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ABSTRACT: The effects of nonhydrostatic pressure on the
morphology and stability of gold nanorods (AuNRs) and
nanospheres (AuNSs) in 4:1 methanol−ethanol mixtures were
studied by optical absorption spectroscopy and transmission
electron microscopy at pressures of up to 23 and 30 GPa,
respectively. Solvent solidification and associated nonhydrostatic
stresses were found to have a negligible effect on the shape and size
of AuNSs. On the contrary, while AuNRs maintained their initial
morphology in the hydrostatic range, the uniaxial stress component
induced under nonhydrostatic conditions had a shearing effect on
the AuNRs, breaking them into smaller particles. Interestingly,
colloidal stability was maintained in all cases, and the particles
showed no sign of aggregation, despite the severe nonhydrostatic
conditions to which both AuNR and AuNS colloids were subjected.

1. INTRODUCTION
The application of hydrostatic pressure provides a promising
method for studying the mechanical properties of nanocrystals.
Information on the strength, stiffness, and elasticity of the
material can be gleaned from measurements of the sample
volume as a function of the applied pressure. The volume
reduction of both the nanoparticles (NP) and the surrounding
medium can be monitored using a range of techniques.
Particularly attractive are those methods based on optical
spectroscopy, which exploit the high sensitivity of surface
plasmonic resonances (SPR) in metal nanoparticles. Although
the first measurements of the effect of pressure on the SPR
peak position, for several Au and Ag hydrosols, were reported
in the early 1990s,1 interest in studying plasmon-related
spectroscopic properties under pressure has skyrocketed
during the last 15 years.2−10 The application of pressure is
known to induce SPR shifts as a result of two competing
effects.7 First, the compression of the solvent increases its
density, thereby leading to an increase in the solvent refractive
index, which in turn causes a red shift in the SPR. Second, the
compression of the conduction electrons increases the bulk
plasma frequency, which leads to a blue shift.
To generate large hydrostatic pressures, a pressure-trans-

mitting medium (PTM) (typically a liquid or gaseous
medium) is employed, with the objective of transforming the
uniaxial pressure applied by the diamonds (in a diamond anvil

cell, DAC) into hydrostatic pressure. However, at a certain
point, the PTM solidifies and the pressure across the cavity
becomes inhomogeneous, resulting in the appearance of
uniaxial stress components. Under a hydrostatic load, it is
assumed that the NPs will compress isotropically, thus
retaining their shape under pressure. However, under non-
hydrostatic conditions the stresses along the different axes of
the nanoparticles differ, inducing changes in the NP
morphology. These effects have been directly observed using
optical absorption spectroscopy measurements on gold
nanorods (AuNRs).7,8 Earlier reports on gold nanospheres
(AuNSs) associated the changes in the extinction spectra at
high pressure with pseudoelasticity effects (i.e., oblate
deformation under nonhydrostatic conditions).11 However,
no such spectroscopic anomalies have been directly observed
in more recent measurements on AuNSs.10 Whereas the
behavior of AuNSs is quite similar in both hydrostatic and
nonhydrostatic regimes, AuNRs show abnormal behavior of
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the surface plasmon resonance and absorption cross-section
above the PTM solidification pressure. This anomalous
behavior of AuNRs with respect to AuNSs under non-
hydrostatic conditions has been attributed to either NP
aggregation or NP deformation. However, to the best of our
knowledge, there has not been any experimental evidence
supporting this hypothesis. Bao et al.4 reported transmission
electron microscopy (TEM) images of 80 nm AuNPs after
plastic deformation. They achieved this by loading a water-
based AuNP colloid into a DAC and compressing it to form a
mixture of AuNPs and ice with applied pressures exceeding 1.2
GPa. Hence, the NPs were not subjected to hydrostatic
pressure but experienced anisotropic compression by the
surrounding ice. In fact, the reported TEM images showed that
NP reshaping was likely due to pressure-induced aggregation
and NP sintering rather than the reshaping of individual NPs
due to nonhydrostatic effects. The possibility to distinguish
reshaping effects from aggregated NPs or individual AuNPs
induced under nonhydrostatic conditions is of fundamental
importance for an improved understanding of the mechanical
properties of AuNPs. In particular, it is critical to determine
the pseudoelastic limits yielding permanent plastic deformation
in dislocation-free, single-crystal AuNPs.
We present herein a systematic study of the plasmonic

response of AuNR and AuNS colloids in methanol−ethanol
(MeOH−EtOH) 4:1, in both the hydrostatic and non-
hydrostatic regimes, as well as their morphology and stability
under high-pressure conditions. We use TEM to explore NP
aggregation, deformation, and alloying, after a high-pressure
treatment, by recovering the sample after it has been subjected
to either hydrostatic or nonhydrostatic pressure of about 30
GPa, with uniaxial stress components in the latter case of up to
2 GPa. We demonstrate that AuNPs remain colloidally stable
despite the severely nonhydrostatic conditions and that both

NP morphology and crystallinity determine the likelihood that
they will undergo permanent plastic deformation.

2. METHODS

2.1. Nanoparticle Synthesis. 2.1.1. Chemicals. Gold(III)
chloride trihydrate (HAuCl4, ≥99%), hexadecyltrimethyl-
ammonium bromide (CTAB, ≥99%), sodium borohydride
(NaBH4), hexadecyltrimethylammonium chloride (CTAC, 25
wt% in water), benzyldimethylhexadecylammonium chloride
(BDAC), ascorbic acid (AA, ≥99%), hydroquinone (HQ,
≥99%), silver nitrate (AgNO3, ≥98%), and O-[2-(3-mercapto-
propionylamino)ethyl]-O′-methylpoly(ethylene glycol) (PEG-
SH, Mw = 5K) were purchased from Sigma-Aldrich. Ethanol
and methanol were purchased from Scharlab. All chemicals
were used without further purification. Milli-Q water
(resistivity 18.2 MΩ·cm at 25 °C) was used in all experiments.
All glassware was cleaned with aqua regia, rinsed with Milli-Q
water, and dried before use.

2.1.2. Synthesis of Single-Crystalline AuNS and AuNR.
Single-crystalline AuNS and AuNR were synthesized via well-
established seeded-growth methods.12,13 First, gold seeds
(∼1.5 nm) were prepared by the fast reduction of HAuCl4
(5 mL, 0.25 mM) with freshly prepared NaBH4 (0.3 mL, 10
mM) in aqueous CTAB solution (100 mM) under vigorous
stirring for 2 min at room temperature and were then kept
undisturbed at 27 °C for 30 min to ensure the complete
decomposition of sodium borohydride. The mixture changed
from light yellow to brownish, indicating the formation of gold
seeds. An aliquot of seed solution (0.6 mL) was added under
vigorous stirring to a growth solution containing CTAC (100
mL, 100 mM), HAuCl4 (0.36 mL, 50 mM), and ascorbic acid
(0.36 mL, 100 mM). The mixture was left undisturbed for 12 h
at 25 °C. The solution containing gold nanoparticles (12 nm in
diameter) was centrifuged (9000 rpm for 1 h) to remove

Figure 1. Optical extinction spectra and representative TEM images at different magnifications of the nanoparticles used in the experiments: 28 nm
AuNS with [Au] = 12.3 mM (top row) and 34.5 nm × 11.8 nm AuNR with [Au] = 7.0 mM (bottom row).
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excess CTAC and ascorbic acid and redispersed in 1 mM
CTAB to a final gold concentration of 1 mM.
To grow 12 nm gold nanospheres of up to 28 nm in

diameter, an aliquot of 12 nm AuNS solution (2.14 mL, 1
mM) was added under magnetic stirring to a growth solution
(100 mL) containing benzyldimethylhexadecylammonium
chloride (BDAC, 100 mM), HAuCl4 (0.25 mM), and ascorbic
acid (0.5 mM). The mixture was left undisturbed for 30 min at
30 °C and then washed twice by centrifugation (8000 rpm for
1 h). The particles were finally dispersed in 1 mM CTAB to a
final gold concentration of 1 mM.
Gold nanorods were synthesized as described elsewhere13

with minor modifications. An aliquot of gold seeds (∼1.5 nm,
1 mL) was added under vigorous stirring to a growth solution
containing CTAB (100 mL, 100 mM), HAuCl4 (1 mL, 50
mM), HQ (15 mL, 100 mM), and AgNO3 (1.4 mL, 10 mM).
Stirring was stopped after 5 min, and the mixture was then left
undisturbed for 2 h at 30 °C. The nanoparticles were washed
by two rounds of centrifugation (8000 rpm, 30 min) to remove
excess reagents. After the second centrifugation step, the
solution was redispersed in CTAB (100 mM) to a final gold
concentration of 1 mM. Gold nanorods (15 mL, 1 mM) were
partially oxidized with Au3+ (3 mL, 1 mM, 1 mL/h) until the
longitudinal absorption band was located at 685 nm. Then, the
solution was centrifuged (9000 rpm for 1 h) and redispersed in
1 mM CTAB. The concentration of gold for ligand exchange
was 1 mM.

2.1.3. Ligand Exchange. 14 To replace the surfactant and
transfer the gold nanoparticles to the alcohol mixture, thiolated
poly(ethylene glycol) (PEG-SH) with a Dalton molecular
weight of 5K was used. An aqueous solution of PEG-SH (10.9
mg for 28 nm gold nanospheres and 21.3 mg for gold
nanorods, dissolved in 2 mL of water) was added dropwise
under stirring to a dispersion of gold nanoparticles (12 mL, 1
mM) in 1 mM CTAB. The solution was stirred for 2 h and
then centrifuged twice in a mixture of methanol−ethanol 4:1.
PEGylated gold nanoparticles were finally dispersed in
methanol−ethanol 4:1.
Representative TEM images and extinction spectra of the

AuNP colloids employed in the experiments are shown in
Figure 1. The investigated AuNSs had an average diameter of
27.8 ± 0.6 nm and a characteristic SPR band centered at 522
nm. AuNRs had a mean length of 34.5 ± 1.5 nm, a mean
diameter of 11.8 ± 0.6 nm, and an AR distribution of 3.0 ± 0.3,
and the optical spectrum showed the characteristic band
structure associated with a transversal SPR at 510 nm and a
longitudinal SPR (LSPR) at 658 nm.

2.2. High-Pressure Extinction Spectroscopy. High-
pressure experiments were carried out in a Boeḧler-Almax
DAC equipped with ultralow-fluorescence diamond IIa anvils
with 350 μm diameter culets. The 200-μm-thick Inconel
gaskets were preindented to 40−50 μm and 100-μm-diameter
holes were drilled with a BETSA motorized electrical discharge
machine to create the hydrostatic chamber. The DAC was
loaded with 4:1 MeOH−EtOH AuNP solutions and several

Figure 2. (a) Extinction spectra of AuNRs (AR = 3.0 AuNR in 4:1 MeOH−EtOH) as a function of pressure (raw data). (b) Pressure dependence
of the LSPR position of AuNRs. (c) Optical density at the LSPR maximum as a function of applied pressure. (d) Pressure dependence of the fwhm
of the LSPR band. Circles and squares correspond to upstroke and downstroke experimental data, respectively. Lines represent the calculated
values of λLSPR(P) and the extinction cross-section from Gans theory. Vertical dashed lines indicate the hydrostatic limit of the pressure-
transmitting medium.
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ruby microspheres (10−30 μm diameter) as pressure probes.15

The solution itself acted as the pressure-transmitting medium.
The hydrostatic pressure range and liquid−solid pressure
transition of AuNP solutions were determined from the
pressure dependence of the full width at half-maximum
(fwhm) of the ruby emission R lines, whereas the pressure
inside the cavity was determined from the R2 line shift
following the accepted pressure-dependence protocols estab-
lished elsewhere.16

Optical absorption spectra under high-pressure conditions
were collected on a home-built fiber-optic-based microscope17

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. Spectra
in the UV−visible and near-IR ranges were recorded with two
spectrometers: an Ocean Optics USB 2000 and a NIRQUEST
512 employing Si- and InGaAs-CCD detectors, respectively.
The I and I0 transmitted intensities were measured in two
separate experiments with the same DAC by loading it first
with the AuNP solutions (I) and then with the corresponding
solvent (I0), covering the same pressure range.
2.3. Transmission Electron Microscopy. TEM measure-

ments were performed on a JEM 2100 (JEOL) microscope.
AuNP colloids were measured before and after high-pressure
treatment. In the latter case, the sample was recovered from
the pressure chamber of the gasket by transferring the colloidal
mixtures onto copper grids by touching the culet surface of the

diamond anvil after pressure release. This method could have
accidentally dragged some external nanoparticles from the
hydrostatic cavity onto the grid, and these external nano-
particles would not have undergone any pressure treatment.
Although sometimes it could be difficult to distinguish which
nanoparticles had been under pressure, we assumed that
deformed/bent nanoparticles (approximately 1 out of 200,
depending on each particular load and nanoparticle morphol-
ogy) corresponded to compressed particles. Another key
parameter in identifying compressed regions was the presence
of organic compounds from the partial polymerization of the
solvent when subjected to very high pressures. This method
allowed us to explore the aggregation state as well as the
morphology (size and shape) of the compressed NPs.

3. RESULTS AND DISCUSSION
Variations in the extinction spectra of AuNRs and AuNSs in
4:1 MeOH−EtOH with pressure during both the upstroke and
downstroke are shown in Figures 2 and 3, respectively. We
interpreted the results in terms of the Gans theory, following
the methodology described elsewhere.7 This analysis allowed
us to correlate the pressure-induced SPR shift with relative
changes in the AuNP volume−electron density and with the
solvent refractive index at each pressure through the following
equation

V
V

L
L

(0) (0)
1

SPR p
0

mλ λ ε ε= + −
(1)

Figure 3. (a) Extinction spectra of 28 nm AuNS in 4:1 MeOH−EtOH as a function of pressure (raw data). (b) Pressure dependence of the SPR
position for AuNS. (c) Optical density at the SPR maximum, corrected for sample thickness, as a function of applied pressure (t = 50 μm at
ambient pressure). (d) Pressure dependence of the fwhm of the SPR band. Circles and squares correspond to upstroke and downstroke
experimental data, respectively. Lines represent the calculated values of λSPR(P) and extinction cross sections from Gans theory. Vertical dashed
lines indicate the hydrostatic limit of the pressure-transmitting medium.
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and the optical density at the SPR peak obeys

I
CV

SPR
m

3/2

SPR

ε
λ

=
(2)

Here, λp(0) and ε(0) are the plasma wavelength at zero
pressure and the high-frequency, short-wavelength dielectric
constant of gold, respectively. SPR data (Figures 2 and 3) were
analyzed using λp(0) = 138.5 nm and ε(0) = 7.9 for nanorods
and λp(0) = 147 nm and ε(0) = 8.7 for nanospheres. These
values provided the overall best fit for each morphology. L is
the nanoparticle depolarization or shape factor that was
determined from the analysis of the TEM image, εm is the
dielectric function of the nonabsorbing medium, and C in eq 2
is a renormalization constant. The change in particle volume
can be well described by a Vinet equation of state18

P K
f

f
K f3

1
exp

3
2

( 1)(1 )0 2 0=
− ′ − −

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ (3)

with f = (V/V0)
1/3. We employed a gold bulk modulus of K0 =

171 GPa with a value of K0′ = 5.72, as determined by the study
of the compressibility of gold nanocrystal colloids by X-ray
diffraction with synchrotron radiation in the 0−30 GPa
range.19

It should be noted that a pressure-induced red shift of the
LSPR was observed for the AuNR colloid in the hydrostatic
range. The variation of λLSPR(P) can be fairly well described
through the Gans model in the hydrostatic regime, considering
the calibrated refractive index of the 4:1 MeOH−EtOH
solvent10,20 and the equation of state of AuNPs.19 In the
downstroke, the longitudinal resonance blue shifted when the
pressure was released. However, it was slightly red-shifted with
respect to the upstroke values, more markedly in the
nonhydrostatic region (solidified colloid). In addition, the
variation of the optical density at the LSPR maximum as a

function of pressure showed an abrupt decrease in I(P) above
the solution solidification pressure. As expected from model
simulations, we observed an increase in the maximum optical
density with increasing pressure, mainly due to an increase in
the medium refractive index (i.e., density) in the hydrostatic
regime (eq 2). Nonetheless, this trend did not hold in the
nonhydrostatic pressure range (i.e., after solvent solidification).
It is worth noting that the optical density exhibited no
reversibility with pressure, showing significant deviations with
respect to the initial values when the pressure was removed.
The optical density of the downstroke remained almost
constant during relaxation. Finally, the LSPR band broadened
progressively with pressure, increasing its initial value to up to
30% at 20 GPa. Notwithstanding, broadening was almost
reversible with pressure despite entering the nonhydrostatic
regime.
Very different behavior was observed for the pressure

dependence of the AuNS extinction spectra (Figure 3). The
pressure behavior of the AuNS SPR exhibited two clearly
differentiated regimes: a rapid red shift with increasing
pressure in the 0−7 GPa range followed by a slower blue
shift in the higher-pressure range. In the first regime, the
increase in the solvent refractive index with pressure is the
dominant effect, whereas in the second regime, the increase in
the electron density of gold nanospheres becomes more
important since the solvent becomes less compressible than
gold (K0,sol′ > K0,Au′ ). It is important to note that this effect is
amplified in the case of spheres since they exhibit a weaker
dependence of the SPR to changes in the solvent refractive
index than rods do because of their larger depolarization
factor: LNS = 1/3, LNR > 1/3, and LNR = 0.978 for AR = 3.10

Interestingly, the variation of the SPR wavelength with
pressure can be well described by Gans theory for both the
hydrostatic and nonhydrostatic regimes. In addition, despite
the strong nonhydrostatic conditions to which Au nanospheres

Figure 4. Representative TEM images at different magnifications of AuNR (AR = 3.0) from a 4:1 MeOH−EtOH colloid recovered after being
subjected to a pressure of either 10 GPa (top panel) or 23 GPa (bottom panel). A schematic view of the forces acting on the pressure chamber is
shown on the right side.
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were subjected (axial stress component of σ = 1 at 20 GPa19),
the SPR wavelength was found to be completely reversible,
within measurement uncertainty, in the downstroke. Fur-
thermore, we observed a continuous increase in the optical
density at the SPR maximum with increasing pressure. Neither
the SPR position nor the optical density underwent any
significant change associated with colloid solidification, as was

observed in AuNR colloids. In the downstroke, the optical

density at the SPR progressively decreased with decreasing

pressure but had slightly smaller values with respect to the

upstroke values. Finally, we observed a weaker dependence

with pressure of the fwhm of the SPR band in AuNSs than in

AuNRs, with an increase of 20% over 30 GPa.

Figure 5. Length, diameter, and aspect ratio distributions determined from TEM images of nonpressurized (top row), pressurized up to 10 GPa
(middle row), and pressurized up to 23 GPa (bottom row) AuNRs in 4:1 MeOH−EtOH AR = 3.0 colloids.

Figure 6. Representative TEM images of the recovered 4:1 MeOH−EtOH AuNS colloid after being subjected to a high-pressure treatment of 31
GPa. Red and green circles surround nanospheres that have suffered slight surface deformations and more important deformation/sintering effects,
respectively.
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Figure 4 shows representative TEM images of AuNR from a
dispersion in 4:1 MeOH−EtOH, recovered after pressure
treatment at either 10 GPa (pure hydrostatic conditions) or 23
GPa (both hydrostatic and nonhydrostatic regimes). Shown in
Figure 5 are histograms of the length, diameter, and aspect
ratio distributions for nanorods under ambient conditions after
applying a hydrostatic pressure of 10 GPa and under
nonhydrostatic conditions for up to 23 GPa. Initially, the
AuNRs had a mean length of l = 34.5 ± 1.5 nm, a mean
diameter of d = 11.8 ± 0.6 nm, and a mean aspect ratio of AR
= 3.0 ± 0.3. After exposure to hydrostatic pressure at 10 GPa,
the AuNR size distribution was found to be identical, within
experimental uncertainty (l = 34.9 ± 1.6 nm, d = 11.8 ± 0.6
nm, and AR = 3.0 ± 0.3), revealing that, in agreement with
optical absorption spectroscopy, no gold nanorod is plastically
deformed when compressed under hydrostatic pressure
conditions.
However, TEM images of the recovered AuNRs after a

pressure treatment of up to 23 GPa revealed the presence of
smaller aspect ratio nanorods (AR = 1 to 2), which were not
observed in the starting colloid. Furthermore, the size
distributions (Figure 5) revealed that the smaller aspect ratio
nanorods were generated through a reduction in rod length but
the mean diameter of the analyzed nanorods remained
constant: l = 31 ± 3 nm, d = 11.7 ± 0.7 nm, and AR = 2.7
± 0.5. These data indicate that the uniaxial stresses derived
from the solidification of the solvent had a shear effect on the
nanorods, breaking them into smaller fragments/particles.
From the size and shape distributions, we estimate that the
number of AuNRs which underwent plastic deformation was
about 40% and that the remaining 60% retained the same size
and shape as in the initial (noncompressed) colloid. This
resulted in a marked broadening of the length and aspect ratio
distributions as well as a decrease in their mean values.
Surprisingly, we did not observe any evidence of nanoparticle
aggregation. An exception to this behavior is given by a small
number of nanorods that appeared to be “piled up”, likely as a
result of the drying process on the grid. However, most
nanorods maintained a distance that was consistent with the
presence of PEG on their surface, thus confirming its suitability
as a nanoparticle stabilizing agent, even under nonhydrostatic
pressure conditions.
Figure 6 shows representative TEM images of 28 nm AuNS

from a 4:1 MeOH−EtOH colloid, recovered after a pressure
treatment of up to 31 GPa (both hydrostatic 0−10 GPa and
nonhydrostatic 10−31 GPa regimes). The initial spheres had a
mean diameter of 27.8 ± 0.6 nm. After the pressure treatment,
the size distribution was found to be 27.7 ± 0.7 nm in
diameter. According to this result, we can conclude that there
is neither significant permanent plastic deformation nor an
increase in the size distribution of the nanoparticles. The
AuNS original average dimensions were maintained despite
having been subjected to severe nonhydrostatic conditions.
Interestingly, single-crystal spheres are found to be extremely
stable under nonhydrostatic pressure. In contrast, polycrystal-
line AuNSs (those initially containing twin planes) undergo
slight surface deformation while retaining a spherical shape. On
the other hand, TEM images also reveal that some ellipsoidally
shaped nanoparticles are also present after compression.
However, these deformed nanoparticles represent a small
fraction of 1 in 300 deformed AuNPs. TEM images reveal that
most of the particles maintain interparticle distances
compatible with the presence of the stabilizing agent, as

already noted for AuNR colloids. It must be noted that,
although the PEG molecular weight would yield larger
interparticle distances, when the NP colloid drop dries on
the grid for TEM observation, PEG chains collapse whereas in
solution they are expanded. Therefore, the final distance
between nanoparticles is reduced after drying.
Given that the nonhydrostatic axial stress component at 31

GPa is known to be σ ≈ 2 GPa from XRD,19 we conclude that
the critical shear stress should be about this value. Note that
the fraction of nanospheres undergoing plastic deformation is
much smaller than that of broken nanorods at 20 GPa, thus
indicating that the nanorods are shear cut along the
longitudinal direction of the nanorod. The critical stress for
nanorod breakage is thus smaller than the critical shear stress
for spheres, probably because of the larger area for deformation
in spheres as compared to that in nanorods. The nanorod
diameter is 12 nm, and the nanosphere diameter is 28 nm.
Additionally, the spherical shape is expected to be more stable
than the anisotropic nanorods against axial stress.
Our pressure experiments provide direct evidence of the

differences in the behavior of gold rods and spheres under
nonhydrostatic loads. The anomalous effects observed in the
extinction spectrum under nonhydrostatic pressure condi-
tions7,8,21 are likely due to the fracture of nanorods because of
axial stresses generated by the solidified solvent, ruling out an
aggregation process. These TEM results have different
implications for the variation of the AuNR extinction spectra
with pressure. First, after AuNR fracture induced by non-
hydrostatic uniaxial stress components takes place, a fraction of
AuNRs do not contribute to the LSPR maximum but their
signal spreads out over a spectral range mainly determined by
their length and AR. This effect produces an abrupt decrease in
optical density above the solidification pressure. Given that this
fraction of broken AuNRs increases with applied pressure, the
optical density should decrease gradually with pressure, as can
be seen in Figure 2c. The LSPR of the fragmented AuNRs is
shifted according to their aspect ratio, so their contribution to
the optical density at the LPSR maximum is smaller than that
for nonfragmented AuNRs. The optical density reduction is
consistent with 40% of fragmented AuNRs considering that
nonfragmented AuNRs have a full contribution at the LSPR
maximum, whereas fragmented AuNRs have a partial
contribution depending on the AuNR fragmentation structure.
In addition, the extinction cross-section σext is proportional to
the AuNR AR,22 and when the average AR is reduced, so is the
associated σext. On the contrary, although nonhydrostatic
pressure produces a reduction in the average AuNR aspect
ratio, a slight red shift was observed in the LSPR wavelength
above the solidification pressure. It has been observed
experimentally that the AuNR LSPR wavelength above the
solidification pressure shifts, depending on the solvent, to
either longer or shorter wavelengths with respect to the LSPR
under purely hydrostatic conditions.7,21 This suggests that,
despite having a lower AR after solidification, the overall LSPR
of the AuNR can either red shift or blue shift depending on the
solvent solidification. The presence of nearby AuNR induced
by solvent solidification may be a possible explanation for the
unexpected slight LSPR red shift observed in the 4:1 MeOH−
EtOH AuNR colloid. After partial AuNR fragmentation,
AuNRs remaining isolated would generate a blue shift while
those forming clusters would generate a red shift. Both effects
would induce either LSPR red shifts or blue shifts with
pressure in the nonhydrostatic regime, depending on which is
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the dominant effect. Nonetheless, this hypothesis deserves
further experimental verification by specific techniques
allowing in situ direct observations in a DAC.
The progressive increase in the fwhm with pressure is

slightly more pronounced in the nonhydrostatic region, which
is likely related to broadening of the aspect ratio distribution in
the colloid. However, this increase is not drastic since the
lower-AR AuNRs do not strongly affect the overall fwhm of the
LSPR band. In view of these results, the optical density appears
to be the parameter that is the most sensitive to morphological
changes undergone by AuNR under nonhydrostatic conditions.
Both the fwhm and the LSPR wavelength are less sensitive to
AuNR plastic deformations, so they do not constitute a
consistent spectroscopic sensor of the effects of non-
hydrostaticity in AuNR colloids.
Interestingly, the broken AuNRs have rounded ends and an

anisotropic shape. This is in contrast with the expected
behavior of AuNRs above the critical shear stress yielding
sharp edges, as observed in macroscopic gold rods. The
observed reshaping of AuNR yielding rounded tips is likely
caused by the high surface energy involved at the nanoscale to
retain abrupt shapes. Because AuNRs remain under high-
pressure conditions during the downstroke, the pressure itself
may favor the softening of the rod ends. Another point of
interest concerns the critical shear stress for plastic
deformation. The measured axial stress in these AuNR colloids
(Figure 4) is just σ = 0 at 10 GPa and σ = 1 at 20 GPa, as
derived from XRD elsewhere.19 Whereas at 10 GPa (hydro-
static conditions) we see no AuNR breakage, at 23 GPa 40% of
the AuNRs break into smaller nanoparticles, thus indicating
that the critical shear stress is lower, about σcss = 1 GPa. This
result is consistent with measurements of the critical shear
stress values obtained for gold as a function of particle size,
reported elsewhere.23 Values of σcss = 200 MPa for a size of
7450 nm and σcss = 500 MPa for a size of 400 nm were
reported therein. Our results confirm this trend with a value of
σcss ≈1 GPa for AuNRs of d = 11.8 nm and AR = 3.0.
TEM images of AuNSs are consistent with the extinction

optical spectroscopy measurements carried out in both the
upstroke and downstroke. The SPR wavelength, which is
determined by the nanoparticle size under the same solvent
conditions, is perfectly reversible since the nanoparticles
maintain their stability within the colloid and their size of
27.8 ± 0.6 nm (initial dimensions) versus 27.7 ± 0.7 nm (final
dimensions), despite the severe nonhydrostatic conditions.
Accordingly, there is no significant increase in the polydisper-
sity of the sample after pressure treatment, which accounts for
the progressive increase in the resonance fwhm with pressure.
Nevertheless, as pressure increases, the medium refractive
index (i.e., dielectric constant) also increases. The extinction
cross-section associated with a single 28 nm AuNS varies in
fwhm by up to 10% when immersed in a medium with a
dielectric constant of εm = 1.76 with respect to one with εm =
2.94,24,25 corresponding to εm values of the 4:1 MeOH−EtOH
solvent at ambient pressure and at 31 GPa, respectively.10,20

This pressure-induced variation in the resonance fwhm is
mainly caused by the increase in εm itself, which is further
intensified by the polydispersity of the sample. This effect is
likely responsible for the observed pressure dependence of the
fwhm and also explains why fwhm(P) is reversible upon
pressure release. Finally, the hysteresis observed in the optical
density is related to the plastic deformation of the gasket
forming the pressure chamber. In this way, the thickness

variations during the downstroke and upstroke are different.
This effect yields changes in the effective nanoparticle
concentration, causing the optical density to undergo different
pressure dependences in both upstroke and downstroke.
Nevertheless, both the SPR wavelength and fwhm are
completely reversible since these properties are not dependent
on the optical path length or the nanoparticle concentration.

4. CONCLUSIONS
We have demonstrated that the abnormal behavior observed in
the AuNR extinction spectra under nonhydrostatic high-
pressure conditions is due to the partial breakage of gold
nanorods induced by a uniaxial stress component of 1 GPa
attained in the solidified PTM at 20 GPa. Among the three
analyzed spectral parametersLSPR wavelength, fwhm, and
optical density at the LSPR maximumthe optical density is
the most sensitive one to the morphological changes in AuNR
under nonhydrostatic high-pressure conditions. On the
contrary, AuNSs retain their shape and original average
dimensions despite being subjected to severely nonhydrostatic
conditions at 31 GPa with an axial component of 2 GPa.
Interestingly, while single-crystalline AuNSs are extremely
stable under nonhydrostatic pressure, polycrystalline nano-
spheres experience slight superficial plastic deformation.
Furthermore, despite the strong nonhydrostatic conditions to
which both AuNR and AuNS are subjected (uniaxial stress
components of up to 2 GPa), the nanoparticles maintain their
colloidal stability without any evidence of aggregation, thus
revealing PEG to be an excellent stabilizing agent even under
nonhydrostatic pressure conditions.
A remarkable conclusion is that AuNSs constitute a suitable

high-pressure plasmonic sensor since they are extremely stable
even under severe nonhydrostatic conditions. Conversely,
although AuNRs exhibit better spectral sensitivity, their use as
high-pressure sensors is restricted to hydrostatic conditions
because nonhydrostatic conditions lead to partial nanorod
breakage.
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