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 2 

ABSTRACT. The effects of hydrostatic pressure on the surface plasmon resonances (SPR) of 

aqueous dispersions of monodisperse gold nanorods were determined up to 9 GPa. The ultranarrow 

longitudinal SPR band of monodisperse nanorods allows us to monitor a gradual redshift with 

pressure, which shows abrupt jumps at the liquid to ice phase VI and ice phase VII transitions. 

Despite solidifying at low pressure (about 1 GPa), water displays a regime of quasi-hydrostaticity 

in said phase VI and VII, up to ca. 5 GPa. Above this pressure, non-hydrostatic effects manifest 

themselves through broadening of the SPR bands, but barely any effect is observed on the position 

of the SP mode. The variation in the SPR peak wavelength with pressure allowed us to determine 

the pressure dependence of the refractive index of water. Unlike Brillouin scattering or 

interferometric techniques, this plasmon spectroscopy based method leads to a more direct 

determination of the refractive index, which is well described empirically by Murnaghan-type 

equations in the three explored phases. We report herein the obtained analytical functions 

providing the pressure dependence of refractive index in the liquid, ice VI and ice VII phases of 

water.  
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 3 

INTRODUCTION  

The application of hydrostatic pressure to nanoscale materials is an efficient method to induce 

changes in their physico-chemical properties through volume reduction of both the nanoparticles 

and their surrounding medium. This is due to the ability of nanoscale materials to exhibit size 

dependent optical, magnetic, electronic, and catalytic properties, which render them promising 

candidates for applications ranging from biomedicine to electronic displays [1–3]. However, a 

major challenge has been understanding and eventually predicting changes in nanomaterials 

properties due to structural changes of either the nanoparticles, the surrounding medium or both. 

This behavior can be monitored via surface plasmon resonances in metal nanoparticles of various 

shapes (e.g. nanospheres and nanorods), due to changes in their aspect ratio (AR) or nanoparticle 

size, as well as in the refractive index of the surrounding medium. Gold nanorod (AuNR) 

plasmonics has been recently exploited to investigate the nanoparticle’s mechanical properties, 

through adequate models describing SPR shifts under hydrostatic and non-hydrostatic high-

pressure conditions [4]. This new methodology is noteworthy owing to the difficulty in applying 

well-defined loading forces to nanomaterials, as well as problems related to measuring 

deformations with suitable accuracy. Although high-pressure measurements have been previously 

carried out on metal nanoparticles [5, 6], only a few studies have been able to properly describe 

the observed changes in terms of pressure-induced structural variations, because of the severe non-

hydrostatic conditions. We present herein for the first time, the application of spectroscopic 

measurements of the SPR of aqueous solutions of monodisperse AuNRs under hydrostatic loading, 

to determine the pressure-dependence of the refractive index of water, both in the liquid state and 

in ice phases VI and VII. AuNRs with optical monodispersity were obtained by controlled 

irradiation with femtosecond laser pulses, following a previously established procedure [7]. This 
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 4 

method yields the highest reported optical quality for AuNRs, related to a minimum dispersion in 

aspect ratio, which in the present work corresponds to an average AR of 3.4 and a standard 

deviation of 0.2. This highly narrow size distribution is crucial for accurate measurement of 

pressure-induced deviations of the longitudinal surface plasmon resonance (LSPR) peak, 

extinction cross-section or extinction bandwidth. Measurements of these three parameters as a 

function of pressure, in the 0-9 GPa range allow us to extract information on the refractive index 

n(P) of water, as well as on AuNR aggregation in the solid phases. We demonstrate that LSPR 

spectral shifts of AuNR aqueous solutions can be used to infer the value of n(P) for water in the 

liquid state, as well as in the ice phases VI and VII. The obtained results compared well to data 

obtained by other techniques: on one hand Brillouin spectroscopy and sound velocity [8], and on 

the other hand interferometry and reflectivity techniques [9–11]. Interestingly, this plasmonics 

based method for the determination of n(P) has the advantage of providing a more direct measure 

of the refractive index, whereas methods based on Brillouin spectroscopy and interferometric 

measurements depend on the accurate measurement of two independent variables – the Brillouin 

peak shift and sound velocity, and interference pattern and interlayer distance, respectively–, our 

surface plasmon-based method depends on the solvent refractive index and the bulk modulus of 

gold in the nanoparticle, but the latter accounts for less than 10% of the total contribution to the 

SPR pressure shift, thus providing an attractive alternative approach to determine n(P). 

RESULTS  

Figure 1 presents a representative transmission electron microscopy (TEM) image and 

corresponding histogram of the employed AuNRs, as well as experimental and calculated 

extinction spectra. The AuNRs can be approximated as spherically capped cylinders with a 

diameter of 13.4 nm, and end-cap geometry – defined as the spherical-cap height-to-diameter ratio 
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 5 

– of 0.4. The AuNRs are highly monodisperse, with an aspect-ratio distribution centered at 3.4 and 

standard deviation of 0.2. The optical spectrum shows the characteristic band structure associated 

with the transversal SPR located at 510 nm (weak band) and the longitudinal SPR at 740 nm 

(strong band), in accordance with the measured aspect ratio of 3.4 and correlations between LSPR 

and aspect ratio in AuNR aqueous dispersions established elsewhere [12]. The extinction spectra 

were simulated using a modified Mie-Gans model to account for AuNR distribution and geometry 

(end-cap, roughness and dimensions; retardation effects) [13,14]. The model suitability is 

illustrated though the simulated spectrum shown in Figure 1. It should be noted that the AuNR 

response used in this simulation coincides with that calculated by R. Yu et al. for a rod-shaped 

nanoparticle (see Fig. S1 in Supporting Information (SI)) [15]. Neither extinction background nor 

gold-interband refractive-index effects at the nanoscale were considered in the simulation. All 

those effects mainly influence the spectral region below 550 nm and probably account for the 

observed discrepancies in the transversal SPR band. However, this correction does not affect the 

LSPR position and the band width. 
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 6 

 

Figure 1. a) TEM images of the AuNRs used in the experiments. Particles resemble spherically 

capped cylinders with aspect ratio AR=3.4 and mean dimensions, l=45.7 nm and d=13.4 nm. b) 

Aspect ratio distribution determined from TEM images and associated density function (solid line). 

c) Experimental (pink) and calculated (grey) (Mie-Gans theory) optical extinction spectra.  

The variation of the extinction spectra of aqueous AuNR dispersions with pressure is shown in 

Figures 2 and 3. It is worth noting that the use of monodisperse AuNR samples is crucial to get 

suitable optical spectra from dilute AuNR solutions in diamond anvil cells having light paths of 

about 70 µm. Usual AuNR solutions reported in the literature [16] have AR distributions with 

standard deviations typically around 0.4, which give rise to extinction spectra with LSPR bands 

having FWHM of 100 nm and extinction coefficients at the LSPR of 3000 nm2. In contrast, our 

monodisperse AuNR solutions have FWHM values of 50 nm and the extinction coefficient is 8000 

nm2 (see Figure S2 in SI). This optical quality makes it possible to record suitable spectra from 
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 7 

dilute aqueous AuNR dispersions ([AuNR] = 3×1011 cm-3) at high pressure, while minimizing 

effects due to aggregation and mutual interaction. We estimate that the signal-to-noise ratio 

enhancement using monodisperse AuNRs increases up to a factor of 5. In order to test the 

reproducibility of the measurements with this extremely sensitive AuNR system, we carried out 

three different pressure experiments, using three different samples taken from the same colloid. A 

pressure-induced redshift of the SPR is clearly observed in all three AuNR-water samples. The 

main observations were: 1) common and progressive LSPR redshifts, the pressure derivative of 

which decreases with pressure in a similar way to the variation of the water V0/V ratio with pressure. 

2) Abrupt LSPR jumps toward longer wavelengths at about 1.5 and 2.0 GPa, associated with the 

liquid-to-ice VI, and ice VI-to-ice VII phase transitions of water, respectively. The redshift 

pressure derivative changes with pressure and in each water phase. The largest SPR shift with 

pressure measured at low pressure (P < 0.5 GPa) in the liquid phase amounts to 22 nm/GPa (48 

meV/GPa), which is a rather competitive figure for potential use of AuNRs as a low-pressure 

sensor in aqueous solutions. As a comparison, the pressure shift of ruby –the most widely used 

pressure sensor– is 0.36 nm/GPa [17]. 3) The LSPR band broadens with increasing pressure, after 

water solidification. In particular, LSPR broadening becomes more prominent in ice phase VII, 

where solidification-induced AuNR aggregation or stress are likely responsible for said broadening 

[4,18]. In addition, the variation of the optical density at the LSPR maximum, as a function of 

pressure, shows anomalies once hydrostaticity is lost (Figure 4). As expected from model 

simulations, we observed an increase of the maximum optical density with increasing pressure, 

due to the concomitant increase in medium refractive index, in the hydrostatic or quasi-hydrostatic 

pressure regimes. However, this trend does not hold after solvent hydrostaticity is lost, where the 

optical density at the LSPR maximum is found to decrease as pressure increases. Stress or 
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 8 

aggregation effects induced by non-hydrostaticity are likely responsible for this anomalous 

behavior of the optical density. It is worth noting that, whereas the solvent hydrostaticity loss has 

important consequences on the broadening and extinction damping of the LSPR peak, it only 

weakly affects the magnitude of LSPR pressure shifts. Correspondingly, no anomalous behavior 

of the LSPR variation is observed at pressures where the optical density decays. 

 

Figure 2. Extinction spectra of gold nanorods with AR=3.4, in aqueous solution, as a function of 

the pressure for three measurement runs. The spectra in red, pink and green refer to the liquid, ice 

VI and ice VII phases, respectively.  
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 9 

 

 

Figure 3. Pressure dependence of the LSPR band of gold nanorods with AR=3.4, in aqueous 

solution, for three measurement runs. The plots include experimental and calculated values of 

λLSPR(P) using the Mie-Gans model. This model accounts for the LSPR behavior in the studied 

regime. Filled circles correspond to experimental data, and lines represent the calculated LSPRs. 

Empty circles (○) correspond to experimental points taken following pressure release attained after 

water-to-Ice VI transition at 1.8 GPa. This symbol at 2.0 GPa corresponds to phase coexistence at 

Ice VI–Ice VII phase transition. Calculation details are provided in the Discussion section. 
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 10 

 

Figure 4. (Top row) Pressure dependence of the optical density at the LSPR band maximum. Solid 

line: calculated extinction cross-section from Mie-Gans theory. (Middle row) Pressure dependence 

of the FWHM of the LSPR band. Dashed lines are a visual guide, for both the liquid and solid 

states. (Bottom row) Hydrostatic pressure range of the solution. The vertical dotted line shows the 

hydrostaticity limit of the pressure transmitting medium (AuNR water solution). Note that after 

solidification (around 1.8 GPa) a quasi-hydrostatic regime is maintained.  
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 11 

DISCUSSION  

We interpret the above results in terms of a modified Mie-Gans model [19], through which we can 

directly correlate the pressure-induced LSPR shift with the relative changes of AuNR volume and 

the solvent refractive index at each pressure, through the following equation:  

																																															l"#$% = l'(0)+
𝑉
𝑉-
+𝜀(0) +

1 − 𝐿
𝐿 𝜀3																																					(1) 

The variation with pressure of the optical density at the LSPR peak obeys:  

																																																										𝐼"#$% = 𝐶	𝑉𝜀3
6
7 /l"#$%																																																								(2) 

where λ𝑝	 (0) and 𝜀(0) are the plasma wavelength at zero pressure and the short wavelength 

dielectric constant of gold, respectively. LSPR data of Fig. 3 have been analyzed using λ𝑝	(0) = 

145.6 nm and (0) = 8.6. These values are closer to those reported for bulk gold by Olmon et al. 

[20] and Johnson and Christy [21] and provide the overall best fit. 𝐿 is the nanorod depolarization 

or shape factor, 𝜀𝑚 = 𝑛2 is the dielectric function of the non-absorbing medium, which also yields 

a refractive index, 𝑛, while 𝐶 in Eq.2 is a renormalization constant. The change in particle volume 

can be well described by a first-order Murnaghan equation of state [22] 

																																																										
𝑉
𝑉-
= =

𝑃𝐾-@

𝐾-
+ 1A

BC/DEF

																																																						(3) 

Here the bulk modulus 𝐾 = 𝐾- + 𝐾-′𝑃 and 𝐾-′ = HID
I$
J
$K-

. We employed a gold bulk modulus of 

𝐾0 = 190 GPa, with a fixed value of 𝐾0′ = 6 for the AuNR as determined by means of the reported 
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 12 

analysis of extinction spectra of gold nanocrystal colloids in ethanol-methanol mixtures over a 

range of hydrostatic pressures [4]. We found that the bulk modulus of gold for an AuNR of 𝐾0 = 

190 GPa is significantly higher than that for bulk gold metal, 𝐾0 = 167 GPa [23]. This enhancement 

of the incompressibility for gold is a direct consequence of the nanoscale regime. From these data 

we could accurately determine the change in AuNR volume with pressure, to be incorporated in 

Eqs. (1) and (2). The parameter L was determined from analysis of TEM images (Figure 1). Given 

the quasi-isotropy of the solvent, we assumed that the AuNRs do not undergo reshaping under a 

hydrostatic load. A nanocrystal with cubic lattice, such as gold, should retain its shape upon 

volume reduction under high-pressure conditions. Hence, the analysis of pressure-induced LSPR 

shifts in AuNRs should reveal the pressure dependent solvent refractive index, over the explored 

pressure range. On the basis of the semi-empirical relationship between refractive index and mass 

density as 𝑛 ∝ 𝜌 [24], we describe the pressure dependence of the refractive index using a 

phenomenological Murnaghan-type equation: 

																																																													𝑛 = 𝑛- N
𝑃𝛼
𝛽 + 1Q

C/R

																																																						(4) 

where 𝑛0 is the refractive index of water at ambient pressure, while α and β are empirical 

parameters. We determined these parameters by fitting the LSPR pressure shift to Eq. (1), using 

Eqs. (3) and (4) to describe the pressure dependence of gold electron density and solvent dielectric 

function as 𝜀𝑚 = 𝑛2, respectively.  The complete λLSPR (P) data were then fitted using Eq. (1), to 

obtain the pressure dependence of water refractive index, n(P). Given the dispersion of n(P) data 

in the literature [8–11, 25] we derived the water refractive index n(P) directly from Eqs. 1 and 4. 

Interestingly, this procedure provides a semi-empirical analytical function for n(P). In addition, 

compared to other techniques such as Brillouin scattering [8] or interferometric techniques [9-11], 
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 13 

this method has the advantage that the two main contributions to the LSPR shift are well known – 

the electron gas compression induces a blueshift while the refractive index of the medium induces 

a redshift – and can be easily decoupled, particularly for gold nanoparticles since the blueshift 

contribution from electron gas compression is much smaller – by about an order of magnitude – 

than the redshift contribution due to refractive index increase for compressed water. Knowledge 

of the blueshift generated by the increase of plasma frequency –electronic density N(P) – for gold, 

allowed us to obtain the refractive index of water n(P), since the contribution from N(P)  is not 

only smaller but also well known from the AuNR equation of state.  

The suitability of Eq. (4) to describe the pressure dependence of the refractive index for water was 

evaluated against experimental n(P)data reported by Polian et al. [8] from Brillouin scattering 

experiments using a density-based method, and by Dewaele et al. [9], Zha et al. [11], and Vedam 

and Limsuwan [10] from interferometric measurements (see Figures S3 and S4 in Supporting 

Information). The parameters 𝛽 and 𝛼 are only phenomenological parameters that should not be 

related to 𝐾0 and 𝐾0′, respectively. We used the same 𝛽 values for all phases in the fits –leaving 

two fitting parameters– in order to avoid parameter uncertainty and to allow comparison of the 

n(P) values obtained by different experimental methods. We plotted in Figure 5 the n(P) data 

obtained in this work, along with other results reported elsewhere [8–11]. We obtained very similar 

n(P) values to those found for the liquid and ice VI phases by Polian et al. [8], Dewaele et al. [9], 

and Vedam and Limsuwan [10]. In the ice VII phase we observed better agreement with the results 

from refs. [9,11], especially in the high-pressure region, but with a good overall description of the 

data. Moreover, the n(P) data extrapolated with our model (Eq. (4)) for pressures above 9 GPa are 

in excellent agreement with the experimental data reported by Zha et al. [11]. It is worth pointing 
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out that, here, we report analytical expressions describing n(P) data for different phases of water: 

liquid, ice VI and ice VII, the corresponding parameters being collected in Table 1. 

Table 1. Fitting parameters to the Murnaghan-type equation for each investigated water phase. 

The pressure range of applicability is also included. Errors correspond to the standard deviations 

derived from the fit of three runs for each phase. 

 Liquid Ice VI Ice VII 

𝑛- 1.33 ± 0.01 1.40 ± 0.01 1.43 ± 0.03 

𝛼 26 ± 3 34 ± 3 13.7 ± 0.4 

𝛽 6 (fixed) 14 (fixed) 30 (fixed) 

Pressure range (GPa) 0 − 1.8 1.5 − 2.2 2.2 − 9 

 

Page 14 of 31

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 15 

 

Figure 5. Pressure dependence of water refractive index. Filled circles correspond to experimental 

data: (green) Vedam and Limsuwan [10], (blue) Dewaele et al. [9], (pink) Polian et al. [8], and 

(red) Zha et al. [11]. The later points were extracted from reported data by Zha et al. [11] and Pan 

et al. [26]. The solid lines represent experimental refractive index values obtained in this work, 

analyzed using Eq. 4. The dashed line is an extrapolation of our model outside the studied pressure 

range. 

CONCLUSIONS  

We have shown that the behavior of aqueous dispersions of gold nanorods under high pressure can 

be measured by optical spectroscopy using diamond anvil cells, and the observed effects are 

properly analyzed through changes induced in the LSPR of the gold nanorods. We demonstrate 
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that pressure-induced LSPR shifts provide information on the pressure dependence of the water 

refractive index. The method validity has been confirmed by comparing our n(P) data for water to 

those obtained by other techniques. In particular, the surface plasmon spectroscopy-based n(P) 

data are very similar to those obtained by combining Brillouin spectroscopy and sound velocity 

measurements under high-pressure conditions. Interestingly, the LSPR pressure shifts of aqueous 

AuNR dispersions are well described by a modified Mie-Gans model, in agreement with previous 

findings for AuNR dispersions in alcohol [4]. We also show that the analysis of the two main 

competing mechanisms responsible for LSPR –the compression of conduction electrons in the 

metal causes a blueshift while an increase in solvent density under pressure leads to a redshift– 

enables us to decouple both effects, thereby providing a direct approach to extract the variation of 

the refractive index of water n(P) from the LSPR pressure shift across the three investigated water 

phases: liquid, ice VI and ice VII. Furthermore, we have demonstrated that the experimental n(P) 

data can be accurately described by means of a semi-empirical, first-order Murnaghan-type 

equation, thus providing an analytical equation for the pressure-dependence of the water refractive 

index from 0 to 9 GPa. Our n(P) data were validated against values determined by other techniques 

and reported elsewhere [8–11]. Indeed, extrapolation of our equation beyond the investigated 

pressure range provided excellent agreement with the available experimental data in the 9-15 GPa 

range. Besides, water exhibits a wide pressure range of quasi-hydrostaticity after its first 

solidification from liquid to ice VI, as we demonstrate by comparing pressure-induced peak/line 

broadening of the LSPR peak and ruby luminescence R lines, with FWHM that are highly sensitive 

to nonhydrostatic solvent stress. Nevertheless, such non-hydrostatic effects do not significantly 

affect the LSPR pressure shifts, as their variations with pressure show no measurable anomaly, in 

contrast to the optical density and FWHM of the LSPR bands. 
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A notable general conclusion of this work is the suitability of plasmonics for obtaining structural 

information on solvents as a function of pressure. The nanoparticles provide a chemically inert, 

high-pressure spectroscopy probe. We also stress that such plasmon based analysis benefits from 

the use of metal colloids with high monodispersity and therefore narrow plasmon bands. 

EXPERIMENTAL PROCEDURES   

Synthesis 

Materials. Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O, 99.9%), 

hexadecyltrimethylammonium bromide (CTAB, 98%), silver nitrate (AgNO3, ≥99.9%), 5-

bromosalicylic acid (BrSal, 90%), L-ascorbic acid (≥99%), sodium borohydride (NaBH4, 99%) 

and were used as received from Sigma-Aldrich. Nanopure water (resistivity 18.2 MΩ·cm at 25 °C) 

was used in all experiments. 

Single-crystal gold nanorods with an average length of 45.7 nm and diameter of 13.4 nm and aspect 

ratio of 3.4 were synthesized. Firstly, standard AuNRs with LSPR band centered at 780 nm were 

synthesized via a seeded growth method with minor modifications [27]. Then, the aspect ratio 

dispersity of the synthesized AuNRs was reduced via femtosecond pulsed laser treatment 

according to a previously published procedure [7]. 

Seeds. The seeds were prepared by the standard CTAB/NaBH4 procedure: 25 µL of a 0.05 M 

HAuCl4 solution was added to 4.7 mL of a 0.1 M CTAB solution; 300 µL of a freshly prepared 

0.01 M NaBH4 solution was then injected under vigorous stirring. Excess borohydride was 

consumed by ageing the seed solution for 30 min at room temperature prior to use.  
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Gold nanorods with LSPR at 780 nm. In a typical synthesis, 45 mg of 5-bromosalicylic acid was 

added to 50 mL of 0.05 M CTAB and the mixture was mildly stirred for 15 min until complete 

dissolution. Then, 480 µL of 0.01 M AgNO3, 500 µL of a 0.05 M HAuCl4 and 200 µL of 0.1 M 

ascorbic acid solution were added to the mixture. After 2 h at 25 °C (or once the bromosalicylic 

acid has completely reduced Au (III) to Au (I), i.e., monitored by the reduction in the absorbance 

of the Au(III) CTAB complex at 390 nm), 50 µL of a 0.1 M ascorbic acid and 160 µL of the seed 

solution were added under vigorous stirring. After 2h, the resulting gold nanorods display LSPR 

maxima ranging from 820 to 890 nm. Fine tailoring of the LSPR to 780 nm was achieved via 

overgrowth of the synthesized gold nanorods. To afford controlled tuning of the LSPR the 

optimum amount of ascorbic acid needed was found experimentally by overgrowing small aliquots 

of the prepared nanorods with increasing volumes of the ascorbic acid solution: from 0.4 to 1 µL 

per mL. The mixture was left undisturbed at room temperature for at least 4 h. Then, the particles 

were washed three times for 40 min (8000 rpm, 30 °C) using 1 mM CTAB for redispersion.  

Femtosecond pulse laser reshaping: Laser pulses (50 fs) were generated by an amplified Ti-

Sapphire laser system (Spectra Physics), centered at 804 nm and operating at a repetition rate of 1 

kHz. A TOPAS Prime automated optical parametric amplifier (OPA) was employed to generate 

laser pulses centered at 750 nm. The temporal profile of the pulses was diagnosed by second 

harmonic autocorrelation, whereas fluence control was performed by a variable attenuator wheel. 

The irradiation experiment was carried out using quartz cuvettes with an optical path of 5 cm (20 

mL chamber volume, 200–2500 nm spectral range). The volume of the AuNRs suspension was 

fixed to 20 mL. The concentration of gold nanorods was maintained constant using a fixed value 

of the absorbance at 400 nm in a 1 cm optical path cuvette as a reference: 0.18. During the 

irradiation experiment, all the samples were stirred at a speed of 300 rpm using a magnetic bar. 
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The AuNRs (suspended in 1 mM CTAB aqueous solution) were irradiated using a fluence of 3.2 

J/m2 for 3 hours. 

TEM images were obtained in a JEOL JEM-2100 transmission electron microscope operating at 

an acceleration voltage of 200 kV. All samples were centrifuged prior to blotting on carbon-coated 

400 square mesh copper grids. 

High-pressure measurements 

High-pressure experiments were carried out in a Böhler-Almax diamond anvil cell (DAC). Inconel 

625 gaskets (200-µm thick) were preindented at 60-70 µm. Holes with 150 µm in diameter were 

perforated with a BETSA motorized electrical discharge machine as hydrostatic chambers. The 

DAC was loaded with aqueous AuNR colloids and ruby microspheres (10-20 µm diameter) as 

pressure probes [17]. The solutions themselves served as the pressure-transmitting media. The 

hydrostaticity of the pressure transmitting media was monitored through the ruby R-line 

broadening, the linewidth of which is known to slightly decrease with the pressure in the 

hydrostatic range.  

Optical extinction spectra under high-pressure conditions at room temperature were recorded on a 

home-built fiberoptic 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 extinction data and 

images were obtained simultaneously with the same device [28]. Spectra in the UV-VIS and NIR 

range were recorded with 2 spectrometers, an Ocean Optics USB 2000 and a NIRQUEST 512, 

employing Si- and InGaAs-CCD detectors, respectively. The I and I0 intensities were measured in 

two separate experiments with the same DAC by loading it first with the nanoparticle colloid (I), 
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and then with the corresponding solvent (I0), covering the same pressure range. Three independent 

experiments were performed for the investigated dispersion to confirm that the results were 

reproducible and consistent. The hydrostatic pressure range and liquid-solid pressure transition of 

the AuNR solutions were determined from the pressure dependence of the FWHM of the ruby R-

line emissions (see Figure 4). 
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BRIEFS. The high-pressure effects on the surface plasmon resonances (SPR) of aqueous 

dispersions of monodisperse gold nanorods have been measured. Pressure-induced shifts of the 

ultranarrow longitudinal SPR enable determination of pressure phase transitions and the pressure 

dependence of the refractive index along the liquid, ice VI and ice VII phases of water. 
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