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ABSTRACT 

The surface plasmon resonances of gold nanospheres and nanorods have been measured as a 

function of hydrostatic pressure up to 17 GPa in methanol-ethanol 4:1 solvent and up to 10 GPa 

in paraffin. Both the sphere resonance and the longitudinal rod resonance exhibit redshifts while 

the transverse rod mode shows an extremely weak redshift or blueshift depending on the nanorod 

aspect ratio. Solidification of the solvent around 11 GPa causes some aggregation of the 

particles, readily identified through broadening of the SP band and further redshifting. Loading 

and unloading cycles show only minimal hysteresis in the spectra if the pressure remains below 

11 GPa. The surface plasmon shifts are the result of two competing effects. Compression of the 

conduction electrons in the metals increases the bulk plasma frequency, which causes a blueshift. 

However, the increase in the solvent density under hydrostatic load leads to an increase in the 

solvent refractive index, which in turn leads to a redshift. We find that after accounting for the 

solvent contribution, we can spectroscopically determine the bulk modulus of the gold 

nanoparticles with a precision of 10%. The value obtained of K0 = 190 GPa is significantly 

higher than the value for bulk gold (167 GPa). Furthermore, we show that pressure-induced 

solidification causes a significant broadening and anomalous shift of the surface plasmon band 

that we attribute to aggregation and nanorod deformation.   
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Nanoscale materials exhibit size-dependent optical, magnetic, electronic, and catalytic 

properties, and are very promising candidates for applications ranging from biomedicine to 

electronic displays.1-3 However, measurement of the mechanical properties of nanocrystals has 

remained a major challenge because of the difficulty of applying well-defined loading forces to 

the materials and the problems of measuring deformations accurately. Some theoretical models 

predict that nanoscale materials possess superior mechanical strength because of the lack of 

large-scale crystal defects such as grain boundaries and dislocations. Conversely, other dynamic 

models predict instability because the high surface energy of nanocrystals leads to enhanced 

surface diffusion of ions, lower melting points, increased solubility and stress induced shape 

changes. To resolve these questions, new experimental methods are needed to study the 

mechanical properties of nanoscale materials.  

Particularly attractive are spectroscopic approaches, which exploit the optical transparency of 

nanocrystals. For example, Hartland and colleagues have shown that pulsed laser excitation of a 

gold rod or sphere excites fundamental breathing and stretching modes in the crystals and the 

frequency of these vibrations (GHz regime) can be used to extract the Young’s modulus.4  

Although hydrostatic pressure measurements have been carried out on various semiconductor 

nanocrystals,5,6 previous measurements on metallic nanoparticles have been carried out only 

under quasi-hydrostatic regimes 7 or in non-hydrostatic regimes 8,9 where the nanoparticles were 

embedded in a matrix of ice or phosphate glass, respectively. Here we present the first 

spectroscopic measurements on metal nanoparticles under hydrostatic loading to study the 

changes in the surface plasmon resonance (SPR) of small gold spheres and nanorods. To 

preserve hydrostatic conditions under high pressure, we prepared suitable solutions of gold 

nanorods (GNR) using different methanol-ethanol mixtures (MeOH-EtOH) – the 4:1 mixture is 
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hydrostatic up to 11 GPa. We also explored paraffin as a solvent because it is easier to stabilize 

nanocrystals in non-polar media and we also utilized a MeOH-EtOH (1:4) mixture as a solvent, 

which solidifies at 4 GPa at room temperature. Optical absorption measurements up to 15 GPa 

enabled us to explore how pressure affected the solvent refractive index, conduction electron 

density in the metal10 and the shape and size of the nanoparticles.11,12 We will demonstrate that 

we can use these spectral shifts to deduce the mechanical stiffness of the crystals. 

RESULTS/DISCUSSION 

 

Scheme 1 shows the optical set-up used to record the absorption spectra of the nanocrystals as a 

function of hydrostatic load. 

 

Figure 1: (Left) Spectra of 20 nm gold nanospheres coated with octadecyl amine in paraffin as a 

function of pressure. The SP resonance at 530 nm redshifts with increasing load and blueshifts 

reversibly with decreasing pressure. (Right) Plot of the peak wavelength vs pressure. Green data 

points: Experimental data. Dashed red line: Numerical fit assuming no change to the bulk plasma 

frequency (incompressible particle). Solid Brown Lines: Fit for a gold nanoparticle or bulk gold 

material assuming an incompressible solvent. Black and Grey lines: Fits using a value of K0  

=190 GPa (black) and the bulk metallic gold modulus (grey) of K0  =167 GPa and assuming K0’= 



 6 

6 in both cases.14 See Figure S5 for calculation details. Error bars correspond to the standard 

deviation derived from the fit of the SPR band to a log-normal function. 

 

 

Figure 2: (Left) Spectra of 21.7 nm × 5.6 nm gold nanorods coated with PVP in 4:1 and 

(Middle) 1:4 MeOH-EtOH as a function of hydrostatic pressure. The SPR peak wavelength at 

835 nm redshifts strongly with increasing load and blueshifts during unloading (see Figure 3, and 

Figures S3 and S4 in the SI). (Right) Plot of the optical density at the LSPR peak maximum vs 

pressure. Solid line: calculated extinction cross section from Mie-Gans theory for the two GNR 

(AR = 3.7) solutions. Dashed line: calculated absorption in the solidified solutions using 𝜀𝑚 

values of the liquid solution. Note the abrupt deviation of the experimental points at the 

solidification pressures: 8 and 4 GPa, respectively. 

 

The variations in the absorption spectra of GNS in paraffin (Figure 1) and GNR in MeOH-

EtOH (Figures 2-3) with pressure demonstrate that gold nanoparticle solutions are very sensitive 

to pressure. A clear, pressure-induced redshift of the surface plasmon resonance is observed for 

all GNS and GNR solutions. The magnitude of the redshift increases for GNRs with larger aspect 

ratios (AR), with the longitudinal surface plasmon resonance (LSPR) shifting in the 0-10 GPa 
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range by about 3% of the SPR wavelength for GNS and up to 9% for GNR solutions (AR = 4.9). 

Indeed, the pressure-induced redshift of the AR = 4.9 GNR solution is 69 nm/GPa (0.12 eV/GPa) 

in the 0-0.5 nm range, which is the largest pressure shift recorded to date. Smaller shifts are also 

observed for the transverse resonance with pressure (Figures 2-3) and there is an increase in the 

optical density with increasing pressure. 

 

Figure 3: Pressure dependence of the LSPR and TSPR peaks for 42.2 nm × 12.8 nm (AR = 3.3), 

21.7 nm × 5.6 nm (AR = 3.7) and 28.5 nm × 5.8 nm (AR = 4.9) GNR coated with PVP in 4:1 and 

1:4 MeOH-EtOH as a function of pressure (left and right plots, respectively). Plots include 

experimental and calculated values of 𝜆𝐿𝑆𝑃𝑅(𝑃) and 𝜆𝑇𝑆𝑃𝑅(𝑃) using the Mie-Gans model. This 

model accounts for the SPR behavior in the hydrostatic regime but there are substantial 

deviations above the solidification pressure. Filled circles correspond to experimental data, and 

lines represent the calculated LSPR and TSPR wavelengths for: (brown line) incompressible 

medium; (green line) incompressible particle and for compressible solvent and particle (grey 

line) using both the bulk modulus of metallic gold and the fitted bulk modulus (Nano) to the 
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experimental data. Calculation details are given in the discussion section and Figures S4 and S5 

in the SI.  

We interpret the results in terms of the Mie-Gans model.13 For small particles satisfying the 

Rayleigh conditions, the extinction of light is primarily due to dipolar excitations and the 

following expressions should be valid 17 

𝜎𝑒𝑥𝑡 = 𝜎𝑎𝑏𝑠 + 𝜎𝑠𝑐𝑎 = 𝑘 Im(𝛼)           with    𝜎𝑠𝑐𝑎 =
𝑘4

6𝜋
|𝛼|2                       (1)  

Here 𝜎𝑒𝑥𝑡 is the extinction cross-section of the nanocrystal solution in terms of the optical 

polarization, 𝛼, and the wavevector of the incident light, 𝑘 = 2𝜋𝑛 𝜆⁄ . There are two 

contributions due to photon absorption and photon scattering by the nanocrystal. The 

polarizability of a small particle along the principal directions of the ellipsoid is given by1, 2 

 

𝛼𝑥,𝑦,𝑧 =
4𝜋

3
𝑎𝑏𝑐 

𝜀𝐴𝑢 − 𝜀𝑚

𝜀𝑚 + 𝐿𝑥,𝑦,𝑧(𝜀𝐴𝑢 − 𝜀𝑚)
                                                           (2) 

Here a, b and c are the radii in the case of a sphere (r = a = b = c) or the semi-axes in the case 

of a rod (a > b = c), 𝜀𝐴𝑢 is the dielectric function of the particle19 and 𝜀𝑚 = 𝑛2 is the dielectric 

function of the non-absorbing medium, which also yields a refractive index, n. Lx,y,z is the 

depolarization or shape factor, defined for ellipsoids as1, 2 

𝐿𝑥 =
1 − 𝑒2

𝑒2
[−1 +

1

2𝑒
ln (

1 + 𝑒

1 − 𝑒
)]                                                                  (3) 

𝐿𝑦 =
1 − 𝐿𝑥

2
                                                                                                          (4) 

where 𝑒2 = 1 − (𝑏/𝑎)2 is the ellipticity of the particle (e = 0 and L = 1/3 for a sphere). For 

spherically capped cylinders, the value of L can be treated as a fitting parameter or determined 

numerically.12 For gold, the Drude model accurately predicts the dielectric response and we have 
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𝜀𝐴𝑢(𝜔) = 𝜀∞ −
𝜔𝑝

2

𝜔(𝜔 + 𝑖𝛾)
                                                                                    (5) 

Here 𝜀∞ is the high frequency limit and incorporates interband and higher energy core 

transitions in the metal, is the damping frequency and 𝜔𝑝
2 =

𝑁𝑒2

𝑚𝜀0
 defines the bulk plasma 

frequency of the metal.17-19 From Equation 2, the surface plasmon resonance condition is 

fulfilled when: 

(1 − 𝐿)𝜀𝑚 + 𝐿𝜀𝐴𝑢(𝜔) = 0                                                                                 (6) 

Any change to the parameters L, 𝜀𝐴𝑢 or 𝜀𝑚 in Equation 6 will alter the surface plasmon peak 

wavelength.  

 

Hydrostatic pressure can alter the polarizability and hence the absorption spectrum through at 

least 4 distinct mechanisms. Firstly, the pressure can induce changes in a, b, and c. Because gold 

has a cubic (BCC) crystal structure the compression will be isotropic provided that the pressure 

transmitting medium is hydrostatic (fixed GNR aspect ratio). Hence, compression will slightly 

decrease the extinction coefficient, but this effect is not investigated further. Because there are 

small changes to the cell thickness during loading, the resultant changes in absorption coefficient 

are difficult to quantify. Secondly, if the strains along the various axes differ (non-hydrostatic 

conditions), then there will be a change in the shape factor L, which will cause the SPR to shift 

to higher or lower wavelengths. Thirdly, compression of the solvent will increase its density, 

leading to an increase in the solvent dielectric function, 𝜀𝑚. Finally, the particle compression will 

cause an increase in the conduction electron density N. This increases the bulk plasma frequency, 

𝜔𝑝, and hence leads to a blueshift in the SPR wavelength.  

g
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The bulk modulus K, of a material with volume V, is defined in terms of the isothermal 

compressibility B as 

1

𝐾
= 𝐵 =

1

𝑉
(

𝜕𝑉

𝜕𝑃
)

𝑇
                                                                                                (7) 

The bulk plasma frequency depends on the particle volume as follows: 

𝜔𝑝
2(𝑃)

𝜔𝑝
2(0)

=
𝑉0

𝑉(𝑃)
                                                                                                      (8) 

or, in terms of the plasma wavelength: 𝜆𝑝(𝑃) 𝜆𝑝(0)⁄ = √𝑉(𝑃) 𝑉0⁄ . We can directly correlate 

the spectral shifts in the SP mode to relative changes in the volume of the particle at each 

pressure. Normally the value of K is obtained by fitting the (P,V) data to an Equation of State 

(EOS), that in the case of a first-order Murnaghan EOS is given by 

𝑃 =
𝐾0

𝐾0
′ [(

𝑉0

𝑉
)

𝐾0
′

− 1]                                                                                           (9) 

Here 𝐾 = 𝐾0 + 𝐾0
′𝑃  and 𝐾0′ = (

𝜕𝐾

𝜕𝑃
)

𝑃=0
. Hence the analysis consists of measuring the spectra of 

the gold nanocrystals over a range of hydrostatic pressures and using the spectral shift to 

calculate the change in particle volume at each pressure (see Figure S1 in the SI). The model 

considers the aspect ratio distribution of the solution, the end-cap geometry of the particles and 

the presence of the surfactant molecules.22 The complete plot of P vs V is then fit to Equation 9 

to yield the bulk modulus keeping the first derivative fixed at 𝐾0
′  = 6.10,14 

The above analysis holds provided that the particles do not change shape under a hydrostatic 

load. Such changes would result in plastic deformations and would be irreversible. We see little 

hysteresis in the P(V) data and hence conclude that shape changes are not significant. We also 

saw no significant change in particle shape by TEM after experiments. The above analysis also 

holds only if the solvent refractive index does not change. Rearranging Equation 6 yields: 
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𝜆𝐿𝑆𝑃𝑅(𝑃) = 𝜆𝑝(0)√
𝑉

𝑉0
√𝜀(0) +

1−𝐿

𝐿
𝜀𝑚(𝑃)                                                (10) 

To model the changes in the solvent with increasing pressure, the dielectric function, 𝜀𝑚(𝑃), is 

fitted empirically to a Lorentz-Lorentz relation:  

𝜀𝑚(𝑃) = 𝑛2 =
1 + 2𝑢

1 − 𝑢
                                                                                            (11) 

where 𝑢 =
4𝜋

3

𝑁𝐴

𝑉0
(

𝑉0

𝑉
) 𝛼𝑃. Here 𝑁𝐴 is Avogadro’s number, 𝑉0 the zero-pressure molar volume, 

𝛼𝑃, is the molecular polarizability at P, and can be described empirically by the equation 𝛼𝑃 =

𝛼0 (
𝑉0

𝑉
)

𝜑

 with 𝜑 = -0.157 for MeOH-EtOH (4:1).15 Using a Tait EOS for the solvent:20  

𝑉

𝑉0
= 1 −

1

(𝐾0
′ + 1)

𝑙𝑛 [
(𝐾0

′ + 1)𝑃

𝐾0
+ 1]                                                        (12) 

we obtain a precise description of the refractive index (and hence dielectric function) of the 

solvent as a function of pressure by fitting the measured values to the equation: 

𝜀𝑚 =
1 + 2𝐶0 (

𝑉0

𝑉 )
1+𝜑

1 − 𝐶0 (
𝑉0

𝑉 )
1+𝜑                                                                                     (13) 

where 𝐶0 =
4𝜋

3

𝑁𝐴

𝑉0
𝛼0 and 𝜑 are determined by fitting the experimental refractive index data as 

a function of pressure to Equation 13, and the V(P) data to Equation 12 for the corresponding 

solvent. From the available refractive index data as a function of pressure and V(P) data for 

liquid paraffin in the 0-1.9 GPa range16 and liquid MeOH-EtOH (4:1) in the 0-11 GPa range,12 

the obtained fitting parameters are: 𝐶0 = 0.2831; K0 = 1.46 GPa; K0’ = 13; and 𝜑 = -0.016 for 

paraffin (Figure S5 in the SI), and 𝐶0 = 0.2109; K0 = 0.77 GPa; K0’ = 9.9; and 𝜑 = -0.157 for 

MeOH-EtOH. 
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The data in Figures 1-3 were fit to Equations 11-13 and the fits are shown using the gold bulk 

modulus (K0  = 167 GPa),14 and the fitted one, labelled “Nano” (K0   = 190 GPa), with a fixed 

value of K0’= 6 in both cases. In the simplest case, the observed surface plasmon wavelength is 

plotted as a function of the applied pressure and the values of K0 and K0’ are obtained. Better fits 

were obtained when the plasma wavelength or high frequency dielectric constant were also 

included as fitting parameters. For both spheres and rods, the refractive index induced redshift is 

higher than the blueshift due to the electron gas compression. However, we can subtract the 

solvent effect and use this to find a value of K0. Interestingly, the obtained value of 190 GPa is 

significantly higher than the bulk modulus for gold metal. X-ray diffraction experiments on 

compacted GNS samples under non-hydrostatic conditions show that the GNS equation of state 

is well described by a bulk modulus of K0  = 196 GPa,6 supporting the present findings, which 

were obtained under hydrostatic conditions. As is shown in Figures 2 and 3, a bulk modulus 

about 10% larger than the modulus for bulk gold best describes the observed variations in the 

LSPR cross-sections as a function of pressure for all the GNR solutions. This result is predicated 

on the assumption that 𝜀(0) remains constant with pressure and provides experimental evidence 

for bulk modulus enhancement for GNRs, whose specific surface energy increases with pressure. 

Although the interband transitions may lead to a variation in 𝜀(0) with pressure, our conclusions 

are based on the shape of the LSPR(P) variation of GNR outside the wavelength region where 

the interband effects are important (𝜆 > 590 nm). Furthermore, a variation in 𝜀(0) with pressure 

is not simultaneously consistent with the red-shift of the longitudinal modes and the small blue-

shifts observed for the transverse surface plasmon polariton mode. 
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The depolarization factor L is smaller for the longitudinal mode than for the transverse mode 

of the GNR (see Equations 2-4, 10), which leads to a stronger sensitivity to refractive index 

changes, i.e. larger LSPR redshifts. For the LSPR mode, the refractive index induced redshift is 

larger than the blueshift due to plasmon compression. This contrasts with the small transversal 

surface plasmon resonance (TSPR) blueshift observed in Figure 3, where the effect of 

compression of the electron gas is more important than the solvent induced shift. Since the 

increase in solvent refractive index must lead to a TSPR redshift, the observed blueshift confirms 

that there is an increase in electron density and compression of the GNR.  

Based on the bulk modulus of metallic gold, K0 = 167 GPa,14 the relative electron 

concentration (N/N0=V0/V) increases by about 6% at 10 GPa. The corresponding relative increase 

in the bulk plasma frequency is 3%, which is detectable by optical spectroscopy through the SPR 

shifts, provided that we know the contributions from the surrounding media. Interestingly, the 

gold EOS is known 10,14 (although only under non-hydrostatic conditions for GNS)6, and the 

refractive index of the solvent as a function of pressure is known experimentally.15,16 This 

knowledge allows us to simulate the variations of SPR and the total absorption cross section of 

the SPR, by fixing the pressure dependences of N(P) and m(P). This is not the case for paraffin 

where the pressure-dependence of refraction index is known only over a narrow pressure range 

(0-1.9 GPa).15 

The anomalous optical absorption at the LSPR peak observed in Figure 2 is noteworthy. The 

deviation of the experimental absorption intensity data, I(P), from the calculated absorption from 

Mie-Gans theory,13 which fairly describes the observed pressure-induced GNR solution 

absorption at the LSPR peak in liquid state, shows an abrupt decrease in I(P) above the solution 
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solidification pressure. The higher the solidification pressure, the more abrupt the absorption 

decay. This effect is accompanied by an important broadening of the LSPR band. 

CONCLUSIONS 

 

In conclusion, we have measured the effects of hydrostatic loading on the surface plasmon 

resonances of gold nanospheres and nanorods. We have extracted the bulk modulus from the 

experiments and found it to be 190 GPa, about 15 % higher than the bulk modulus for gold 

metal. Other key points are:  

1) GNR solutions in MeOH-EtOH (1:4) are well suited for obtaining absorption spectra in the 

hydrostatic (1-4 GPa) and non-hydrostatic (P > 4 GPa) regimes. Mie-Gans theory fairly accounts 

for the pressure-induced SPR shifts and variations of extinction cross-section in the hydrostatic 

regime. However, it is inadequate for describing the GNR spectral catastrophe observed under 

non-hydrostatic conditions (see Figure 2 and Figure S4 in the SI). 

2) GNR solutions in MeOH-EtOH (4:1) provide a wider hydrostatic range (about 1-10 GPa) 

and thus a wider pressure range for describing spectral variations on the basis of the Mie-Gans 

theory in the hydrostatic regime. Nevertheless, non-hydrostatic effects (P > 10GPa) are stronger 

when solution solidification takes place at higher pressures. 

3) GNS solutions exhibit smaller changes in the SPR with pressure due to the larger geometric 

shape factor, L = 1/3, which reduces the solvent influence. Mie-Gans theory does not account 

quantitatively for variations of the SPR and 𝜎𝑒𝑥𝑡 with pressure for the spheres. We also found 

that poorer fits were obtained when we fitted the high-pressure spectral shifts to the EOS and 

refractive index data extrapolated from low-pressure measurements. Indeed, a better estimation 

of n(P) can be obtained by fitting the paraffin EOS, and hence n(P) to the experimental SPR data. 

This is an interesting application of plasmonics to refractive index sensing. It is noteworthy that 
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the spectral shifts in the GNR solutions provide a sensitive marker for the onset of non-

hydrostatic effects. 

4) Finally, we note that the pressure-induced redshift of the SPR in the low-pressure regime (< 

0.5 GPa) is one of the largest measured ever: 69 nm/GPa (0.12 eV/GPa). Furthermore, we also 

observed that the nanocrystal solutions solidified at a different pressure to the pure solvent and 

that non-hydrostatic conditions result in irreversible changes to the GNR spectra. Pressure-

induced solution solidification results in nanorod aggregation and/or shear and compressive 

deformations after solvent-solidification.  

 

EXPERIMENTAL METHODS   

Synthesis:  

GNR solutions in MeOH-EtOH solvents were prepared using hydroquinone as the reductant.22 

After rod growth they were purified by centrifugation to remove CTAB and unreacted spectator 

ions. The GNRs with aspect ratios 3.3 or 5.7 were stabilized in MeOH-EtOH solutions using 

poly(vinylpyrrolidone), MW ~ 10,000 g/mol as surfactant. Gold nanospheres (GNS) in paraffin 

were prepared by phase transfer of a Turkevich gold sol from water into paraffin using 

octadecylamine as phase transfer agent. Electron microscopy images were obtained on a Tecnai 

FEI20 TEM instrument at 200kV (Figure 4). TEM reveals the GNRs to be spherically capped 

cylinders. The absorption spectra of the GNR solutions exhibit the characteristic intense LSPR 

and weak TSPR peaks, the wavelengths of which show a linear redshift with aspect ratio (Figure 

4). Fits are shown using Mie-Gans theory (see Figures S1-S2 in the Supp. Info.). 
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Figure 4: TEM images of the gold nanorods used in these experiments. High resolution images 

show the particles to be single crystals with the major growth direction being [1 0 0]. Particles 

resemble spherically capped cylinders.  The aspect ratios, mean lengths and widths are: a) AR 

=3.3, l(2a) = 42.2 nm, d(2b) = 12.8 nm; b) AR = 3.7, l = 21.7 nm d = 5.6 nm c) AR = 4.9, l = 28.5 

nm, d = 5.8 nm; d) AR = 5.7, l = 43.0 nm, d = 7.4 nm. Optical absorption spectra of the 

corresponding GNR solutions showing the variation of the LSPR peaks with the GNR aspect 

ratio, and the corresponding calculated one from Mie-Gans theory (see Figures S1-S2 in the SI). 

 

A Cary 6000i spectrophotometer was used to collect the optical absorption spectra of GNR and 

GNS solutions in the 300-1700 nm range using either paraffin or MeOH-EtOH as references. 

Suitable silica-grade cuvettes with pathlengths of 1, 0.1, or 0.01 cm were employed depending 

on the GNR and GNS concentrations. The absorption spectra were obtained after sonication of 

solutions for 10 min. to ensure complete dispersion. Spectra were collected as a function of time 
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to check colloid stability. Both the shape and SPR peak wavelength were stable to within 5% 

over the time scales of the experiments. 

 

Measurements: 

High-pressure experiments were carried out in membrane and Böehler-Almax diamnod anvil 

cells (DACs). 200-μm-thick Inconel gaskets were preindented to 40-70 μm. 150-μm-diameter 

holes were perforated with a BETSA motorized electrical discharge machine and used as 

hydrostatic chambers. The DAC was loaded with suitable MeOH-EtOH GNR or paraffin GNS 

solutions and ruby microspheres (10-20 μm diameter) as pressure probes.23 The solution itself 

acted as the pressure-transmitting medium. The hydrostaticity of the pressure transmitting media 

was probed through the ruby R-line broadening, the linewidth of which is known to slightly 

decrease with pressure in the hydrostatic range. However, it undergoes an abrupt broadening 

with increasing pressure in a solidified pressure-transmitting medium.24 The alcohol based GNR 

solutions were loaded rapidly (a few seconds time scale) in order to minimize solvent 

evaporation. Depending on the loading procedure (loading time or cavity thickness), the spectra 

showed small deviations of the SPR (about 10-30 nm) that we attribute to adsorption of a small 

fraction of the GNRs onto the diamond culets.  
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Scheme 1: High-Pressure optical spectroscopy. (Left) Diagram showing the set-up for the 

DAC. The volume of the cell is about 10 nL before it is loaded. (Right) Diagram showing the 

optical set-up to generate both the reference and sample beams using optic fibers for collection 

of absorption spectra. 

 

Optical absorption spectra under high-pressure conditions were collected on a home-built fiber-

optic based microscope, equipped with two Cassegrain 20× reflecting objectives mounted on two 

independent x -y -z translational stages for the microfocus beam, the objective lens and a third 

independent x-y translation stage for the DAC holder. Optical absorption data and images were 

obtained simultaneously with the same device.25 Spectra in the UV-VIS and NIR were recorded 

with 2 spectrometers, an Ocean Optics USB 2000 and a NIRQUEST 512, employing Si- and 

InGaAs-CCD detectors, respectively. The I and Io intensities were measured in two separate 
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experiments with the same DAC by loading it first with the nanoparticle solution (I), and then 

with the corresponding solvent (Io), covering the same pressure range. Three independent 

experiments were performed for each of the three investigated solutions: GNR in MeOH-EtOH 

(1:4 and 4:1) and GNS in paraffin. The hydrostatic pressure range and liquid-solid pressure 

transition of GNR and GNS solutions were determined from the pressure dependence of the full 

width at half maximum (FWHM) of the Ruby R-lines (see Figure S3 in the SI).23,24 

 

ASSOCIATED CONTENT 

Supporting Information. 

Supporting Information (SI) contains detailed information on the following items. 1) 

Calculated spectra from Mie-Gans model: aspect-ratio distribution and plasmon frequency. 2) 

Variation of the LSPR and TSPR wavelength with the aspect ratio. 3) Hydrostaticity of the GNR 

solutions as pressure transmitting media: Liquid-Solid transition pressure. 4) Non-hydrostatic 

effects on the SPR shifts. 5) Equations describing the EOS and refractive index of paraffin as a 

function of pressure. Supporting Information Available online. 
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BRIEFS. 

The surface plasmon resonances of gold nanosphere and nanorod solutions have been measured 

as a function of hydrostatic pressure up to 17GPa. Both the sphere resonance and the longitudinal 

rod resonance exhibit redshifts while the transverse rod mode shows an extremely weak red-shift 

or blueshift depending on the nanorod aspect ratio. These shifts are the result of two competing 

effects: compression of the conduction electrons in the metals increases the bulk plasma 

frequency (blueshift) and increase of the refractive index of surrounding media (redshift). 

Pressure-induced solidification of the solvent causes some aggregation and deformation of the 

particles. 
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