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ABSTRACT

Pseudoelasticity in metal nanocrystals allows for shape recovery from strains much larger than
their bulk counterparts. This fascinating property could be used to engineer self-healing or
reconfigurable materials, but to take full advantage of its possibilities a deeper understanding of
its mechanism and limitations is needed. For instance, it is unknown whether room-temperature
pseudoelasticity can occur in all metal nanocrystals without the introduction of plastic damage.
Here we report the use of non-hydrostatic compression of gold nanocrystals in a diamond anvil
cell to a range of maximum pressures, up to 11.4 GPa. Optical absorbance spectroscopy of the
localized surface plasmon resonance is used to non-invasively monitor changes in particle shape
and crystallinity, as indicated by the plasmon resonance peak position and intensity, respectively.
We find that while complete shape recovery occurs following compression to all pressures tested,
irreversible crystalline defects are only introduced above a threshold of approximately 2.5 GPa. In
this way, we establish the capacity of gold nanocrystals to undergo complete pseudoelastic shape
recovery following compression under moderate loads, as well as the onset of limited
pseudoelastic behavior at higher loads. This work lays a foundation for future investigations of the

limits of pseudoelastic deformation in a wide variety of metal nanocrystals.
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INTRODUCTION

Over the last few decades, size-dependent mechanical behavior of metals has garnered
increasing attention in the pursuit of higher performance materials. A wide variety of mechanical
properties have been shown to vary with the size and crystalline structure at the nanoscale.
Compression tests on nanowires and nanopillars gave rise to the “smaller is stronger”
phenomenon, which showed face-centered cubic (fcc) metals like gold, silver and copper
approach their theoretical strength with decreasing diameter! . Young’s modulus and bulk
modulus have also shown to increase with decreasing size in nanowires*> and nanoparticles®’.
These size-dependent properties have generally been attributed to either surface energy
contributions that lead to lattice contraction*” or the altered density and nucleation of
dislocations with decreased grain size>®°. The changes in dislocation density and migration with
increased surface accessibility lead to unique nanoscale deformation mechanisms, including

brittle failure in typically ductile metals'® and dislocation-originated stacking fault tetrahedra'!.

One particularly interesting mechanical behavior recently reported to occur uniquely in
nanoscale metals is pseudoelasticity'?!°. Pseudoelasticity refers to the ability to recover from
large strains, far beyond the elastic limit of the metal. Classical pseudoelasticity occurs by phase
transformations in shape memory alloys'®, but recent studies report pseudoelastic shape recovery
in the absence of phase transitions for very small (sub-10 nm diameter) gold and silver
nanoparticles. In order to leverage these properties for the next generation of materials, it is
critical to fully characterize their mechanical properties at the nanoscale, and that means

overcoming their unique challenges.



Nanoscale materials, by virtue of the very length scales that impart their unique
properties, present particular challenges with respect to measurement of their mechanical
properties!’. As a result, molecular dynamics simulations have been crucial to mechanistic
understanding of nanoscale deformation'®2°. However, the results from simulations are limited
by idealized samples and testing conditions and require corroboration from experiments. Much
of the existing experimental knowledge on size-dependent mechanical properties comes from

nanoindentation®!*?

, atomic force microscopy*?* or in situ nanomechanical testing®*. While these
experimental techniques offer powerful insights into local mechanical and deformation behavior,
they suffer from uncertainty regarding the contributions of sample preparation®®, substrate
effects?® and, in the case of in situ electron microscopy measurements, electron beam
effects?*?7-28, Additionally, most of the existing work has been performed on one-dimensional

nanomaterials (nanowires or nanopillars)> %’

, while the size-dependent properties of other
nanoscale geometries are less well-understood. We need experimental techniques to probe new
sample configurations and environments in order to fully take advantage of their insights. Optical

measurements allow for measurement on an ensemble of nanocrystals in the absence of surface

effects and electron beam effects of concern in other methods.

The plasmon resonance of gold nanoparticles has been previously monitored by optical
absorbance spectroscopy during compression in a diamond anvil cell'3**3°, The effects observed
in plasmonic nanoparticles under compression are attributed to a combination of changes in the
dielectric function of the metal®'*>3637 changes in the refractive index of the pressure

medium32,34,38,39

, changes in the crystallinity of the metal'*3*40#2 and changes in the shape of
the particles themselves'>*%4%%3_The relative contribution of each of these effects depends on the

type of compression applied and the particles under investigation. For hydrostatic compression



of particles, shape change and plastic deformation are negligible, so the plasmon response is
dominated by changes in the dielectric function of the metal and changes in the refractive index
of the surroundings*?. The sensitivity of the plasmon to the refractive index of the surrounding
depends strongly on the size and shape of the nanoparticles, with larger, anisotropic particles
exhibiting high sensitivity while smaller, spherical particles exhibit lower sensitivity to their

surroundings**+.

Under non-hydrostatic compression of small, quasi-spherical particles, shape change and
plastic deformation play the largest role in the response of the plasmon resonance. Recent studies
of non-hydrostatic compression of small, quasi-spherical gold nanocrystals showed that a
reversible red-shift of the plasmon resonance during compression indicates a reversible shape
change, while an irreversible decrease in the absorbance efficiency was shown by
electrodynamic simulations'® and x-ray diffraction*” to indicate the introduction of crystalline
defects. Intriguingly, while in situ mechanical testing of silver nanoparticles showed complete
shape recovery and the absence of crystalline defects after compression'?, in these optical studies
gold nanoparticles showed a limited pseudoelasticity: complete shape recovery accompanied by
the introduction of long-lived crystalline defects'®. This presents the exciting prospect that we
can non-invasively monitor both the shape and plastic damage to the nanocrystals during
compression. Here we take advantage of optical characterization of nanoparticle mechanics to
explore the limits of pseudoelasticity in gold nanocrystals. We report that, while compression to
high pressures results in limited pseudoelasticity in gold nanocrystals, after compression to
moderate pressures full pseudoelastic shape recovery can occur without the introduction of long-

lived crystalline defects.



EXPERIMENTAL METHODS

Oleylamine-capped gold nanocrystals were synthesized by reduction of gold (III) chloride by
tert-butylamine-borane complex in tetralin and oleylamine, as previously described*®. Following
synthesis, the oleylamine was exchanged for 1-dodecanethiol by refluxing in toluene. The
nanocrystals were cleaned by centrifugation and resuspended in toluene for further experiments.
The nanocrystals were characterized by absorbance spectroscopy and transmission electron
microscopy. The concentration of the nanocrystal solution was adjusted to target an absorbance
of approximately 0.5 in the diamond anvil cell. The gold nanocrystals in toluene were loaded
into a diamond anvil cell assembled with a pre-indented stainless steel gasket and ruby powder,
and the entire assembly was sealed immediately to prevent evaporation. The pressure was
increased and decreased by a screw-driven piston and, at each increase or decrease of pressure,
the absorbance spectrum through the diamonds was collected on an inverted microscope coupled
to an imaging spectrometer. The fluorescence spectrum of the ruby at each data point was also

collected for pressure calibration. See supporting information for further details.



RESULTS AND DISCUSSION
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Figure 1. Absorbance spectra of gold nanoparticles under increasing (solid lines) and decreasing
(dashed lines) non-hydrostatic compression. (a) Spectra during pressurization to 2.5 GPa. (b)
Spectra during pressurization to 7.2 GPa. Spectra were smoothed with a low-pass filter for

visualization.

Nanocrystals were synthesized according to previously reported methods*® and characterized by
UV/Vis absorbance spectroscopy and transmission electron microscopy (Figure S1). At ambient
pressure in toluene, the particles exhibit a plasmon resonance at 505 nm (Supplementary Figure 1)

that is in agreement with previous reports!>*

of approximately 4 nm diameter gold nanocrystals.
Additionally, they exhibit a very low refractive index sensitivity, as tested by comparison of the
absorbance spectra in toluene and hexane (Figure S1), again in accordance with previous reports
of small, quasi-spherical gold particles*>*” . Transmission electron microscopy corroborates that

average size of 4.4 nm and further shows a monodisperse, single population with a standard

deviation of 0.6 nm (Figure S2).



The absorbance spectrum of the nanoparticles was collected while increasing and decreasing
pressure in a diamond anvil cell (Figure 1). Toluene was used as a non-hydrostatic pressure
medium®’. These experiments were repeated while varying the maximum pressure applied up to
11.4 GPa. Figure 1a shows an example series of spectra while increasing pressure to 2.5 GPa (solid
lines) and while decreasing to ambient pressure (dotted lines). Figure 1b shows a similar example
for compression to 7.2 GPa. In both cases, the plasmon resonance is seen to red-shift, a change
which is reversible upon decompression. This change can be attributed to the shape change of the
particles upon non-hydrostatic compression, which flattens the quasi-spherical particles into
ellipsoids. While an ellipsoid should exhibit two plasmon modes, one red-shifted and one blue-
shifted from the plasmon resonance of the sphere, the optical axis is aligned with the compression
axis, so only the red-shifted mode is observed. In addition to the fully reversible red-shift, an
irreversible decrease in the absorbance efficiency is seen after compression to 7.2 GPa. However,

after compression to only 2.5 GPa, no irreversible decrease in absorbance efficiency is seen.
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Figure 2. Peak position and absorbance efficiency under non-hydrostatic compression. (a) Peak
position versus pressure up to 2.5 GPa. A rapid red-shift of approximately 30 nm is observed,
which is reversible upon depressurization. (b) Peak position versus pressure up to 7.2 GPa. An
initial, rapid red-shift of approximately 25 nm is observed, followed by a slower continued red-
shift with further increase in pressure. (c) Absorbance at peak (normalized to initial peak
absorbance) versus pressure up to 2.5 GPa. No change is observed. (d) Normalized peak
absorbance versus pressure up to 7.2 GPa. An irreversible decrease in absorbance is observed

upon depressurization.



Figure 2 shows the plasmon peak position (Figure 2a and 2b) and absorbance efficiency (Figure
2c¢ and 2d) for the same two compression runs previously discussed, to maxima of 2.5 GPa and
7.2 GPa. As can be seen in Figure 2a, the peak position red-shifts rapidly from ambient pressure
to approximately 2 GPa. The same behavior is observed in Figure 2b. However, upon further
pressurization above 2 GPa, a slower continued red-shift is observed to the maximum pressure

reached. In both cases, the peak position returns to its initial value after depressurization.

In contrast to the behavior of the peak position, however, the final absorbance efficiency does
depend on the maximum pressures applied. When only pressurized to 2.5 GPa, no irreversible
decrease in the absorbance efficiency was observed upon depressurization (Figure 2¢). However,
when pressurized to a maximum of 7.2 GPa, an irreversible decrease in absorbance efficiency
was observed (Figure 2d). This example also shows the most common trajectory of absorbance
efficiency during the pressurization run (Figure S3). The largest decreases in absorbance
efficiency are seen over the same range in pressures as the shape change occurs, between 0 and

2.5 GPa.

The two cases discussed so far present two limiting cases of pseudoelastic shape recovery in gold
nanoparticles. The first, when pressurized to moderate pressures, involves large, reversible shifts
in plasmon resonance but no accompanying change in absorbance efficiency. The reversible
peak shifts indicate complete shape recovery from large strains, while the absence of any
irreversible decrease in absorbance efficiency indicates that no long-lived defects are introduced
into the crystal as a result of the deformation. By contrast, following compression to higher
pressures, complete shape recovery from large strains is still observed, in spite of an irreversible

decrease in absorbance efficiency that indicates the introduction of damage to the crystal.
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Figure 3. (a) Peak shift as a result of compression to varying maximum pressures. In red, shift at
maximum applied pressure. In blue, shift after depressurization to ambient pressure. (b)
Absorbance efficiency (normalized to the initial absorbance efficiency for each run) following

compression to varying maximum pressures.

In order to examine the transition between these two cases, repeated experiments were performed
to various maximum pressures between 0.1 GPa and 11.4 GPa. Figure 3a shows the relative shift
of the plasmon resonance from its initial position at the maximum pressure applied (red circles)
and at the final measurement following depressurization (blue circles). In all cases, the final peak
position returns to its initial value, independent of pressure throughout the range, while the peak
at the maximum applied pressure increases rapidly to approximately 2.5 GPa. Above 2.5 GPa no
correlation is seen between maximum applied pressure and maximum shift, which varies
between 20 nm and 50 nm red-shifted from the plasmon resonance at ambient pressure. The
variation in the maximum observed shift is most likely due to variability in the differential stress

generated in the DAC chamber, as has been seen in previous studies of non-hydrostatic

11



compression'>!->? due to variation in gasket geometries>® and the properties of the solid pressure

medium.

It is worthwhile here to revisit the possible factors that contribute to the changes in plasmon
resonance under pressure. Among the possible effects of pressure, refractive index changes in the
solvent and changes in the dielectric function of the metal have relatively small effects on the
plasmon resonance of small quasi-spherical nanocrystals, as confirmed in previous studies of
quasi-hydrostatic compression of similar gold nanocrystals'®. (See Figure S4 for a comparison of
the predicted effect of refractive index changes in the solvent on the plasmon resonance with the
observed shifts.) Coupling between plasmon resonances of neighboring particles has been
avoided by controlling particle concentration to maintain average separations of several hundred
nanometers>, and there is no evidence of particle aggregation by brightfield microscopy of the
diamond anvil cell chamber or transmission electron microscopy of nanocrystals recovered after
compression (Figure S5). Furthermore, no correlation is observed between the particle
concentration, as measured by the initial peak absorbance, and either the maximum observed
shift or the final peak absorbance efficiency (Figure S6). Thus, we conclude that the shifts can be
attributed to changes in particle shape, in agreement with previously published electrodynamic

simulations'?.

Interestingly, the final peak absorbance efficiency shows the opposite trend from that of the peak
shift. Until a maximum applied pressure of approximately 2.5 GPa, no correlation is seen
between the final peak absorbance efficiency (shown in Figure 3b, normalized to the initial peak
absorbance) and the maximum applied pressure, and on average there is no change in the
absorbance efficiency after pressurization. Above approximately 2.5 GPa, an increasingly large

irreversible decrease in absorbance efficiency is seen with increasing maximum applied pressure.

12



As established in previous work by electrodynamic simulations'® and x-ray diffraction*’, the
decrease in absorbance efficiency is caused by increased electron damping due to the
introduction of crystalline defects to the nanocrystals. On the other hand, the peak position
correlates directly to the overall shape of the particle. These measurements thus demonstrate the
limitations of pseudoelastic deformation in these nanocrystals. Up to 2.5 GPa, deformation is
pseudoelastic, with complete shape recovery from large strains without the introduction of long-
lasting crystalline defects. On the other hand, above 2.5 GPa limited pseudoelasticity is seen,

with complete shape recovery in spite of increasing damage to the crystal.

CONCLUSIONS

Pseudoelasticity in nanocrystals could be a key to design of reconfigurable or mechanically
resilient materials that also take advantage of their other unique properties for electrical or
optical functionality. This work establishes the possibility of that application through the first
demonstration that pseudoelastic shape recovery can occur in gold nanocrystals without the
introduction of long-lived crystalline damage. The lack of permanent damage to the crystal is
important to the durability of any material or device that relies on this phenomenon.
Furthermore, we have established that the existence of a transition of completely pseudoelastic
behavior to limited pseudoelastic behavior, in which shape recovery remains complete but
crystalline damage is introduced. Future work will explore whether this property is also seen in

other metal nanocrystals and over at what size regime it appears.
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Supplementary figures and methods (PDF): Additional experimental details and methods,
characterization of nanocrystals at ambient pressure before and after pressurization and pressure

dependence from repeated measurements.
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