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ABSTRACT: Light absorption in gold nanoparticles leads to

metal heating that induces photothermal reshaping because of

atomic surface diffusion at temperatures well below the gold
melting point. In this work, we perform time-resolved experi-
ments to measure the frequencies of the extensional coherent
mechanical mode in single gold nanorods, as a monitor of the
changes in their aspect ratio produced by this photoinduced
reshaping. We show that photothermal reshaping always occurs in
typical pump—probe experiments conducted in air even at low-
excitation light irradiance and usually long measuring times. The
reshaping effect can be reduced by a polymer coating, which
allows faster heat dissipation from the nanoparticle to the
environment.

B INTRODUCTION

In recent years, a well-established theoretical description was
formulated about the thermodynamics of metal nanoparticles
immersed in a dissipative medium and illuminated by a
continuous wave (CW) or an ultrashort-pulsed laser.'* In a
continuous absorption regime, the steady-state temperature
profile is reached after a transient evolution with two
characteristic time scales, associated with heat diffusion in
gold and in the environment, respectively. The thermalization
inside the nanoparticle occurs much faster than in the
surrounding medium. Thus, the establishment of the temper-
ature profile of the overall system is governed by the medium
diffusivity. On the other hand, in the femtosecond-pulsed
illumination case, the incident energy is absorbed by the free-
electron gas, which thermalizes very fast over the pulse time
scale. Subsequently, this hot electronic gas cools down through
electron—phonon interactions on the order of picoseconds (for
not too small nanoparticles), whereas the nanoparticle is in
internal equilibrium at a uniform temperature, but not with the
surrounding medium that is still at the initial room
temperature. The final energy diffusion to the environment
occurs at a higher characteristic time scale (nanoseconds),
usually smaller than or comparable with the pulse repetition
rate, which leads to a cooling of the nanoparticle and a heating
of the surrounding medium. Baffou et al. presented analytical
and numerical approaches of heat release of gold nanospheres
immersed in water and illuminated by a femtosecond-pulsed
laser at their plasmonic resonance.'

Additionally, ultrafast laser excitation of metal nanoparticles
drives the coherent excitation of their vibrational modes lying
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in the frequency range of gigahertz to terahertz.*”’ The
measured vibrational frequencies provide a way of determining
the material properties of nanometer-sized objects as well as
the viscoelastic properties of the surrounding medium.*~"
Vibrational modes depend on the shape, size, crystal structure,
and local environment of the nanoparticle.”'"'> As any
fluctuation in the size and/or the aspect ratio (AR) of the gold
nanorod (GNR) will necessarily have an impact on the
mechanical frequency value, it is possible to use this
measurement in sensitive monitoring of the changes that the
heating could cause on individual GNRs. Indeed, many authors
show morphological changes in GNR due to the diffusion of
the surface atoms produced by photothermal heating, through
the observation of shifts in their localized surface plasmon
resonance (LSPR) peaks and decrements of the GNR aspect
ratios observed in electron microscopy images."” ™"

In this work, we study the photothermal reshaping process
of single GNRs through the tracing of the extensional
mechanical mode frequency under ultrashort-pulsed light
excitation. We show a numerical description of the value of
the initial instantaneous temperature increment, the time scales
governing the heat release into the surroundings, the spatial
extension of the temperature distribution in the surrounding
medium, the geometric profile reshaping process, and the
aspect ratio decrease during the laser repetition period and at
longer irradiation times. Finally, we show that this photo-
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thermal reshaping can be drastically reduced by embedding the
nanoparticle in a viscoelastic medium.

B METHODS

Sample Preparation and Optical and Morphological
Characterization. Materials. All chemicals were obtained
from commercial suppliers and used without further
purification. Gold(III) chloride trihydrate (HAuCl,-3H,0,
>99.9%), hexadecyltrimethylammonium bromide (CTAB,
>99%), sodium borohydride (NaBH,, >98%), sodium oleate
(NaOl, >99%), silver nitrate (AgNO;, >99%), (3-amino-
propyl)-trimethoxysilane (APTMS, >97%), and poly(sodium
4-styrenesulfonate) (PSS, average M, =~ 70000) were
purchased from Sigma-Aldrich. Ascorbic acid (>99.7%) and
hydrochloric acid (HCl, 37 wt % in water) were purchased
from Biopack. Poly(methyl methacrylate) (PMMA) was
purchased from MicroChem. Glass microscope slides were
purchased from Marienfeld. Ultrapure water obtained from a
Millipore Direct-Q 3 UV system was used in the experiments.

Synthesis of GNRs. Gold nanorods were synthesized by
seed-mediated growth.”” To prepare the seed solution, 5 mL of
0.5 mM HAuCl, was mixed with § mL of 0.2 M CTAB
solution, and then 1 mL of fresh 6 mM NaBH, was injected
into the Au(III)—CTAB solution under vigorous stirring. This
seed solution was stirred 2 min and then aged at room
temperature for 30 min before use. To prepare the growth
solution, 900 mg of CTAB and 123.4 mg of NaOl were
dissolved in 25 mL of warm water (50 °C). The solution was
allowed to cool down to 30 °C, and 2.4 mL of 4 mM AgNO;
solution was added. After 15 min, 25 mL of 1 mM HAuCl,
solution was added. The solution became colorless after 90
min of stirring, and 0.36 mL of HCI (37 wt % in water) was
then introduced to adjust the pH. After another 15 min of slow
stirring, 0.125 mL of 0.064 M ascorbic acid was added, and the
solution was vigorously stirred for 30 s. Finally, 0.001 mL of
seed solution was injected into the growth solution. The
resultant mixture was stirred for 30 s and left undisturbed at 30
°C for 12 h for GNR growth. This protocol gives
monodisperse and stable gold nanorods, stabilized by a bilayer
of CTAB and NaOl. To remove excess CTAB, the final
solution was purified by three centrifugations at 7000 rpm for
30 min, followed by careful removal of the supernatant. The
precipitates were redispersed in deionized water.

Immobilization of GNRs. Glass microscope slides were first
cleaned with deionized water in an ultrasonic bath for 30 min.
They were then immersed in 5% hydrofluoric acid for 30 s and
washed with deionized water. Then, slides were immersed in
APTMS aqueous solution (1:100, pH 10) in a dark
environment for 1 h at room temperature. They were then
thoroughly rinsed with deionized water and isopropyl alcohol
to remove any physisorbed APTMS. After this procedure, the
glasses were immersed in a solution of 20 mg/mL PSS for 1 h
and rinsed again with deionized water and isopropyl alcohol.
They were finally immersed into the purified GNR solution for
4 h; kept at room temperature, without applying any mixing;
and then washed and dried. For the covering with PMMA, the
sample was spin-coated at 3000 rpm for 2 min and then baked
at 160 °C for 3 min.

Structural and Optical Characterization. The extinction
spectra were measured with a UV/vis spectrophotometer
(Mecasys, Optizen Pop). Images of GNRs on the graphite
substrate were taken by a fleld emission scanning electron
microscope (SEM, Zeiss Supra 40) operating at 3 kV. GNR

lengths and diameters were measured from SEM images to
obtain size and aspect ratio (AR) statistics.

Single-Particle Pump—Probe Measurements. The
second harmonic (at 400 nm) of a Ti:Sapphire laser with a
repetition rate, f,, of 95 MHz, with a pulse width of 100 fs, and
modulated with an acousto-optic modulator is used as the
pump. A weak probe is set at 800 nm and sent to the sample
after passing through the optical delay line. Both beams are
focused using a high-numerical-aperture microscope objective
onto a single GNR with a pump (probe) spot size diameter of
0.4 ym (0.8 ym). The signal is collected in transmission mode
after optical filtering and sent to a lockin amplifier.

B RESULTS AND DISCUSSION

Aqueous solutions of monodisperse GNRs were obtained by a
seed-mediated growth, as described in the Methods section,
and then purified three times. Then, the GNRs were
immobilized on chemically modified glass slides,” in a way
that the particles were far enough away from each other, for
their use in single-particle pump—probe experiments. Figure 1
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Figure 1. (a) SEM image of the synthesized GNRs disposed on the
graphite surface. (b) Extinction spectra of the colloid aqueous
solution (blue) and GNRs on glass slides surrounded by air (green).
The blue shift of the longitudinal LSPR is due to a lower effective
refraction index with respect to water. (c, d) Histograms of the length,
L, and diameter, d, of GNRs measured from SEM images. Average
values with standard deviation are 123.5 + 8.0 and 27.7 + 2.3 nm,
respectively.

shows a representative SEM image of the GNRs (with density
greater than the one used in the pump—probe experiments)
and extinction spectra of the colloid aqueous solution and of
the GNRs on glass as well. The decrease of the medium
effective permittivity of GNRs on glass slides and surrounded
by air, with respect to that of water, causes a blue shift of the
longitudinal resonance peak from around 900 nm toward 800
nm, which is located near the Ti:Sapphire laser wavelength.
Measurements on hundreds of GNRs from SEM images give
an average length of 123.5 + 8.0 nm and an average diameter
of 27.7 + 2.3 nm. Normal distributions of these nanorod
dimension measurements are shown in Figure lc,d. These
values give an average aspect ratio of 449 + 0.42.
Mechanical Oscillations. It is well known that the
position of the LSPR (optical) in GNRs depends on their

DOI: 10.1021/acs.jpcc.8b09458
J. Phys. Chem. C 2018, 122, 29598—29606


http://dx.doi.org/10.1021/acs.jpcc.8b09458

The Journal of Physical Chemistry C

aspect ratio.”¥>> From the point of view of the mechanical

oscillations, the length, L, is the most relevant parameter when
defining the extensional mode, whereas the diameter, d, is the
one that defines the breathing mode frequency.”'' In GNRs,
the extensional mode, in which there is a periodic contraction
and extension of the major axis of the GNR, produces the
highest signal in pump—probe experiments if the wavelength of
the probe is located near the maximum of the longitudinal
LSPR. In this work, our measurements and analysis only focus
on the extensional mode. The description of this oscillation in
a continuous medium can be simplified by a one-dimensional
partial differential equation in the coordinate u(x, t) with no
external forces

2
Lt 2 5y2)
ot Ox Ox (1)
where p is mass density (19.3 g/cm’® for gold), A is the
geometric cross section, and E is the Young modulus (42 GPa

in the [100] growth direction). If we assume that A and E are
constants along the axis, eq 1 reduces to *u/of = 20*u/ox?,

where ¢ = \/E/p. The oscillation modes that correspond to a

rod of length L whose both ends are stress-free have natural
frequencies as

o =% |E
AP @

Usually, only the first mode (j = 1) is detectable in pump—
probe experiments. The Young modulus E used in this model
considers only the restitutive force exerted by a pure elastic
gold nanorod. A more accurate model needs to consider gold
internal friction, external viscoelastic environment, and
clamping to the substrate.'”*° Considering that the internal
friction would allow us to define a finite quality factor, Q, for
the oscillator but that it does not affect the value of the
frequency at all, it is not a relevant parameter for the analysis in
this work. In the same way, the viscoelastic character of the
environment will only be considered toward the end while
comparing the results obtained for the GNRs when they are
immersed in a polymer such as PMMA. However, the
anchoring to the substrate does play a role in determining
the frequency of the extensional oscillation because it adds an
extra restoring force to the system. Indeed, this additional
restoring force can be inferred from the measured frequencies
and included in the effective Young modulus E . Using eq 2
and correlating the histogram of GNR lengths in Figure lc
with the histogram of the extensional frequencies measured at
the beginning (GNRs in air over a glass substrate), an
equivalent elastic modulus of 12 GPa must be added to E.
Then, E .4 = 54 GPa was used for all of the calculations in this
work.

Single GNRs were excited with a pump pulse from a
doubled Ti:Sapphire oscillator tuned near the interband
transition energy in gold (400 nm wavelength) and probed
with a lower-power pulse at the longitudinal LSPR (about 800
nm). The transmitted light was recorded as a function of the
optical delay of the probe so as to detect the variations
produced by the mechanical oscillations in the plasmon band
and therefore in the optical transmission, with a resolution of
few tens of femtoseconds, allowing the building of the real-
time trace of the coherent phonon oscillations. Frequency
values reported in this work are extracted from these temporal

traces after a specific measurement time that can range from a
few tens to hundreds of seconds.

Time evolution of the extensional frequencies of single
GNRs was measured during hundreds or thousands of seconds,
with irradiance between 0.1 and 2.3 mW/ ﬂmz in the center of
the focal waist. Typical temporal evolution of the frequency of
a single GNR is observed in Figure 2a, where the frequency
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Figure 2. (a) Time evolution of the extensional mechanical frequency
of a single GNR on glass surrounded by air and excited with a
femtosecond-pulsed laser at 400 nm. Frequency error is 2%. All
measured GNRs showed similar behavior. The inset shows a typical
time-trace optical transmission signal, corresponding to the last
frequency point. (b) Aspect ratio (AR) evolution, calculated from
extensional frequency measurements and eq 2, of the same GNR in
(a), with an irradiance of 2.3 mW/um? before the vertical dotted line
and 1.15 mW/um? after it. The variation in the AR change rate can be
seen (red lines are guides to the eye).

grows up monotonically, suggesting a shortening of the GNR.
Representative time trace of the optical oscillations corre-
sponding to one of the data points is presented in the inset.
Additionally, the pump power decreased after 200 s, from 2.3
to 1.15 mW/um?, leading to an evident slope change in the
temporal evolution of the GNR aspect ratio, calculated by eq 2
and shown in Figure 2b. As a higher irradiance implies a higher
temperature, the graphs shown in Figure 2 suggest that those
changes are produced by photothermal reshaping, as will be
confirmed in the following sections.

Energy Absorption and Temperature of the Nano-
rods. It has been a long time since Mullins and co-workers
predicted spheroidization of metal nanoparticles due to
curvature-induced atomic surface diffusion at ambient temper-
atures or at very low power laser-induced heating, rather than
due to a threshold melting process.””*® These morphological
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Table 1. Physical Constants Used in this Work for Gold and Different Surrounding Media®

parameter unit gold
mass density, p (kg/m®) 19 300
specific heat capacity, ¢ (J/(kg K)) 129
thermal conductivity, k (W/(m K)) 315
thermal diffusivity, a = k/pc (mm?/s) 127

“Specific heat capacity is at constant pressure.

water air glass PMMA
1000 1.2 2520 1180
4181 1012 840 1466
0.6 0.024 0.8 0.2
0.143 19 0.34 0.116

changes are described with a system of partial differential
equations on surfaces of revolution under the assumption of
isotropy of surface tension and surface self-diffusion
coefficient.”” ™’ After those predictions, several experiments
showed this photothermal phenomenon in different nanosized
samples.'”*”*" Some authors have also reported changes in the
extensional frequency of GNRs under pulsed irradiation above
a given power threshold.>” Taylor et al. showed a
photothermal reshaping behavior of GNRs irradiated with
femtosecond laser pulses and proposed that the stability
abruptly decreases with increasing their aspect ratio.”> Surface
atoms diffuse much easier in larger- than in shorter-aspect-ratio
rods, inducing reshaping at any given temperature. This fact
has been exploited to promote controlled nanorod reshaping
by irradiation with a femtosecond laser, yielding colloids with
narrower LSPR bands.”® It is then worth noticing here that
current plasmonic applications that use sharp geometrical
features to take advantage of huge field enhancement factors
must necessarily consider surface-diffusion-driven shape
changes even at low temperatures.

Before studying the surface diffusion in GNRs, we must
understand the process of light absorption and conversion into
thermal energy, as well as the temperatures reached by the
nanoparticle and the environment as a function power and
time. We consider a system consisting of a gold nanorod of
length L and diameter d centered in a three-dimensional cubic
domain representing the surrounding medium. The rod is
considered as a cylinder of length L-d and diameter d with two
hemispheres of radius d/2 at its ends. The nanorod is
uniformly illuminated at a frequency @ = 27cy/An, where ¢ is
the speed of light in vacuum, 4 is the light wavelength, and n is
the optical refractive index of the medium. If a system that is
initially at temperature T, absorbs light, the temperature
increase T above T at the position r and time ¢ is given by the
heat diffusion equation

pcdT(r, t) = kV2T(r, t) + p(r, t) (3)

where ¢ is the specific heat capacity at constant pressure, K is
the thermal conductivity, and p(r, t) is the heat power density,
nonzero only inside the nanorod (where the light is absorbed).
No fluid convection is considered. For the proposed system,
this yields a set of two differential equations (one for the gold
nanorod and one for the surrounding medium) with two
boundary conditions at the gold—medium interface

Pa a0 T(r, t) = K V2 T(r, t) + p(r, t) forr € GNR
P CmOT(r, t) = k, V*T(r, t) forr ¢ GNR
KmaJ_T(S+) t) = KAuaJ_T(S_) t)

T(s*, t) = T(s™, t)
(4)

29601

where the Au and m subscripts refer to gold and medium and
s* and s~ refer to the outer and inner parts of the interface
position. The first boundary condition (third line in eq 4)
ensures heat flux conservation at the GNR interface. No
interface resistivity due to molecular coating is considered.
Table 1 shows thermal constants for gold and some typical
mediums.

The heat power density p(r, t) in the first line in eq 4 is the
heat power dissipated in the GNR (or the absorbed energy)
per unit volume (Vg is the GNR volume). In the case of
femtosecond-pulsed illumination, the heat power depends on
the irradiance I(t) and is calculated as

sl (t)
Vonr (s)

where o, is the optical absorption cross section of the GNR.
A good estimation of this parameter is obtained from ref 24
considering a rodlike particle as a prolate spheroid.

As the electron—phonon thermalization occurs much faster
than the external heat diffusion, the GNR absorbs the energy in
a short time and reaches higher temperature values than in the
CW laser case for the same average irradiance before
dissipating the heat to the environment. This initial maximum
temperature increment can be estimated as'

GabsE P

PauCauVGNR (6)

P(V; t) =

AI;:

where E, = (I)/f, is the pulse energy, (I) is the average
irradiance, and f, is the laser repetition rate. It is seen from eq 6
that the maximum temperature increment in the pulsed
excitation case does not depend on the thermal properties of
the environment but only on its permittivity through the
absorption cross section.

As the set of eq 4 has no analytical solution, we solved it
numerically by a finite difference scheme, with a regular
spatiotemporal discretization in a cubic box of 300 nm side
with the GNR centered at the origin. A constant room
temperature was imposed on the boundary of the box. The
absorption cross section was calculated at 4 = 400 nm for a
GNR with the average dimensions given in Figure 1. In Figure
3, we show the time evolution of the GNR temperature after a
single femtosecond-pulse absorption considering different
surrounding media. The small differences in the initial
temperature are proportional to the differences in the medium
permittivity, i.e., on the optical cross section. However, this
instantaneous heating depends almost exclusively on the pulse
energy. Besides that, the GNR cools down in a characteristic
time that depends on the medium thermal conductivity and is
related to the heat flux across the gold—medium interface. For
example, thermal conductivity is 1 order of magnitude smaller
for air than for water or glass, giving slower heat dissipation.
This behavior is different from that in the CW irradiation case,
where the heat dissipation time is inversely proportional to the
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Figure 3. Temperature evolution of an average GNR during and after
the absorption of a light pulse of 1.6 mW/um? at 400 nm. The GNR
is immersed in different media: water (blue), air (green), glass (red),
and PMMA (black).

medium thermal diffusivity @ = x/pc. Table 2 shows the
calculated initial temperature increases AT, (using eq 6 and

Table 2. Calculated Temperature Parameters of a GNR in a
Single Femtosecond-Pulse Absorption”

water air glass PMMA
AT, (eq 6) 233 °C 220 °C 254 °C 254 °C
AT, 231 °C 218 °C 251 °C 252 °C
T 0.12 ns 13.6 ns 0.13 ns 0.54 ns

P
“Initial maximum temperature increases of a GNR of 123.5 X 27.7
nm? (average population size), calculated with eq 6 and obtained with
heat transfer simulations (with very good agreement), and character-
istic dissipation times to different environments, in the femtosecond-
pulsed case ({I) = 1.6 mW/um? A = 400 nm).

solving numerically eq 4) and characteristic dissipation times
7, for different environments, considering a GNR of average
dimensions irradiated with an average irradiance of 1.6 mW/
um® (pulse energy of 2.4 pJ).

We solve the same set of eq 4 but considering now a more
realistic situation where the GNR is deposited on a glass
substrate and surrounded by air. We consider here that the
gold surface is in contact with 18% of glass and 82% of air, as
reported in ref 33, being a crude estimation without
considering the nature of the nanorod—substrate interaction.
In this case of double-contact dissipating media, the heat
transfer is dominated by the most extended and poorly
conductive air interface, but the presence of glass reduces the
characteristic dissipation time, as shown in Figure 4. In this
case, we obtain an initial temperature increase of 224 °C and a
characteristic dissipation time close to 2.9 ns. In the same
figure, temperature maps are shown at successive times of
0.00S, 0.1, 1, and 4 ns after the pulse absorption.

If the dissipation time is comparable to the repetition pulse
period and, consequently, if the GNR does not completely
cools down to room temperature before the next pulse arrives,
there will be an additional integrated temperature increment
(over several pulse periods) that corresponds to the value
reached in a steady-state CW regime. This temperature
increase, not considered in Figures 3 and 4, depends on the
average irradiance, the GNR size, and the thermal conductivity
of the environment, being smaller, for our sample and
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Figure 4. Temperature evolution of a GNR on glass, surrounded by
air, during and after absorption of a light pulse of 1.6 mW/um? at 400
nm, and temperature maps in a plane parallel to the main axis of the
GNR and perpendicular to the glass surface, at times (A) 0.00S, (B)
0.1, (C) 1, and (D) 4 ns after the pulse arrival, corresponding to the
red dots in the curve.

experimental setup parameters, than the temperature incre-
ment after each absorbed pulse.

If the GNR is now covered with a poly(methyl
methacrylate) (PMMA) film, the dissipation time will be
much smaller than in air because of its greater thermal
conductivity. Thus, we expect in this case that this relatively
rapid temperature decrease inhibits any appreciable surface
atom diffusion and reshaping.

Photothermal Reshaping. The temperatures achieved in
the GNRs with the pulse energies used in our experiments are
well below the gold melting point, even for nanosized particles.
Therefore, if there is any kind of reshaping in the nanorods
that yields changes in the aspect ratio and in the mechanical
vibrational frequencies, this must be based on mass diffusion at
low temperatures. Monotonic increments in the extensional
frequency as shown in Figure 2 imply a decrease in the aspect
ratio, meaning that the mass diffusion must be happening from
high- to low-curvature sites (from the tips to the waist), i.e., a
curvature-driven atomic diffusion. Mullins and co-workers
proposed a theory of capillarity-induced surface diffusion more
than half a century ago to explain the observed blunting of the
field-emission tips used in electron microscopes and the
sintering of spheres.”””® The main concept of this theory is
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that the atomic surface diffusion minimizes the surface energy
of an object.

The surface flux J, of atoms along an arbitrary surface under
the assumption of isotropy of surface tension and surface self-
diffusion can be written as

Dy Qv
- V.K
kT (7)

where Dj is the surface self-diffusion coeflicient, y is the surface
tension, Q is the atomic volume, v is the number of diffusing
surface atoms per unit area, k is the Boltzmann constant, T is
the temperature, and VK is the two-dimensional surface
gradient of the surface curvature K. This surface flux should
satisfy the continuity equation, dn/0dt + V], = 0, where on/ot
represents the movement speed of a surface element in its
outward normal direction. In the case of a body of revolution,
we obtain the differential equation

3o ()
ot y@syds

L=

(8)

where s is an arc element of the curve that generates the surface
of revolution, y is the distance to the axis of revolution, and B =
DyQ*3/kT. Equation 8 describes the morphological changes
of an arbitrary body of revolution by curvature-driven surface
diffusion at any temperature. The surface self-diffusion
coefficient D, depends on temperature as

Ea
D(r) = by xp - 22 o

where D, is a constant (independent of sizes and temperature)
and E, is an activation energy. In the case of GNRs of length L,
Dy = 4 m*/s and the activation energy E, depends on its aspect
ratio (AR) as E, = CL/(AR* + 1), with C = 2.6 X 10% eV/m,
following the phenomenological values given by ref 32.

We solved eq 8 with a finite difference method, dividing the
profile of a body of revolution into arc increments of equal size
and assuming finite time intervals. Beginning with a prolate
spheroid and after each time step, the normal distances
traversed by each arc element define a new profile curve, which
is obtained through parameterization equations.

If we use as input the profile curve of an average GNR with
123.5 nm length and 27.7 nm diameter, together with the
temperature evolution during a pulse repetition period shown
in Figure 4, corresponding to a rod on glass surrounded by air
and irradiated by an average irradiance of 1.6 mW/um?, the
calculations show very negligible photothermal reshaping after
a single period but an appreciable surface diffusion after a very
large number of periods. To see a greater change in a single
pulse period, the activation energy must be lowered, for
example reducing the rod size. In Figure 5, we show numerical
results of the photothermal reshaping of a GNR with half a
length and diameter of that of the average population size but
the same aspect ratio, i.e., 4.5. The graphs show the AR curve
variation superimposed to the temperature evolution of the
GNR and the initial and final geometrical profiles.

To understand and reproduce the growing behavior of the
extensional frequency measurements in our experiments, we
have calculated the reshaping of a GNR on glass and
surrounded by air with different average irradiance close to
that used in our experiments. To obtain numerical results at
long times as in Figure 2, it is necessary to increase the time
step of each reshape calculation that resolves the temperature
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Figure S. (a) Temperature evolution (blue curve) of an average
synthesized GNR on glass and surrounded by air, irradiated by a
femtosecond-pulsed laser of 1.6 mW/um* at 400 nm, and AR
variation (green, superimposed), due to reshaping, of a GNR with half
the length and diameter but with the same temperature profile, to
show the dramatic reshaping and change in AR in a single pulse
period due to its lower activation energy. A GNR of average size has
negligible reshaping during the same pulse duration (not showed
here). (b) Initial and final geometrical profiles of the GNR with half

the size.

evolution in each repetition period. To achieve this, we have
checked numerically that the GNR reshaping (aspect ratio
variation) during a sequence of many laser pulses with small
temporal steps is completely equivalent to the GNR reshaping
during a continuous wave irradiation with a laser power (or
GNR steady-state temperature) that corresponds to an average
surface self-diffusion coefficient D, throughout the entire
repetition period of the pulsed case. This equivalence was
noticed in times on the order of milliseconds, and we extended
it to longer times, in the seconds scale. In Figure 6, the
reshaping (aspect ratio evolution) curves obtained at long
times for a GNR irradiated with different average irradiance
and the experimental aspect ratio points obtained from the
extensional frequency measurements using eq 2 and assuming
invariant volume can be seen, for a single GNR irradiated at an
average irradiance of 1.4 mW/um’. There is a very good
agreement between simulation and experimental results,
suggesting that effectively the atomic surface diffusion is due
to photothermal heating,

This correlation between extensional frequency measure-
ments and calculated aspect ratios due to atomic surface
diffusion is evident in most of the measured GNRs. However,
in few cases, the frequency variations were greater than the
expected ones, suggesting that there should be other possible
causes adding temperature increments. Besides the GNR
heating due to energy pulse absorption, additional overall
heating of the sample would be possible because of a poor heat
transfer at the macro scale, for example, due to a thermally
isolated glass slide. Although SEM images showed that most of
the irradiated GNRs were shortened by reshaping, some of
them widened without losing length, with a consequent
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Figure 6. Aspect ratio calculations due to photothermal reshaping as a
function of time of a GNR on glass surrounded by air and irradiated
by a 400 nm pulsed laser with different irradiance: 1.6 (blue curve)
mW/um?, 1.4 (orange) mW/um? 1.2 (yellow) mW/um? and 1.0
(violet) mW/um? compared to those obtained from extensional
frequency measurements in a single GNR.

flattening. This growth in the contact area with the substrate
should increase the restitutive force and, consequently,
increase the effective Young’s modulus. Therefore, according
to eq 2, this also produces an increment in the extensional
mode frequency. To identify the cause of each kind of
frequency variation, it would be necessary to obtain the
scattering spectrum or the electron microscopy images of each
individual GNR before and after irradiation. Also, the GNR
size fluctuations (different initial aspect ratios correspond to
different reshaping activation energies), the presence of an
offset additional temperature after the first pulse, the
contribution of the probe pulse extra heating, or the actual
GNR position inside the beam spot should be considered.
Important sources of fluctuations in experiments are the
anchoring strength of the GNR to the surface, the contact area,
and the molecular layer between the rod and the substrate.
Each GNR may have a different thermal coupling to the
substrate, which either affects or favors the heat diffusion to the
environment. All of these factors mentioned, which were not
considered in the theoretical treatment here, have less
influence on the variations of the mechanical frequencies but
should be taken into account to some extent, depending on the
particular experimental case. The general conclusion of our
results is that in any pump—probe experiment with metallic
nanoantennas the nanoparticles suffer reshaping even for
heating well below the melting temperature, allowing a
sufficient time to elapse. These kinds of experiments are
usually very lengthy because of the low signal-to-noise ratio, so
the time scales that we present here are the typical ones.

As a final remark, we propose a way to reduce the
photothermal reshaping of the GNRs based on the idea of
favoring the heat transfer from the rod to the surroundings, by
enclosing the nanoparticle into a medium of greater thermal
conductivity than that of air. An easy way to do it is by
depositing a polymer thin film over the sample by spin-coating.
This approach is supported by results reported on surface-
coated GNRs that increase the colloidal stability and can
greatly reduce the reshaping behavior, under higher temper-
atures or higher irradiance than the ones used in this
work.**7** These surface-coated GNRs (with silica and other
heat-conducting materials) retain their optical properties at

much higher fluences than bare GNRs, and their coatings
could also restrict the mobility of the surface gold atoms.
We have repeated the previous experiments getting the
extensional mode frequencies of single GNRs but now coated
with a PMMA film. In Figure 7a, the time evolution of the
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Figure 7. (a) Evolution of the extensional mode frequency of a single
GNR deposited on glass and surrounded by a PMMA polymer film
(see the inset) irradiated with a femtosecond-pulsed laser at 400 nm
and an irradiance of 0.17 mW/um? before the vertical dotted line and
0.69 mW/um? after it. Notice the frequency decrease in time, with a
higher rate at higher irradiance (red lines are only guides to the eye).
This decrease cannot be attributed to a GNR photothermal reshaping
because it would imply an aspect ratio growth. All measured GNRs
showed a similar behavior, except in the very low irradiance case. (b)
Average variation of the extensional frequency per unit time for 9
PMMA-coated GNRs. A monotonic variation of the frequency with
the pump irradiance can be seen, which suggests an increasing
elasticity of PMMA with temperature.

frequency for one of the single PMMA-coated GNRs is shown
and for a long-time experiment. The first observation is that for
GNRs within the same size population as in our previous
study, the frequency of the extensional mode is greater than
that in the case of air. This is because the assumptions made in
the theory presented in eqs 1 and 2 are no longer valid. Indeed,
the nanoparticle is now surrounded by a viscoelastic medium
that will affect both the value of the frequencies of the
mechanical modes of oscillation and its quality factors. In this
article, we did not model this latter case and only pointed out
that the frequencies start from a higher value than in the
previous case.

Figure 7a shows that for the PMMA-coated case the
frequency reduces as the time passes, as opposed to the case of
nanorods surrounded by air (reduction of the frequency would
imply an increase in the aspect ratio). This means that in this
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case reshaping does not take place or that if it is competing
with another effect, at least, the reshaping does not dominate.
Also, from Figure 7a, it is evident that when the irradiance is
increased (at about 100 s) the frequency shift per unit time
increases as well. A more general result is shown in Figure 7b,
where the frequency variations per unit time of 9 GNRs
irradiated with different irradiance are shown. A linear
dependence between the incident irradiance and the frequency
shift per unit time is clearly observable. This result suggests a
dependence of the GNR frequency on the mechanical
properties of the polymer, which soften with the temperature
increment, and as a consequence, the restitutive elastic force
from the local environment is reduced. Again, if there is any
photothermal reshaping of the nanoparticle, it seems negligible
compared to this mechanical change of its close environment.
Numerical surface diffusion calculations with PMMA-coated
GNRs showed no appreciable reshaping because of the shorter
dissipation time (with respect to air, see Figure 3), which is a
consequence of the greater thermal conductivity of PMMA.
Thus, this polymer coating technique on nanostructured
samples is a simple and suitable method for slowing down
photothermal reshaping.

B CONCLUSIONS

We have presented in this work the generation and detection
of mechanical modes of oscillation in plasmonic nanoparticles
and used them to monitor the photothermal reshaping
occurring in gold nanorods (GNRs), for long experimental
times and various irradiation powers. Two-color pump—probe
experiments and numerical simulations on single GNRs are in
excellent agreement to show that in the case of nanorods
surrounded by air there is an increment of the extensional
mode frequency because of the photothermal reshaping
produced by atomic surface diffusion. In the case of PMMA-
coated GNRs, an opposite behavior was observed, showing a
marked lowering of the frequency. In this case, there are no
traces of reshaping, which make the polymer coating an easy
resource for the metallic nanoantennas not to undergo changes
in a usually long time-resolved type of experiment. As a final
conclusion, we should say that even with low irradiation
powers and for usual measuring times the effect of reshaping
must be considered important and kept controlled in any
experiment with plasmonic nanoantennas.
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