immediate vicinity providing unique optical properties.1 LSPR
can be adjusted by factors such as size, shape, material,
morphology, or environments. Hence, metallic nanoparticles
offer a large range of capabilities, and many applications have
been proposed and realized based on these properties, from
nanoantennas for sensing2,3 to bioimaging4,5 or drug delivery.6

Their linear optical properties based on the LSPR are now well
understood and documented.7,8 However, this ability to
enhance electromagnetic fields in a small volume has also
sparked deep interest in their nonlinear optical response that
can benefit as well from this feature through enhanced cross-
sections.
Second-harmonic generation (SHG), the simplest of the

nonlinear optical phenomena involving the conversion of two
photons at a fundamental frequency into a single photon at the
harmonic one, has been at the center of intense research
efforts.9,10 At the nanoscale, where phase matching becomes
irrelevant, this conversion phenomenon is extremely sensitive
to the symmetry of the nano-object shape.11 It is therefore
crucial to perform experiments in the absence of any
supporting substrates to ensure that the SHG response is
solely due to the nanoparticles and is not affected by the
substrate. This condition can be attained with second-
harmonic scattering, also known as hyper-Rayleigh scattering

(HRS),12 that has now become the main method for the
determination of the first hyperpolarizability of molecules and
nanoparticles dispersed in liquid solutions.13

The determination of the first hyperpolarizability of a large
variety of metallic nanoparticles has already been reported.
Those studies have shown that the origin of the HRS response
essentially stems from the nanoparticle surface, being
effectively a local electric dipole contribution at the first
order owing to the centrosymmetry of the crystal lattice with
weaker contributions from higher orders like field gradients.
Shape is therefore critical in determining the absolute value of
first hyperpolarizabilities although size must also be accounted
for. Nanospheres,14 nanorods,15 or nanocubes16 have thus
been extensively studied in the past few decades. In addition,
deviation from the perfect geometrical shape caused by the
nonideality of the nanoparticle surface due to roughness or
shape defects like faceting or tip rounding is also essential in
determining the HRS response.17 Nevertheless, a crucial issue
that still remains is dealing with the competition between the
relative influence of shape and size. Indeed, retardation, or the
variation of the spatial phase of the electromagnetic fields over
distances equal to the size of the nanoparticles, dramatically
modifies the HRS response for gold nanoparticles having sizes
larger than 50 nm and even smaller sizes for silver
nanoparticles. Retardation indeed favors the electric quadru-
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pole contribution in particular and higher multipole orders as
well.16,18 In order to fully understand the HRS response from
all these nanoparticles, many different approaches have been
proposed.19−24 Recently, a simple model based on non-
polarizable nonlinear dipoles has also been proposed to
investigate this question.25 In this approach, the nanoparticles
are described with a small set of nonlinear dipoles. For
nanocubes, this number is reduced to eight and corresponds to
the eight corners acting as localized regions where the
electromagnetic field enhancements are the largest.
Experiments on noncentrosymmetrical plasmonic nano-

particles have been reported for gold nanodecahedra.26

Although decahedra have no symmetry center, they behave
like centrosymmetrical nanoparticles due to the accidental
cancellation of the response associated with a symmetry-five
stemming from the two back-to-back pentagonal pyramids. In
order to go further into this direction, we investigate here the
case of gold nanoprisms, also known as nanotriangles or
triangular nanoplates. These nanoparticles are noncentrosym-
metric due to their intrinsic threefold symmetry. First
hyperpolarizabilities have already been reported27,28 but here,
we wish to discuss the signal contribution of shape non-
centrosymmetry versus size retardation from an experimental
point of view as this has not been performed before. In
addition, the question of the presence of nanospheres in non-
negligible amounts among the nanoprisms must be addressed.
We therefore discuss initially the determination of the absolute
first hyperpolarizabilities of both the gold nanoprisms and
nanospheres. Then, polarization-resolved HRS experiments are
presented to provide a quantitative analysis of the competition
between the relative influence of centrosymmetry and
retardation.

■ EXPERIMENTAL SECTION
Four different aqueous solutions of gold nanoparticles were
obtained, as presented in Table 1. The edge length

corresponds to the nanospheres, since the solutions were
mixtures of nanoprisms and nanospheres. Synthesis and
characterization of the nanoparticles, as well as the optical
setup, are described in the Supporting Information.

■ RESULTS AND DISCUSSION
First Hyperpolarizability. The first hyperpolarizability

values were obtained by the standard technique of HRS. It has
been previously shown that plotting the HRS intensity as a
function of the solution nanoparticle concentration yields a
line whose slope p is related to the first hyperpolarizability as

p
N

s
2

w w
2

β
β

=
< >

< > (1)

In eq 1, <βs
2> and <βw

2> are the squares of the first
hyperpolarizabilities of the nanoparticles and the solvent
molecules, here water, in the laboratory frame averaged over
all orientations, and Nw is the number of solvent molecules per
unit volume. The sample concentrations were determined from
their gold atom content calculated from the 400 nm
absorbance where surface plasmon resonances do not play
any role29 and the nanoparticle size obtained from the TEM
pictures. The crystal structure of gold was assumed to be fcc
with a unit cell size of 0.408 nm.30 The first hyperpolarizability
value of water was taken as 0.087 × 10−30 esu and used as the
internal reference as reported by Duboisset et al.31

The plots of the HRS intensity as a function of the
nanoparticle concentration normalized to the neat solvent
intensity are presented in Figure 1a,b. Since sample #26 was

obtained by a separate synthesis protocol, its initial nano-
particle concentration is notably higher and is therefore
presented on a separate graph for improved clarity.
Uncertainties were calculated by applying simple counting
statistics methods. The first hyperpolarizability values as given

by eq 1 and reported in Table 2 where β stands for s
2β< >

must be attributed to the mixture of nanoprisms and
nanospheres. Because the HRS intensity is additive, we have

Table 1. Nanoprism Solution Content, Nanoprism Average
Edge Length, and Nanosphere Average Diameter in the
Obtained Samples as Determined from TEM Images

sample nanoprism content (%) edge length (nm) diameter (nm)

#26 42 26 ± 8 23 ± 6
#61 47 61 ± 15 44 ± 21
#78 74 78 ± 21 57 ± 22
#87 66 87 ± 21 63 ± 30

Figure 1. Solvent normalized HRS intensity for samples (a) #26, (b)
#61, #78, and #87 as a function of the nanoparticle concentration.
Solid lines are the corresponding linear fits with the intercept set to
unity.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c03489
J. Phys. Chem. C 2020, 124, 14797−14803

14798

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03489?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03489?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03489?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c03489?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c03489?ref=pdf


(1 )s
2

nP
2

nS
2β α β α β< > = < > + − < > (2)

by introducing the first hyperpolarizability of nanoprisms
<βnP

2 > and nanospheres <βnS
2 >. In eq 2, α is the solution

content in nanoprisms as given in Table 1. The independent
determination of the first hyperpolarizability of the nanoprisms
and nanospheres however requires a complementary assump-
tion.
The latter can be based on the surface origin of the first

hyperpolarizability of gold nanoparticles in the size range used
here where retardation is weak. In this size range, the first
hyperpolarizability has been shown to scale with the surface
area of the nanoparticles.18,24 Therefore, if we apply this
principle in the present case, with symmetry cancellation of the
opposing top and bottom surface for the nanoprisms, we get

nP
2

nS
2β ε β< > = < > (3)

where the parameter ε = εnS/εnP is the ratio of the HRS active
surface area for the nanoprisms and nanospheres formally
introduced through

A Ad dI
2

0 I 0 I I 0∫ ∫β β β ε β< > = = =
(4)

where the subscript I stands for nS or nP. The integral is
performed over the closed surface of the nanosphere or
nanoprism, whereas β0 stands for hyperpolarizability per unit
surface. In eq 4, cancellation of terms in the integral occurs due
to symmetry. Therefore, εI may not be equal to the geometrical
surface.
Using eqs 2 and 3, we can provide the first hyper-

polarizability of the nanoprisms and nanospheres for all
samples, see Tables 2 and 3.

From a general standpoint, the first hyperpolarizability
magnitudes determined for the gold nanospheres contained in
the aqueous solution samples are much smaller than what can
be obtained from the citrate reduction of the metallic salt. This
feature further demonstrates the extreme sensitivity of the
nanoparticle surface to the synthesis and therefore exact
composition and morphology. Indeed, El Harfouch et al.15

reported first hyperpolarizability values for gold nanospheres
and nanorods in the range of 10−25−10−24 esu, about 2 orders

of magnitude higher than those for the present gold
nanoprisms, in line with data obtained for other plasmonic
nanoparticles.16,32

In order to further support the surface origin of the
nonlinearity, the first hyperpolarizabilities were normalized per
unit surface area, see Table 2. The value of about (5 ± 2) ×
10−31 esu/nm2 is obtained. This value is constant once
normalized to the nanoparticle surface area, as expected. Of
note, a slightly weaker value is obtained for sample #26,
possibly due to the nonresonant character of the conditions. A
tentative normalization by the nanoparticle volume, data not
shown, identical to a normalization by the number of atoms
present in the nanoparticles, does not lead to a constant
normalized first hyperpolarizability, demonstrating the effec-
tiveness of the surface origin of the nonlinearity.
A similar analysis was then performed for the nanoprisms,

and the data are reported in Table 3. The first hyper-
polarizability per unit surface area for the nanoprisms is found
to be (3 ± 2) × 10−31 esu/nm2 and, as expected, similar to that
of the nanospheres, since the synthesis is identical. Considering
the UV−vis absorption spectra, a non-negligible contribution
from the surface plasmon resonance at a fundamental
wavelength of 800 nm may be present. This is perhaps the
reason for the weaker value observed for sample #26 that is off
resonance at both the fundamental and the harmonic
wavelengths.

Polarization Analysis. As it has been demonstrated in the
past,15,16 increasing the size of centrosymmetrical plasmonic
nanoparticles introduces a significant contribution of retarda-
tion in the total signal, observable in the polarization analysis
of the HRS intensity. In this case, a clear quadrupole
contribution is observed through the appearance of four
lobes on the vertically polarized HRS intensity as a function of
the input polarization angle. Since gold nanoprisms are
noncentrosymmetrical owing to their threefold symmetry,
their response is expected to noticeably deviate from this
behavior. To perform this polarization-resolved study, an
analyzer was placed before the spectrometer. The polar plot of
sample #26 is presented in Figure 2, and the polar plots for the
other samples are provided in the Supporting Information.
They are all very similar irrespective of the nanoprism edge
length.
All obtained polar graphs were then adjusted with the

following expression33 following the standard procedure:

I a b ccos cos sin sinX X 4 X 2 2 X 4γ γ γ γ= + + (5)

where X corresponds to the vertical V or horizontal H output
polarization selection, and aX, bX, and cX are three intensity
parameters, whereas γ is the input fundamental polarization
angle. From these parameters and following previous works,
three parameters were determined from eq 5. The first one is
known as the depolarization ratio defined as

D c a/V V V= (6)

The two other parameters are termed the retardation
parameters for the V and H polarized intensity and are defined
as15,34

b a c b( )/V V V V Vζ = − − (7)

a c a c( )/( )H H H H Hζ = − + (8)

The experimentally determined depolarization and retarda-
tion parameters are presented in Table 4. Both parameters ζV

Table 2. First Hyperpolarizability β and First
Hyperpolarizability per Unit Surface β0 for the Nanospheres
in all Samples

sample β (esu) β0 (esu/nm
2)

#26 0.5 × 10−27 3.3 × 10−31

#61 4.0 × 10−27 6.6 × 10−31

#78 5.0 × 10−27 4.9 × 10−31

#87 6.8 × 10−27 5.4 × 10−31

Table 3. First Hyperpolarizability β and First
Hyperpolarizability per Unit Surface β0 for the Nanoprisms
in all Samples

sample β (esu) β0 (esu/nm
2)

#26 0.4 × 10−27 2.7 × 10−31

#61 3.8 × 10−27 4.4 × 10−31

#78 4.7 × 10−27 3.3 × 10−31

#87 6.5 × 10−27 3.6 × 10−31
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and ζH grow with the nanoparticle size as expected for
retardation with somewhat saturation for samples #78 and #87.
However, the discussion of the size evolution of these two
parameters must be performed in light of the significant
nanosphere content in the samples. Indeed, this increase can
be attributed to the nanospheres, as it is known that these two
parameters increase with their diameter. Introducing the
nanoprism content of the nanoparticle solutions, eq 5 yields

(1 )X
nP
X

nS
Xζ αζ α ζ= + − (9)

In principle, for perfect nanospheres, it has been shown
previously that ζnS

V = 1 and ζnS
H = 0, namely; they exhibit a pure

quadrupole response. However, in most cases, nanospheres are
not perfect geometrical spheres, and shape defects induce a
much reduced ζnS

V value, whereas ζnS
H remains close to zero.

Because these retardation parameters do not depend on the
first hyperpolarizability itself as they are effectively intensity
ratios, previously reported retardation parameters can be used.
Values between 0 and 0.2 have been reported for the ζnS

V

retardation parameter for gold nanospheres.16 With the
nanoprism contents given in Table 1, it appears that ζnP

V and
ζnP
H values must vanish altogether within experimental error.
Hence, despite a non-negligible size and therefore non-
negligible spatial extension, nanoprisms do not exhibit
significant retardation. This property results from the threefold
noncentrosymmetry of their shape as opposed to the
centrosymmetric nanospheres.
We now turn to the depolarization ratio DV. A theoretical

value DV = 0.67 is expected for a pointlike planar threefold
geometry. An archetypal system with this geometry is

represented by crystal violet. On the opposite, a value DV =
0.2 is expected for a pointlike onefold system.35,36 The samples
investigated in this study contained a significant amount of
nanospheres that alters to a notable extent the assignment of
this parameter to the nanoprisms only. In addition, nanoprisms
are not pointlike structures. Nevertheless, the measured
depolarization ratios all have values around 0.45, see Table
4, weaker than the 2/3 expected for the pure threefold
symmetry but significantly different from the onefold 0.2 value.
This value emphasizes the nature of the nanoparticle HRS
response that arises from a spatially distributed nonlinearity.
Hence, since nanospheres possess a depolarization ratio of this
magnitude,37 nanoprisms also exhibit depolarization ratios of
0.45. This value differs significantly from the perfect planar
threefold symmetry, indicating that the nanoprism nonlinearity
cannot be fully associated with such a perfect geometry. Shape
defects like morphologically induced differences in the local
field enhancements at the tips of the prism nanostructure must
play some role.

Theoretical Simulations. In order to provide a deeper
understanding of the experimental data and to unravel the
origin of the HRS signals from nanoprisms, theoretical
simulations were performed using a discrete nonpolarizable
nonlinear dipole model.38 A D3h symmetry for equilateral
triangles with a defined edge length was assumed, see Figure 3.

It is interesting to note that in the case of equilateral prisms, a
nonlinear response stemming from the edge surface area
behaves similarly to the one arising from the three sharp tips of
the nanostructure. Following the previous work reported for
nanocubes, the nanoprism HRS response was assumed to stem
from these three sharp tips of the structure, to which a single
hyperpolarizability component βzzz nonlinear dipole was
attributed. Tips are known to provide large electromagnetic
field enhancements and therefore are the siege of enhanced
HRS. The absence of contribution from the top and bottom
faces is therefore in line with the above postulated
assumptions.
Using this arrangement of the three equal nonlinear dipoles,

the depolarization ratio DV, along with the two retardation
parameters ζV and ζH, was simulated with respect to the
nanoprism edge length, see Figure 4. The corresponding
polarization-resolved HRS intensity plots for small (vanishing
edge length, i.e., the three nonlinear dipoles are co-located)
gold nanoprisms are given in Figure 5, meanwhile plots for
large (100 nm edge length) gold nanoprisms are included in
the Supporting Information. For small nanoprisms, we do not
observe any retardation as expected, and the response is similar

Figure 2. Polar plots of sample #26. The black curve represents
vertically polarized HRS intensity, and the red curve represents
horizontally polarized HRS intensity.

Table 4. Retardation Parameters ζV and ζH and
Depolarization Ratio DV for All Samples

sample ζV ζH DV

#26 0.04 0.02 0.44
#61 0.05 0.04 0.47
#78 0.11 0.10 0.42
#87 0.09 0.10 0.42

Figure 3. Schematics of the nanoprism D3h symmetry assumed in the
theoretical simulations.
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to that of molecules with the same symmetry like crystal
violet.36 The polar plot of small edge length nanoprisms
corresponds well to the experimentally obtained graph for
sample #26, see Figure 2, i.e., showing a very low level of
retardation. On the opposite, for large nanoprisms, retardation
is significant. Theoretically calculated retardation parameters
for the large 100 nm edge length nanoprisms are respectively
ζnP
V = 0.54 and ζnP

H = − 0.16, whereas the depolarization ratio
has only weakly evolved from DV = 2/3, its value for vanishing
edge length, to DV = 0.61.
Theoretical simulations provide a deeper insight into the

experimental data. A similar approach was performed for silver
nanocubes, as reported by Russier-Antoine et al.,16 where the
simulated graphs exhibited significantly higher retardation due
to the centrosymmetry of the nanocubes. For the nanoprisms,
the simulations performed assuming a perfect threefold
symmetry yield rather high values of the parameter ζV as
compared to the experimental data. Introducing three
unbalanced nonlinear dipoles disposed at the three tips of

the nanoprisms provides lower ζV values, in agreement with
the experimental observations. This breaking of the perfect
threefold symmetry is also seen through the depolarization
ratio measured, which is weaker than the theoretical one.

■ CONCLUSIONS
Aqueous suspensions of gold nanoprisms with an average edge
length ranging from 26 to 87 nm were successfully synthesized
combining various synthesis protocols known in the literature
and investigated with polarization-resolved HRS. The
determined first hyperpolarizabilities are rather low as
compared to the values reported in the literature for other
plasmonic nanoparticle shapes, such as rods or spheres. This
feature emphasizes the sensitivity of this parameter to the
nature of the nanoparticle surface and must be taken into
account when selecting nanostructures with an efficient HRS
response. The polarization analysis supports an origin of the
response stemming from the nanoparticle surface, without
significant retardation contributions, although this property
can also be understood similarly as stemming from the three
nanoprism tips. The depolarization ratio complements this
analysis and underlines the potential deviation of the
nanoprism exact shape from that of perfect equilateral prisms.
All these results can be rationalized with a simple model
involving three nonlinear dipoles simulating the three sharp
tips of the nanoprisms. Finally, it is interesting to note that this
in-depth analysis of the nanoprisms is performed in the
presence of nanospheres produced during the same synthesis
providing evidence for information extraction from nano-
particle mixtures.
Surprisingly, the noncentrosymmetrical shape of the nano-

prisms may be a disadvantage for applications like sensing,
since the first hyperpolarizabilities are not as high as expected
considering their noncentrosymmetric shape. This feature may
result in a lower sensitivity required to probe external medium
changes. This may remain to be confirmed, though the three
tips may be sufficiently sensitive. In any case, the weak
contribution of retardation may be profitably used, especially
for the largest nanoparticles, where the first hyperpolarizability
will only stem from the surface without significant contribution
from the volume, a clear asset in sensing for example.
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