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Abstract: An explosion in the interest for nanoplasmonics has occurred in order to realize optical
devices, biosensors, and photovoltaic devices. The plasmonic nanostructures are used for enhancing
and confining the electric field. In the specific case of biosensing, this electric field confinement
can induce the enhancement of the Raman signal of different molecules, or the localized surface
plasmon resonance shift after the detection of analytes on plasmonic nanostructures. A major part
of studies concerning to plasmonic modes and their application to sensing of analytes is realized
in ambient environment. However, over the past decade, an emerging subject of nanoplasmonics
has appeared, which is nanoplasmonics in high pressure environment. In last five years (2015-2020),
the latest advances in this emerging field and its application to sensing were carried out. This short
review is focused on the pressure effect on localized surface plasmon resonance of gold nanosystems,
the supercrystal formation of plasmonic nanoparticles stimulated by high pressure, and the detection
of molecules and phase transitions with plasmonic nanostructures in high pressure environment.
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1. Introduction

During the past decade, nanoplasmonics was employed for the production of photovoltaic
devices [1-6], optical devices [7-15], and biosensors [16-20]. Additionally, nanoplasmonics enabled
the enhancement of photocatalysis [21-23], the luminescence upconversion enhancement [24,25],
and the optical tuning of luminescence and upconversion luminescence [26,27]. In addition,
nanoplasmonics can also enhance the sum-frequency generation signal [28-32] and the Forster
resonance energy transfer (FRET) [33-37]. Gold and silver were largely used for the production
of plasmonic nanostructures, and other alternative plasmonic materials were also employed, such as
aluminum [38,39], copper [40,41], palladium [42,43], transition-metal nitrides [44,45], and transparent
conductive oxides [46,47]. The plasmonic nanostructures allowed confining the electromagnetic (EM)
field into subwavelength-size zones. Concerning to the application to plasmonic biosensing, this EM
field confinement allowed inducing an enhancement of Raman signal of analytes named surface
enhanced Raman scattering (SERS) [48-53] or the localized surface plasmon resonance (LSPR) shift
after detection of analytes on plasmonic nanostructures [54-58]. The confinement of the EM field can be
controlled by adjusting the geometry and spatial organization of plasmonic nanosystems, for instance,
which can be realized with various techniques of lithography [45,59-66]. In addition, various plasmonic
modes can be used for biosensing based on SERS effect or LSPR shifting as dipolar and multipolar
resonances [67,68], surface lattice resonances [69,70], and hybridized resonances [71,72]. In the majority
of studies cited previously concerning the plasmonic sensing of analytes, the LSPR shifting and
SERS measurements were realized in ambient environment (e.g., pressure). However, a relevant
subject of nanoplasmonics has emerged over the past decade. This latter concerns nanoplasmonics in
high pressure environment [73,74], and its potential application to sensing of molecules. In the
nanoplasmonics in high pressure environment, the mechanisms for the LSPR shifts of metallic
nanoparticles induced by high pressure are generally based on variations of the refractive index
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or the phase transitions of the surrounding medium, or deformation of metallic nanoparticles [73,74].
For instance, a study reporting on the effect of high pressure on the LSPR shift of colloidal gold
nanoparticles demonstrated that the LSPR redshift of Au nanoparticles in water was due to the linear
increasing of the refractive index of the water with pressure [73].

The aim of this short review is to discuss the latest advances on nanoplasmonics in high pressure
environment over the period 2015-2020. Firstly, we will present the pressure effect on localized surface
plasmon resonance of gold nanosystems, then the use of high pressures for the supercrystal formation
of gold nanoparticles, and finish the detection of molecules and phase transitions with plasmonic
nanostructures in high pressure environment.

2. Nanoplasmonics in High Pressure Environment

2.1. Effect of High Pressure on Localized Surface Plasmon Resonance of Metallic Nanoparticles

In this first section, we discuss the effect of high pressure on LSPR modes of gold nanoparticles
with different shapes (see Table 1).

Table 1. Effect of high pressure on localized surface plasmon resonance (LSPR) of metallic nanoparticles.

Samples Study References
Au spheroidal nanoparticles LSPR shifts [75]
Au nanocrystals LSPR shifts [76]
Au nanospheres and Au nanorods  LSPR shifts for both modes [77]

Bao et al. reported the effects of high pressure and the thickness of the gasket in a diamond
anvil cell (DAC) on the localized surface plasmon resonance of a colloidal solution of Au spheroidal
nanoparticles (AuSNPs). Authors have measured the LSPR of AuSNPs (size = 80 nm) by varying the
pressure from 2 to 12 GPa for two gaskets pre-indented to 140 pm (called GPI140) and 317 pum (called
GPI317). For the GPI140, the authors have recorded the absorption spectra of AuSNPs for pressures
from 2.24 GPa to 11.8 GPa (see Figure 1a).
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Figure 1. At top, principle scheme of a DAC with a TEM picture of sample (AuSNP size = 80 nm;
scale bar = 100 nm). The ruby sphere is employed in order to measure the pressure in chamber by
fluorescence. At bottom, absorption spectra of AuSNPs are displayed as function of the wavelength
and the pressure with a gasket pre-indented to (a) 140 um and (b) 317 pum. Black circles correspond
to experimental measurements of the absorption maximum. Red arrows represent the starting of the
broadening of absorption peak. Black arrows represent the brutal change in the LSPR shift magnitude
for AuSNPs. All of the figures are reprinted from [75], with the permission of AIP Publishing.
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A broadening of the absorption peak of AuSNPs has occurred from the pressure of 4.13 GPa
(indicated by the red arrow in Figure 1a). Subsequently, a sudden variation in the magnitude of LSPR
shift for AuSNPs has occurred at 8.24 GPa (indicated by the black arrow in Figure 1a). This sudden
variation is attributed to the deformation of the AuSNP shape. For the second gasket GPI317, they have
recorded the absorption spectra of AuSNPs for pressures from 2.75 GPa to 10.47 GPa (see Figure 1b).
The broadening of the absorption spectrum and the sudden variation in the LSPR shift magnitude
for AuSNPs have occurred at the same pressure of 5.5 GPa (indicated by the red and black arrow,
respectively, in Figure 1b). Furthermore, the authors remarked that the sudden variation in the LSPR
shift magnitude for AuSNPs was achieved at a higher pressure for the thinnest gasket (GPI140).
This was due to a better support of the part of the thinnest gasket located outside the culets in order to
do a sharp expansion or contraction of the chamber where the sample is located, emerging at a higher
pressure [75]. Gu et al. investigated the effect of quasihydrostatic and non-hydrostatic high pressures
on the LSPR of gold nanocrystals (size = 3.9 nm) in a DAC [76]. The used quasihydrostatic and
non-hydrostatic pressure media were ethylcyclohexane [78] and toluene [79], respectively. The authors
have recorded no variation in the LSPR wavelength of Au nanocrystals for quasihydrostatic high
pressures. On contrary, for non-hydrostatic high pressures, they observed a redshift of the LSPR of
Au nanocrystals achieving 68 nm, and this latter was reversible when the pressure was decreased.
This redshift was due to the deformation of Au nanocrystals (deformed shape with an aspect ratio of
~2). When the non-hydrostatic pressure was decreased down to ambient pressure, the shape of Au
nanocrystal came back its original shape [76]. Martin-Sanchez et al. demonstrated the effects of the
hydrostatic pressure on LSPR of gold nanospheres and nanorods [77]. Firstly, the authors reported on
the changes in the absorbance spectra of gold nanospheres (AuNS; diameter = 20 nm) in parrafin with
pressure. Paraffin was used as solvent due to its easibility of stabilizing gold nanospheres in non-polar
media. Authors observed a redshift of the localized surface plasmon resonance of AuNS when the
pressure was increased from 0 to 17 GPa, and the redshift magnitude was around 3% of the LSPR
wavelength for AuNS (see Figure 2a).

580 C
12 560 - i%___—’ ————— Nano -
‘2, -7 11 T
‘D — g/';‘ -: I ==
2 o8 Esa0pled 10 P P T ]
< c Sl :
© ~ 1
© E i i Nano
O 04 85GPa| & 520l i
=Y <
[oX 4.7 GPa
o .
0 500 - Experimental data b
—— Incompressible particle (Solvent shift only)
—— Incompressible medium (SP shift only)
0GPa 480 ——— Compressible medium and particle
400 500 600 700 800 900 0 4 8 12 16
A (nm) P (GPa)

Figure 2. (a) Absorbance (optical density) spectra of Au nanospheres in paraffin at different pressures.
(b) Localized surface plasmon resonance wavelength versus pressure. The experimental data are
displayed as green points. All of the lines correspond to a fit with the Mie-Gans model where the
parameters vary according the considered case. The red dashed line corresponds to the case of an
imcompressible particle. The dark and light gray lines correspond to the case where medium and
particle are compressible with Ky = 190 GPa (called Nano) and Ky = 167 GPa (called Bulk), respectively.
The brown lines correspond to the case of an incompressible medium for a gold nanoparticle (called
Nano; in dark brown) and for bulk gold material (called Bulk; in light brown). All of the figures are
reprinted (adapted) with permission from [77], Copyright 2019 American Chemical Society.
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These weaker LSPR variations with pressure were caused by the higher shape factor (L =1/3),
which decreased the solvent impact. Furthermore, the authors have determined from the experimental
measurements the bulk modulus (Ky) of the gold nanoparticles (called Nano) by using the Mie-Gans
model [77]. They found a value of Kj equal to 190 GPa, which is bigger as compared to this obtained
in the work of Heinz et al. [80] which is equal to 167 GPa for bulk gold (called bulk, see Figure 2b).
The Mie-Gans model enables to express the wavelength of the localized surface plasmon resonance at
a given pressure (P) as follows (for more details, see reference [77]):

Asow(P) = Ay 0 [V e + 1 Eenp) 0

where A, (0) corresponds to the bulk plasma wavelength at the ambient pressure (corresponding to
the pressure P = 0), V(P) and Vj are the particle volume at the pressure P and at the ambient pressure,
respectively. The ratio V(P)/V, depends on the bulk modulus of gold (Kp) and the first derivative K.
This ratio and K(’) express, as follows:

v(p) (PKy, N\ VR ok
VO - ( KO +1 ’KO - ﬁ P—o (2)

where K = K + K{,P is the bulk modulus of a material (here gold) at a given pressure P. K is the bulk
modulus of a material (here gold) at the ambient pressure. The value of K{, is fixed at 6 [80,81] for all of
the studies presented here. €,,(P) and €(0) are the solvent dielectric function at the pressure P and the
dielectric constant of gold in the short wavelength limit A — 0 (or w — oo, which is commonly noted
€x), Tespectively. €, (P) depends on the ratio Vy/V(P). L is the shape factor of the nanoparticle.

Secondly, the authors investigated the pressure effect on the LSPR of gold nanorods in hydrostatic
regime and beyond this latter for two mixtures of a methanol-ethanol solution. For the first
methanol-ethanol (1:4) solution with gold nanorods whose the aspect ratio (AR) is 3.7 (dimensions:
21.7 nm x 5.6 nm, see Figure 3a), they have experimentally observed a redshift of longitudinal
plasmonic mode in hydrostatic (P = 1-4 GPa) and non-hydrostatic (P > 4 GPa) regimes (see Figure 3b).
However, in the non-hydrostatic regime (after solution solidification), the optical density decreased
abruptly (see Figure 3b).
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Figure 3. (a) TEM picture of the Au nanorods with AR = 3.7 (dimensions: 21.7 nm x 5.6 nm).
(b) Absorbance (optical density) spectra of Au nanorods (AR = 3.7) in methanol-ethanol (1:4) solution
at different pressures. All of the figures are reprinted (adapted) with permission from [77], Copyright
2019 American Chemical Society.
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Finally, the authors studied gold nanorods (AR = 3.7, see Figure 3a) in a methanol-ethanol (4:1)
solution. They have experimentally observed a redshift of longitudinal plasmonic mode in hydrostatic
(1-10 GPa) regime, i.e., up to solution solidification (see Figure 4a). Then, a blueshift in the LSPR
wavelength of the longitudinal mode was observed after switching from hydrostatic to non-hydrostatic
regime (see Figure 4). In this non-hydrostatic (P > 10 GPa) regime, the LSPR wavelength of the
longitudinal mode was again redshifted when the pressure was increased (see Figure 4). However,
the optical density decreased more abruptly than in the case of the methanol-ethanol (1:4) solution
(see Figure 4a). Besides, weaker LSPR blueshifts for the transversal mode were also observed
(see Figure 4b). These blueshifts of the transversal mode were due to the compression of Au nanorods
and a higher electron density [77]. The Mie-Gans theory was in agreement with the experimental
results for the measurement of the position of the plasmon peak in the hydrostatic regime for both
longitudinal and transversal modes. For the non-hydrostatic regime, a difference between experiments
and the Mie—Gans theory was observed.
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Figure 4. (a) Absorbance (optical density) spectra of Au nanorods (AR = 3.7) in methanol-ethanol
(4:1) solution recorded at different pressures. (b) LSPR wavelength versus hydrostatic pressure for
the longitudinal and transversal modes of Au nanorods (AR = 3.7) in methanol-ethanol (4:1) solution.
Orange points correspond to experimental data. All of the lines correspond to a fit with the Mie-Gans
model where the parameters vary according the considered case. For both plasmonic modes, the green
line corresponds to the case of an incompressible particle. The gray lines correspond to the case where
particle and solvent are compressible (in dark gray = the bulk modulus of gold called Nano; in light gray
= the bulk modulus of gold called Bulk). The brown lines correspond to the case of an incompressible
medium (in dark brown = the bulk modulus of gold called Nano; in light brown = the bulk modulus of
gold called Bulk). The vertical dashed line corresponds to the solution solidification. All of the figures are
reprinted (adapted) with permission from [77], Copyright 2019 American Chemical Society.

To conclude this section, a dramatic decrease of the optical density at the LSPR peak was recorded
after the solution solidification for both methanol-ethanol solutions with gold nanorods (AR = 3.7).
When the pressure of the solution solidification was higher, the optical density decay was more
significant (see Figures 3b and 4a, and reference [77]).
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2.2. Use of High Pressures for the Supercrystal Formation of Gold Nanoparticles

In this section, we present studies regarding the pressure effect on the supercrystal formation
with gold nanoparticles (see Table 2).

Table 2. Studies for the supercrystal formation of metallic nanoparticles stimulated by high pressure.

Samples Study References
Au spherical nanoparticles Supercrystal formation [82]
Au spherical nanoparticles  Kinetics of nanocrystal superlattice formation [83]
Au nanorods Supercrystal formation [84]

Schroer et al. investigated the pressure effect on reversibility of the supercrystal formation with a
gold nanoparticle suspension. The authors have used Au nanoparticles (AuNPs) functionalized with a
shell of poly(ethyleneglycol) (PEG). The radius of AuNPs is around 6 nm, and two lengths of PEG
were used (2 and 5 kDa), and these Au nanoparticles coated with PEG were called AuNP@PEG2k and
AuNP@PEGSK, respectively. First, the authors have recorded patterns of small-angle X-ray scattering
(SAXS) for Au@PEG5k in a CsCl solution of 2 M for two pressures: 1 bar and 4000 bar. For the SAXS
pattern obtained for the pressure of 1 bar, they observed a strong forward scattering corresponding
to a liquid state of the AuUNP@PEGS5k solution (see at left in Figure 5a,b). Then, for SAXS pattern
recorded for the pressure of 4000 bar, Debye-Scherrer rings were observed, indicating the formation of
supercrystals under the form of a face-centered cubic (fcc) superlattice (see at middle in Figure 5a,b).
Finally, they observed a reversibility of the state of the AuUNP@PEGS5k solution after the pressure
reduction down to 1 bar (see at right in Figure 5a,b) [82].
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Figure 5. (a) Small-angle X-ray scattering (SAXS) patterns of the AuNP@PEGb5k in a CsCl solution of 2 M
recorded for a pressure of 1 bar (at left), 4000 bar (at middle), again 1 bar (at right). (b) Corresponding
scheme of the structural assembly of AuUNP@PEGS5k: at left, liquid state; at middle, face-centered cubic
crystallites; at right, return to liquid state. All of the figures are reprinted (adapted) with permission
from [82], Copyright 2018 American Chemical Society.

Subsequently, the authors studied the pressure effect on the supercrystal formation with the
two types of AuNPs (AuNP@PEG2k and AuNP@PEG5K) in four chloride salts (CsCl, KCI, NaCl,
RbCl]) at a concentration of 2 M. They remarked that the constant a of the fcc superlattice of the
AuNP@PEG2k and AuNP@PEGS5k had decreased when the pressure had increased (see Figure 6a,b).
This decreasing was dependent on the cation of the chloride salt solution. Moreover, this pressure
effect on the constant a of the fcc lattice enabled the authors to calculate the effective compressibility
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kers of the superlattice at the pressure of 4000 bar and at the fixed concentration of 2 M for each
chloride salt solution. They observed higher values of x, s for the KCl solution for two types of AuNPs:
17.4 x 107> bar~! for AUNP@PEG2k and 39.5 x 1075 bar~! for AuUNP@PEG5k. They concluded that
the decreasing of the lattice constant is primarily due to the compression of the PEG layer, because the
Au core shape was not modified [82].
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Figure 6. Pressure effect on the lattice constant a for (a) AuUNP@PEGS5k and (b) AuNP@PEG2k in
each chloride salt solution of 2 M (blue crosses for NaCl, red squares for KCI, orange disks for RbCl,
and purple triangles for CsCl). All of the figures are reprinted (adapted) with permission from [82],
Copyright 2018 American Chemical Society.

In the same research group, Lehmkiihler et al. studied the kinetics of the supercrystal
formation induced by pressure [83]. The authors have taken the same radius of 6 nm than
previously for the gold spherical nanoparticles (AuNPs) functionalized with a-methoxypoly(ethylene
glycol)-w-(11-mercaptoundecanoate) ligands (PEGMUA). The molecular weight of PEGMUA is
5000 g.mol~!. These PEGMUA-coated AuNPs were disseminated in an 2 M chloride salt solution
(RbCl). Authors observed that the time of the supercrystal formation has decreased when the jump
from initial pressure (below the crystallisation pressure) to final pressure (beyond the crystallisation
pressure) was more important. The time scale of this supercrystal formation has varied from 25 s to
0.3 s with the increasing of the pressure jump. This effect is linked to an improvement of the crystal
quality caused by a larger speed of supercrystal formation [83].

Finally, Schroer et al. (same research group) also reported on the supercrystal formation of
Au nanorods (AulNRs) stimulated by high pressure. The Au nanorods were functionalized with
x-methoxypoly(ethylene glycol)-w-(11-mercaptoundecanoate) ligands (PEGMUAZ2Kk). The dimensions
of AuNRs (see Figure 7a) were 75 nm for the length and 22 nm for the width, and PEGMUAZ2k had a
molecular weight of 2000 g-mol~!. First, authors have recorded SAXS patterns for AUNR@PEGMUA2k
in a RbCl solution of 2 M for two pressures: 1 bar and 4000 bar. For SAXS pattern that was obtained for
the pressure of 1 bar, they observed a same behavior than in the case of Au spherical nanoparticles seen
previously, i.e., the AUNR@PEGMUAZ2k solution was in a liquid state (see Figure 7b). For the second SAXS
pattern at the pressure of 4000 bar, Debye—Scherrer rings were distinguished showing the formation of
supercrystals under the form of a 2D hexagonal superlattice (see Figure 7b). They also observed that the
formation was very fast (a few seconds) and also reversible [84]. The authors also calculated the effective
compressibilities «,¢; from the dependence of the interparticle distance to the pressure (see Figure 7c).
They found «,f jiguia = 10.6 X 1075 bar~! and Kef f supercrystal = 6-8 X 1075 bar~ 1.
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Figure 7. (a) TEM picture of an AuNR@PEGMUA2k assembly. (b) SAXS patterns of the
AuNR@PEGMUAZ2k in a RbCl solution of 2 M recorded for a pressure of 1 bar (at top), 4000 bar
(at bottom) with the corresponding scheme of the structural assembly (liquid state and supercrystal
with a two-dimensional (2D) hexagonal superlattice, respectively). (c) Interparticle distance for
AuNR@PEGMUAZ2k versus pressure. The red and blue data correspond to the liquid state and
supercrystal formation, respectively. The black data correspond to the switching from liquid state
to supercrystals. All the figures are reprinted (adapted) with permission from [84], Copyright 2019
American Chemical Society.

To finish this section, the same authors demonstrated that, by changing the shape of gold
nanoparticles, they obtained supercrystals under the form of a different superlattice as a face-centered
cubic lattice with the spherical Au nanoparticles [82], and a 2D hexagonal lattice with the Au
nanorods [84].

2.3. Detection of Molecules and Phase Transitions in High Pressure Environment
In this section, we present studies regarding the detection of molecules and phase transitions in

high pressure environment (see Table 3).

Table 3. Detection of molecules and phase transitions in high pressure environment (RI = Refractive
Index, AuNPs = Gold nanoparticles; MoS, NFs = Molybdenum disulphide nanoflowers).

Samples Detection References
Au spherical nanoparticles  RI of Methanol-ethanol mixture [85]
Au nanorods Phases of water [86]
Au nanorods Phases of water and urea [87]
AuNPs/MoS, NFs Rhodamine 6G [88]

Martin-Sanchez et al. demonstrated the detection of the refractive index of a methanol-ethanol
(4:1) mixture in high pressure environment with gold spherical nanoparticles (AuNPs) of 20-nm
diameter by following their LSPR shift [85]. First, the authors observed the LSPR shift of AuNPs in the
methanol-ethanol (4:1) solution as a function of pressure (see Figure 8a—c). In the hydrostatic regime
(from 0 to 10 GPa), they recorded a redshift of the AuNP LSPR due to a larger compressibility of
solvent when compared to this of gold. In the non-hydrostatic regime (from 10 to 60 GPa), a blueshift
of the AuNP LSPR was observed caused by the plasmon compression, which is more important than
this of solvent in this case.
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Figure 8. (a) Extinction spectra of AuNPs in the methanol-ethanol (4:1) solution at different pressures.

(b) LSPR wavelength versus pressure. The dashed line represents the limit between the hydrostatic
and non-hydrostatic regimes. (c) TEM picture of Au spherical nanoparticles with a diameter of 20 nm.
(d) Refractive index of the methanol-ethanol (4:1) solution versus pressure. All of the colored points
correspond to data found in the literature. The gray line corresponds to experimental RI measurements
obtained with the expression (3). All the figures are reprinted (adapted) with permission from [85],
Copyright 2020 American Chemical Society.

Subsequently, they studied the variations of the refractive index (RI) of the methanol-ethanol
(4:1) solution with pressure. The authors described these RI variations with pressure by using the
expression of Murnaghan type:

n=np (I;a—l—l)l/a 3)

where 1 corresponds to the RI of the methanol-ethanol (4:1) solution taken at ambient pressure (P = 0).
« and B correspond to parameters of fit. These parameters were obtained by fitting the expression (1)
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of the LSPR wavelength at the pressure P by employing the expressions (2) and (3) in order to depict
the variations of electron density of gold and dielectric function of solvent, respectively. They obtained
a =19.3 and B = 4.3 in the whole range of pressure (0-60 GPa) by taking Ky = 190 GPa and K}, = 6
(see Section 2.1 and references [85,86]). Afterwards, the authors compared their RI values as function of
pressure to the literature [89-93], and these latter were generally in good agreement with this literature
(see Figure 8d). Furthermore, the authors of this same research group investigated the detection of
the refractive index of water in its liquid, ice VI, and ice VII phases by measuring the LSPR shift of
aqueous solutions of Au nanorods at different high pressures [86] (see Figure 9). The dimensions of
Au nanorods were 45.7 nm for the length and 13.4 nm for the width. By using the expressions (1)-(3),
the RI values for each water state were calculated from the LSPR wavelength of Au nanorods. For the
liquid phase (P = 0-1.8 GPa), the authors have taken 1y = 1.33, « = 26, and B = 6. For the ice VI phase
(P = 1.5-2.2 GPa), the values of ng, «, and  were equal to 1.40, 34, and 14, respectively. For the ice
VII phase (P = 2.2-9 GPa), these values of 1y, «, and B were equal to 1.43, 13.7, and 30, respectively.
For all of the water states, # and § were obtained with the same method as described previously
(with Ky = 190 GPa and K(’) =6), and ng corresponds to the RI of each water state at ambient pressure.
Subsequently, these RI values of each water state were compared to the literature [92,94-96], and a
good agreement between them was obtained [86].
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Figure 9. (a) TEM picture of Au nanorods employed for experiments (scale bar = 200 nm). (b) LSPR
wavelength versus pressure. The red, pink and green points correspond to experimental values for
the liquid state, ice VI phase, and ice VII phase, respectively. The gray line represents the values
determined with the Mie-Gans model. (c) Refractive index of the water versus pressure. All of the
colored points correspond to data referenced in the literature. The gray line corresponds to experimental
RI measurements obtained with the expression (3), and the dashed gray line corresponds to the values
extrapolated with this model. All of the figures are reprinted (adapted) with permission from [86],
Copyright 2019 American Chemical Society.

In addition, Runowski et al. demonstrated the detection of phase transitions of different media
by measuring the LSPR shift of gold nanorods with pressure [87]. The dimensions of Au nanorods
were 100 nm for the length and 40 nm for the width. Authors have found the phase transition from
liquid water to ice VI for a pressure of 1 GPa due to an abrupt redshift of the LSPR of both longitudinal
and transversal modes of Au nanorods caused by a large jump of the refractive index of water (from
liquid state to ice VI). Subsequently, they observed the transition from ice VI to ice VII at a pressure of
2.2 GPa due to a short blueshift for both plasmonic modes caused by the presence of both ice VI and
ice VII. Then, authors investigated the detection phase transitions of urea [87]. A transition pressure
was observed at 0.5 GPa for the phase from urea I to urea III measured by an abrupt redshift in the
LSPR of Au nanorods due to the crystal lattice change from the tetragonal structure (phase I) to the
orthorhombic one (phase III) corresponding to a significant deformation between these phases [97].
A second transition pressure was observed at 2.8 GPa for the transition from urea III to urea IV
characterized by a smaller redshift of the Au nanorod LSPR due to the crystal lattice change from the
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orthorhombic phase III to the orthorhombic phase IV corresponding to a weaker deformation between
these phases [97].

In the work of Sun et al., the authors reported on the surface enhanced Raman scattering (SERS)
enhancement induced by high pressure with semiconducting nanoflowers (MoS, NFs) decorated with
gold nanoparticles (AuNPs) [88]. The diameters of the MoS; NFs and AuNPs were 700 nm and 10 nm,
respectively (see Figure 10a). They used the rhodamine 6G (R6G) molecules as SERS probe in the
experimental measurements. The authors recorded the SERS spectra of R6G molecules on AuNPs/Mop
NFs at the excitation wavelength of 532 nm for pressures varying from 0 to 8.38 GPa. The highest
enhancement of the SERS signal was recorded for the pressure of 2.39 GPa (see Figure 10b). At this
pressure, the SERS enhancement was due to a better alignment of the energy levels between MoS; NFs,
Au, and R6G molecules. This better alignment was obtained by the reduction of the energy of the band
gap of MoS; NFs, and gap of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels for R6G molecules, when the applied pressure increased. The Fermi
energy level of gold was kept almost constant when the pressure increased [88]. Thus, at this pressure
of 2.39 GPa, two charge transfers (CTs) have occurred for enhancing the SERS signal (see Figure 10c).
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Figure 10. (a) SEM picture of AuNPs/MoS,; NFs (scale bar = 500 nm). (b) SERS spectra of
MoS, /Au/R6G system at different pressures. (c) Charge transfer mechanism for the SERS enhancement

induced pressure. All of the figures are reproduced from [88] with permission from the Royal Society
of Chemistry.

The first CT mechanism was an electron transfer from the HOMO level of R6G to the conduction
band minimum (CBM) of MoS; NFs. Subsequently, the second one was a two-step mechanism:
(i) electron transfer from the HOMO level of R6G to the Fermi energy level of Au and (ii) electron
transfer from the Fermi energy level of Au to CBM of MoS; NFs. In this study, the band gap energy of
MoS; NFs was determined by using the following expression [98]:

E, = 1.68 — 0.07P + 0.00113P? (4)



Photonics 2020, 7, 53 12 of 17

where E; is the band gap energy of MoS, NFs (in eV), and P is the pressure (in GPa). Thus, the Eg
value for MoS; NFs was calculated at the pressure of 2.39 GPa, and this latter was equal to 1.51 eV,
which was weaker than its value at ambient pressure (1.68 eV) proposing that CBM and valence
band maximum (VBM) levels of MoS, NFs became smaller. Furthermore, the SERS mechanism at
ambient pressure was a two-step mechanism: (i) electron transfer from the HOMO level of R6G to
the Fermi energy level of gold enabled by the excitation laser wavelength (532 nm) and (ii) transfer of
hot electrons produced by the plasmon resonance of AuNPs to the CBM of MoS; NFs (see Figure 10c).
Finally, for the pressures superior to 2.39 GPa, the SERS intensity decreased due to the fact that the
HOMO level of R6G molecules has exceeded the Fermi energy level of gold [88].

3. Future Directions

The nanoplasmonics in high pressure environment has generally been studied for gold. It would
be interesting to apply this type of studies to other plasmonic materials that are well-known, such as
silver, copper, palladium, and aluminum [39,40,43] in order to have the influence of the nature of the
plasmonic material on the LSPR shift in high pressure environment. We can extend this investigation
type to other alternative plasmonic materials, such as transition-metal nitride nanoparticles [44],
transparent conductive oxides [46], and iron carbide nanoparticles encapsulated by graphene [99],
which are materials at lower costs having a better temperature stability. Moreover, the domain of the
nanoplasmonics in high pressure environment can be applied to sensing of analytes, pollutants in high
pressure media as the marine medium, for instance. Another future direction of this domain is the
SERS effect induced by high pressure, which represents a novel frontier in the SERS field.

4. Conclusions

In this review, we discussed the emerging topic of the nanoplasmonics in high pressure
environment. First, we spoke about the effect of high pressure on the localized surface plasmon
resonance and the optical density of gold nanoparticles with different shapes and sizes. LSPR shifts
were observed for gold nanoparticles and were dependent on the shape, size, pressure regime
(hydrostatic and non-hydrostatic), and surrounding medium. Subsequently, we presented studies on
the supercrystal formation in a high pressure environment. The supercrystal formation was dependent
on the shape of gold nanoparticles influencing the form of the crystal superlattice. The phenomenon
of the supercrystal formation was reversible and very fast (a few seconds). To finish, we reported on
the detection of phase transitions and refractive index variations for different liquids as water and
urea, by measuring the LSPR shift of gold nanoparticles in these liquids. Moreover, we also reported
on the detection of chemical molecules by using the SERS effect that was induced by high pressure.
In summary, the nanoplasmonics in high pressure environment can be very useful for obtaining
structural information on solvents or studying optical, thermodynamic properties of several liquids
(organic and inorganic) or solids.
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