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Guillermo Gonzaĺez-Rubio,†,‡ Andreś Guerrero-Martínez,*,† and Luis M. Liz-Marzań*,‡,§,∥
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CONSPECTUS: The vast majority of the outstanding applications of metal
nanoparticles (NPs) developed during the last two decades have arisen from their
unique optical properties. Within this context, rational synthesis and assembly of
gold NPs have been the main research focus, aiming at the design of
nanoplasmonic devices with tailored optical functionalities. The progress made in
this field is thus to be ascribed to the understanding of the origin of the
interaction between light and such gold nanostructures, the dynamics of which
have been thoroughly investigated with significant contributions from short and
ultrashort pulse laser technologies.
We focus this Account on the potential of pulse lasers to provide new fundamental insights into the electron dynamics involved
in the interaction of light with the free conduction electrons of Au NPs, that is, localized surface plasmon resonances (LSPRs).
The excitation of LSPRs with a femtosecond pulse laser is followed by thermalization of the Au NP electrons and the subsequent
relaxation of the nanocrystal lattice and the surrounding environment, which generally results in surface melting. By contrast,
nanosecond irradiation usually induces AuNP fragmentation and uncontrolled melting due to overlapping excitation and
relaxation phenomena. These concepts have been exploited toward the preparation of highly monodisperse gold nanospheres via
pulse laser irradiation of polyhedral nanocrystal colloids, or in the fabrication of nanostructures with “written-in” optical
properties. The applicability of pulsed coherent light has been extended toward the direct synthesis and manipulation of Au NPs.
Through ablation of a gold target in a liquid with pulse lasers, spherical Au NPs can be synthesized with no need of stabilizing
ligands, which is a great advantage in terms of reducing toxicity, rendering these NPs particularly suitable for medical applications.
In addition, femtosecond laser irradiation has been proven a unique tool for the controlled welding of plasmonic gold
nanostructures by electromagnetic field enhancement at the hot spots of assembled Au NPs. The combination of such
nanostructures with pulse lasers promises significant chemical and biochemical advances, including the structural determination
of organic reaction intermediates, the investigation of phase transitions in inorganic nanomaterials at mild reaction conditions, or
the efficient photothermal destruction of cancer cells avoiding damage of surrounding tissue.

■ INTRODUCTION

The concept of light amplification by stimulated emission of
radiation (laser) takes us back to the middle of the 20th
century, when it was experimentally demonstrated for micro-
wave radiation (maser).1,2 The first maser device radiated at 1
cm wavelength and approximately 10 nW of power. Soon
thereafter, the first solid state pulse laser (the ruby laser) was
constructed,3 and the femtosecond barrier was broken in 1974,
when the first laser with a pulse width of 500 fs was reported,4

in the time scale of atoms and molecules in motion. Eventually,
all these technological breakthroughs were brought together to
establish the basis of a new field in modern chemistry dedicated
to the study of the dynamics of bond formation and breaking
during chemical reactions in real time: femtochemistry.5

Notwithstanding, the significance of lasers was beyond the
study of temporal events in chemical reactions, providing a
tremendous contribution to the development of novel
spectroscopies. For example, only one decade after the
fabrication of the first continuous wave laser, this type of

radiation was used to produce enhanced Raman scattering from
molecules adsorbed on a plamonic material.6 In this context,
gold and silver nanoparticles as nanoplasmonic entities have
attracted great interest due to their characteristic response to
light, as well as simple synthesis and high chemical stability.7

The strong interaction of plasmonic gold nanoparticles with
light arises from the coupling of conduction band electron
oscillation with that of the incident electromagnetic radiation,
which is localized on the surface of the nanocrystals.8 This
phenomenon is known as localized surface plasmon resonance
(LSPR), and has shown great potential for application in Au
NPs synthesis, as well as in sensing and energy harvesting,9

among other applications.
In analogy to the investigations on femtochemistry,5 pulse

lasers were used to study the mechanism of LSPR dynamics in
Au NPs.10−12 In contrast to a continuous wave laser, pulsed
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coherent light enables irradiation with extremely high intensity
(107−1012 W/cm2 vs 104−106 W/cm2) in ultrashort periods of
time, allowing the deformation and even complete disintegra-
tion of the nanocrystals.13−15 In fact, such intensities proved
suitable tools in the synthesis of colloidal nanoparticles via
ablation of a target immersed in a liquid, the so-called pulse
laser ablation in liquid method (PLAL).16,17 In the case of gold
targets,18 energy deposited onto the surface induces the
formation of electron plasma and excited atoms which, upon
thermal equilibration with the surrounding environment, give
rise to the nucleation and growth of Au NPs that are then
released to the liquid.19−22 Through PLAL, the fabrication of
plasmonic nanoparticles using picosecond and nanosecond
pulse lasers occurs via thermal processes.20 On the other hand,
for a femtosecond pulsed laser at low fluences, the synthesis
occurs via a thermal-free ablation process.21

Control over the size and polydispersity of Au NPs can be
achieved by modulation of the laser pulse width and fluence,
but also through rational use of selected capping ligands with
different affinity toward gold surface. Interestingly, the addition
of capping agents such as the surfactant sodium dodecyl sulfate
may quench the growth of pristine Au NPs by PLAL, resulting
in improved monodispersity.20,22 Within this context, direct
functionalization of the Au NP surface with various (bio)-
molecular ligands such as cyclodextrins,23 oligonucleotides,24

and proteins25 has been reported. In addition, PLAL in aqueous
media provides access to the production of Au NPs with no
need for reducing or molecular capping agents as required in
wet chemistry synthesis, which is probably one of the main
strengths of this method toward applications in, for example,
biomedicine.26 The mechanism involved in the colloidal
stability of “naked” Au NPs relies on the partial oxidation of
surface atoms (Au−O, Au−Cl, Au−OH).27 The synthesis of Au
NPs has also been extensively reported in a wide variety of
organic solvents,28,29 ionic liquids,30 and supercritical fluids.31

With all these considerations in mind, we discuss in this
Account the importance of nanosecond, but mainly femto-
second pulse lasers in the manipulation, modification, and
assembly of plasmonic Au NPs (Table 1), highlighting some of
the most interesting applications of such nanostructures.

■ PULSE LASER-INDUCED RESHAPING AND
FRAGMENTATION

Shape modification of Au NPs with pulse lasers involves the
interaction of laser radiation in resonance with the LSPR of the
plasmonic nanocrystals and/or interband transitions. The first
investigations on the effect of nanosecond laser pulses on
aqueous colloidal dispersions of spherical Au NPs showed that
fragmentation and reshaping were the two main effects at high

and low laser fluences, respectively.32 Later on, the influence of
nanosecond and femtosecond laser pulses at different energies
on gold nanorods (Au NRs) colloids, as well as the
corresponding structural transformations, were studied.15

Femtosecond laser pulses at 800 nm led to reshaping of the
anisotropic NPs into spheres while keeping constant the initial
volume, whereas nanosecond pulses resulted predominantly in
fragmentation of the Au NRs.33 The energy required for
complete reshaping of a single Au NR, with average size of 92
nm × 30 nm, has been measured using white light scattering
spectroscopy and electron microscopy, and found to be 260 fJ
(Figure 1).34 Additionally, the effect of thermal heating on Au

NRs, compared to that produced by femtosecond laser
irradiation,35 has shown that at 250 °C the anisotropic
nanocrystals reshaped into spheres within 1 h, while laser
irradiation induced heating up to 700 ± 50 °C did not affect
their morphology. These phenomena were attributed to
relaxation processes with the surrounding medium, which in
the case of the latter were favored by the larger temperature
difference between Au NRs and their environment.
All these reshaping and fragmentation phenomena are

governed by the electron dynamics of the nanocrystals and
the relaxation processes after laser irradiation. When subjected
to laser excitation, photons are absorbed producing fast
thermalization of electrons (electron−electron coupling, 500
fs), followed by electron−lattice energy transfer (electron−
phonon coupling, <10 ps) and heat transfer from the lattice to
the surrounding solvent (phonon−phonon coupling, 100
ps).11,13,32 In the case of femtosecond pulse laser excitation,
the fast energy deposition rate leads to a high electronic
temperature, which is transferred to the nanocrystal lattice via
electron−phonon relaxation processes, heating the nano-
particles above the melting temperature of bulk gold and
therefore inducing reshaping and melting of the nanostruc-
ture.11,13 On the other hand, in nanosecond pulse laser
experiments, the absorption of photons continues when the
relaxation processes have already started and the lattice is still
hot, yielding an increase of the lattice energy that induces
subsequent fragmentation of the nanocrystals.15 However, since
these effects are strongly related not only to the pulse width but

Table 1. Main Aspects and Applications of the Interaction of
Pulse Lasers and Au NPs

laser pulse width laser mediated application ref

nanosecond reshaping of Au NPs 15, 33, 40, 45, 47
fragmentation of Au NPs 15, 32, 33, 37, 38, 40
assembly of Au NPs 49, 50, 56

picosecond Au NP electron dynamics 11, 13
femtosecond reshaping of Au NPs 15, 33, 39, 40

fragmentation of Au NPs 15, 33, 35, 39, 40
Au NP electron dynamics 11, 12, 39
assembly of Au NPs 51, 53

Figure 1. Observed effect of different pulse energy densities on the
reshaping of a gold nanorod. The dimensions of all SEM images are
200 nm × 150 nm. Reproduced with permission from ref 34.
Copyright 2009 Royal Society of Chemistry.
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also to the pulse energy, high energy femtosecond pulses and
low energy nanosecond pulses can also produce fragmentation
and melting, respectively.15,33,36

Some investigations were carried out to disclose the
mechanisms involved in size reduction and fragmentation of
Au NPs via laser irradiation. For example, the photothermal
evaporation model ascribed the shape change and size
reduction of Au NPs during 532 nm nanosecond pulsed
excitation to melting and vaporization phenomena, respec-
tively.37 The determination of nanocrystal temperature was
based on thermodynamic calculations, in which nearly no heat
transfer to the surrounding water was assumed. In contrast to
the photothermal evaporation theory, this Coulomb explosion
model implies that the thermionic emission of electrons occurs
simultaneously to electron−phonon relaxation, as confirmed by
the detection of hydrated electrons via transient-absorption
measurements and the presence of positively charged gold ions
by mass spectrometry.38,39 When the lattice temperature
reaches 700 K, surface melting of the NPs gives rise to
reshaping phenomena. If the temperature of the structure
increases up to 1337 K, Au NPs melt. Further temperature
increments are accompanied by thermionic emission of
conduction electrons, which may go beyond the critical charge
of the liquid nanoparticle, which in turn becomes unstable and
breaks up into smaller droplets (Figure 2). The time scale of
the entire process is about 100 ps, but may be faster if the laser
fluence is increased.39

Additionally, the interaction of pulsed laser beams with gold
nanoparticles not only depends on the laser parameters but also
on particle features. Both light absorption and thermodynamics
of phase transitions are highly sensitive to Au NP size and
shape. The melting and evaporation thresholds are almost
constant for gold nanospheres (Au NSs) with sizes ranging
from 10 to 100 nm, whereas a marked increase of the fluence is

necessary for an Au NP diameter of 600 nm.40 The effect of
particle shape can be illustrated for the particular case of single
crystal Au NRs. The structural transformation that occurs upon
irradiation with femtosecond and nanosecond pulse lasers with
energy below the melting threshold shows different reshaping
mechanisms. Although single crystal AuNRs are defect free,
analysis of the crystalline structure after irradiation reveals the
presence of twins and planar defects in the body of
nanocrystals, which together with the diffusion of surface Au
atoms acts as a nucleating point to drive the conversion of
{110} facets into the more stable {100} and {111} facets
(Figure 3).41 An additional mechanism has been proposed for
extremely high femtosecond pulse laser fluences, in which the
ejection of material takes place far below the melting threshold
due to near-field enhancement on the particles.42 On the other
hand, the effect of Au NPs functionalization has been shown to
modify the electron dynamics process. For instance, function-
alization with cysteine and cystine amino acid derivatives
produces subpicosecond delays in the relaxation times after
excitation.43

Apart from mechanistic considerations, the photothermal
reshaping, fragmentation and melting effects of laser irradiation
on Au NPs have been exploited toward potential technological
uses. A nanostructured system has been recently designed to
create a spectral transmission window resulting from selective
reshaping of Au NRs with an LSPR in resonance with a
femtosecond laser.44 Similar nanostructures with “written-in”
optical properties were fabricated by dispersion and alignment
of Au NRs within poly(vinyl alcohol) films,45 in which
irradiation with a Nd:YAG nanosecond laser (1064 nm, 6 ns,
850 mJ/pulse) led to selective reshaping of nanorods into
spheres. The modification of the optical properties through
reshaping enabled micropatterning of optical structures. On the
other hand, preparation of highly monodisperse Au NSs

Figure 2. (a) Proposed femtosecond-laser-induced fragmentation process. (b) Electron temperature temporal evolution (dashed red curve); lattice
temperature (solid black curve); and maximum water temperature at the NP surface-water interface (dash-dot blue curve), for a 60 nm diameter gold
nanosphere and a single 400 nm laser pulse of 150 fs and fluence of 12.3 mJ/cm2. (c) TEM images representing reshaping and size reduction at low
and high fluences for a 60 nm quasi-sphere. Reproduced with permission from ref 39. Copyright 2011 American Chemical Society.
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(Figure 4) has been reported via reshaping of colloidal gold
nano-octahedra using 532 nm nanosecond laser irradiation
(nonfocused Nd:YAG laser operated at 20 Hz with a
wavelength of 532 nm and pulse duration of 10 ns, 5.50 mJ/
cm2).46 Using the same concept, a narrow size distribution of
naked Au NSs was obtained by 532 nm nanosecond irradiation
(8 ns, total energy fluence per pulse ranging from 658 mJ/cm2

to 334 mJ/cm2) of a drop of polydisperse gold nanoprisms and
nanospheres previously synthesized by reduction of HAuCl4
with hydrogen peroxide. The key advantage of the designed
protocol lies on the rapid functionalization of the pristine
irradiated Au NSs with different ligands when gold colloid and
capping solutions are mixed, proving the versatility of the
method for production of AuNPs with custom derivatization.47

■ PULSE LASER-CONTROLLED ASSEMBLY AND
WELDING

The use of light to guide the self-assembly of gold
nanoparticles40 has been explored by various groups by
means of tailored functionalization of the nanocrystal surface
with photosensitive organic molecules.48 However, only
recently have the optical properties of Au NPs been explored
as a way to manipulate and direct the interaction between
nanoparticles in solution. When Au NSs stabilized with citrate
ions are irradiated by 10 ns pulses of a 532 nm Nd:YAG laser,
with typical fluences of 60 mJ/cm2, decomposition and removal

of the ligand molecules induces agglomeration of the AuNPs.
Consequently, the laser causes melting and welding within the
aggregates, giving rise to submicrometer spherical particles
(Figure 5).49 This type of submicrometer-sized Au NSs have
also been produced by laser-induced melting with low-toxicity
stabilizing reagents, with potential biocompatible applications.50

As a remarkable example, citrate stabilized 50 nm Au NSs
were assembled using barrel-shaped cucurbituril molecules, into
aggregates with rigid 0.9 nm gaps (Figure 6).51 Using UV−vis-
NIR spectroscopy, the assembly of Au NSs could be monitored
in real time, by the decrease in the extinction band at 532 nm
and formation of a new band at 745 nm due to coupling of the
electron clouds of individual NPs during the induced
aggregation, which was termed capacitative chain plasmon
(CCP) resonance. Once the threads were formed, and since
they absorb radiation with wavelength around 800 nm,
treatment with unfocused 805 nm, 200 fs laser pulses of 90
mW/cm2 led to coupling of the CCP resonances with the laser.
The extremely high field enhancements generated at inter-
particle gaps, where plasmon coupling leads to formation of hot
spots, ultimately induced welding of the gold nanocrystals as
confirmed by electron microscopy, and a new threaded chain
plasmon (TCP) resonance was found at 1100 nm due to charge
transfer between the Au NPs.52 Far-field extinction spectra,
near-field distribution, and phase map simulations were carried
out for thread widths ranging from 10 to 14 nm, and it was

Figure 3. High resolution transmission electron microscopy images of single crystal AuNRs after irradiation with femtosecond and nanosecond pulse
of 1 mJ/cm2 (0.5 μJ per pulse) and 250 mJ/cm2 (20 μJ per pulse), respectively. (a,b) Point defects and twinned particles after femtosecond laser
irradiation. (c) Twinned particles after nanosecond laser irradiation. (d) Scheme of the proposed mechanism for shape transformation. Adapted with
permission from ref 41. Copyright 2000 American Chemical Society.
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found that the position of the resonance modes depends on the
thread width. Three main peaks were identified: one associated
with a rod-like mode in the mid-IR, a second one in the NIR
originated from a hybrid chain/rodlike mode, and a third one in
the visible related to a modified optical chain plasmon mode
(Figure 6).51

Directed binding of Au NPs through molecular linkers results
in highly efficient methodologies for morphologically con-
trolled nanocrystal assembly. However, akin to molecular
polymerization synthesis, chain growth control is difficult to
achieve, which hampers the preparation of one single type of
oligomer and makes this methodology hard to use for practical
application in nanoplasmonics. To overcome these limitations,

ultrafast NIR femtosecond laser pulses at relatively low fluences
were used to irradiate Au NR aggregates and control their
population with respect to dimeric species.53 By irradiating with
800 nm Ti:sapphire low fluence (130 μJ/cm2) 50 fs laser pulses
during dithiolated molecule induced (1,8-octanedithiol) tip-to-
tip assembly of Au NRs, the formation of longer oligomers such
as trimers, with longitudinal LSPRs in resonance with the laser
wavelength, could be selectively disrupted. Therefore, dimers
with LSPR at 700 nm (out of resonance) were obtained in high
yield (7Figure 7). The proposed mechanism reveals the
importance of highly efficient hot spots generated at
interparticle gaps, which are responsible for the photothermal
decomposition of the dithiolated molecular linker (1,8-

Figure 4. Gold nanospheres obtained by nonfocused nanosecond pulse laser irradiation of pristine octahedral nanoparticles (wavelength, 532 nm;
fluence, 3.84 mJ/cm2; irradiation time, 60 s). (a,b) SEM images and (c) TEM image of the gold nanospheres. (d) UV−vis spectra of pristine nano-
octahedra (black dash-dot line) and the resulting nanospheres (blue solid line) after laser irradiation. Inset: TEM images and photographs of
colloidal solutions of AuNPs (scale bars are 20 nm). Adapted with permission from ref 46. Copyright 2015 Nature.

Figure 5. SEM images showing the morphological changes of citrate gold nanoparticles after nanosecond pulse laser irradiation at 650 μJ/cm2

fluence for (a) 0 min, (b) 5 min, (c) 9 min, (d) 11 min, and (e) 14 min. (f) Scheme of the laser-induced assembly and fusion of citrate stabilized
particles. Adapted with permission from ref 49. Copyright 2013 Royal Society of Chemistry.
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octanedithiol). Again, welding of the plasmonic oligomers was
achieved by increasing the laser fluence (650 μJ/cm2). The
welded oligomers displayed a new broad band ranging from
900 to 1400 nm. A systematic analysis of the influence of laser
parameters (pulse fluence, frequency and average fluence)

revealed that the most important parameter toward controlling
the kinetics of NR assembly was the pulse fluence.53 The
relative concentration of the main plasmonic species and the
characterization of welded and assembled oligomers were
determined by electron microscopy. The yield of dimers at 130

Figure 6. (a) Schematic representation of Au NP chain assembly. Single NPs exhibit a plasmon resonance (SP) at 532 nm. Nanoparticle chains
display CCP resonances at 745 nm. Irradiation with femtosecond laser pulses (b) weld the AuNPs into strings, producing TCP resonances at 1100
nm. (c) TEM images of NP chain interparticle gap before and after laser irradiation. (d) Spectra of the AuNP chains with/without femtosecond laser
irradiation (single NP response subtracted from the spectra). (e) Numerical simulations of TCP modes in six-NP-long chains and the effect of the
nanothread widths contributing to the signal in (d). Reproduced with permission from ref 51. Copyright 2014 Nature.

Figure 7. (a) Schematic representation of the effect of femtosecond laser pulses on the tip-to-tip assembly of gold nanorods. (b) Extinction spectra
during Au NR tip-to-tip assembly in ethanol, using 1,8-octanedithiol as linker, upon 10 min irradiation with 800 nm 50 fs laser pulses at 1 kHz and
different pulse fluences of 13, 130, and 650 μJ/cm2; intervals of 90 s. (d,e) Concentration of single Au NRs (black line), dimers (red line), side-by-
side dimers (green line), trimers (blue line), and the total concentration (orange line) for no laser (c) and pulse fluences of 130 μJ/cm2 (d) and 650
μJ/cm2 (e). Adapted with permission from ref 53. Copyright 2015 American Chemical Society.
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μJ/cm2 was found to be twice that obtained without irradiation,
meaning that femtosecond laser irradiation can trap the
intermediate dimer. High-resolution HAADF-STEM analysis
of the welded oligomers showed that the nanocrystals were
oriented in the same crystallographic direction (Figure 8) but

with a slight misorientation, probably due to the extreme
concentration of energy in this region and/or to the fact that
energy deposition occurs in such short times that welding is
essentially a nonthermal process.

■ CONCLUSIONS AND OUTLOOK
The interaction of pulse lasers with metal nanoparticles has
been presented in a sequential manner, from the synthesis of
Au NPs by ablation of a gold target via pulse laser irradiation, to
reshaping, fragmentation and assembly of nanocrystals due to
electromagnetic field and temperature enhancements upon
excitation of LSPRs with laser pulses. We additionally focused
our efforts on the description of electron dynamics in
nanocrystals and relaxation processes following laser irradiation.
Real technological applications such as the fabrication of
plasmonic nanostructures with “written-in” optical properties
have been detailed. It is important however to keep in mind
that a number of promising chemical and biochemical uses of
Au NPs in combination with laser pulses are still under
development. For example, the wide range of high temperatures
attained via excitation of Au NPs with ultrashort pulse lasers
may allow new advances in practical organic chemistry and
catalysis, in which unconventional reaction conditions of
temperature can be reached by local heating.54 Combination
of such chemical control with the potential of SERS
spectroscopy, and specially time-resolved SERS,55 can also be
envisaged to determine the chemical structure of elusive
reaction intermediates hitherto unknown. For instance,
reactions involving nondetected zwitterioinc or biradical
intermediates would be excellent candidates for these studies.
Additionally, such thermal assisted reactivity may find

application in the synthesis of Janus Au NP dimers of
nanocrystals functionalized with different reactive functional
groups. Moreover, the complexity of reactivity induced by Au
NPs can increase upon application on inorganic materials, in
which local phase transitions of such inorganic nanoparticles
(e.g., metal oxides) directly linked to Au NPs may be induced.56

We finally anticipate the combination of irradiation with low
fluence NIR ultrashort laser pulses on assembled AuNPs, acting
as nanolenses that are able to confine light at the interparticle
gaps, for efficient photothermal destruction of cancer cells
avoiding damage of tissues in regenerative medicine.57
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