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Plasmonic nanoparticles in aqueous solution have long been known to
fragment under irradiation with intense ultrafast laser pulses, creating
progeny particles with diameters of a few nanometers. However, the
mechanism of this process is still intensely debated, despite numerous
experimental and theoretical studies. Here, we use in situ electron
microscopy to directly observe the femtosecond laser-induced frag-
mentation of gold nanoparticles in water, revealing that the process
occurs through ejection of individual progeny particles. Our obser-
vations suggest that the fragmentation mechanism involves Coulomb
fission, which occurs as the femtosecond laser pulses ionize and melt
the gold nanoparticle, causing it to eject a highly charged progeny
droplet. Subsequent Coulomb fission events, accompanied by
solution-mediated etching and growth processes, create complex
fragmentation patterns that rapidly fluctuate under prolonged irradi-
ation. Our study highlights the complexity of the interaction of plas-
monic nanoparticles with ultrafast laser pulses and underlines the
need for in situ observations to unravel the mechanisms of related
phenomena.

Laser irradiation of plasmonic nanoparticles in aqueous solu-
tion gives rise to a dizzying array of phenomena that are often
difficult to disentangle.*® The optical forces exerted on the
particle find use in optical tweezers”® and have been employed
to stretch particles into elongated shapes.” The excitation of
plasmons can drive photochemical reactions of adsorbates on
the particle surface.'®" It can also be used to etch or grow the
nanoparticles,” processes that are being harnessed in the
plasmon-mediated synthesis of triangular gold and silver
nanoprisms.*>'* Intense laser pulses induce partial or complete
melting and have been employed to reshape nanoparticles® or
weld them together'®'” and thus tailor their plasmonic proper-
ties.'®" As the particles dissipate heat, nanobubbles form and
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explosively expand, eventually collapsing as the particles
cool.”**> At even higher fluence, the nanoparticles undergo
complex fragmentation processes that involve a range of
mechanisms and that vary with the laser pulse parameters.**>°

The fragmentation of metallic nanoparticles in water under
ultrafast laser irradiation has attracted particular interest since
it generates fragments of 2-4 nm diameter,"****** providing
a simple route to this particular size range.”® Fragments have
been shown to form within 100 ps after the laser pulse* and to
slightly increase in size for several microseconds after their
appearance.” In the absence of direct observations, the mech-
anism of this process has remained contentious though.***** It
has been suggested that it involves a thermal explosion and the
subsequent condensation of the metal vapor into smaller
particles,**** in close analogy to the fragmentation mechanism
under nanosecond laser irradiation.>**” Since fragmentation
occurs even if the nanoparticle temperature barely exceeds the
melting point, it was instead proposed that the femtosecond
pulses ionize the particle, causing it to Coulomb explode into
a large number of charged fragments." Other mechanisms
typically occurring at higher laser intensities have also been
considered,* such as near-field ablation®® or the shockwave-
mediated disintegration during impulsive melting.*

We recently demonstrated that the femtosecond laser-
induced fragmentation of gold nanoparticles encapsulated in
a silica shell follows a distinctly different mechanism,?*® raising
the question whether the same may be true in water. Using in
situ electron microscopy,®* we observed that the gold particles
eject individual clusters of about 10-500 atoms (0.7-2.5 nm
diameter), rather than undergoing an explosion or shattering
violently. Instead, our observations provide evidence that the
underlying mechanism involves Coulomb fission,**** which
occurs after the ultrafast laser pulse ionizes the gold core in
a multiphoton process*+=® and melts it. If the Coulomb repul-
sion in the resulting liquid gold droplet surpasses its surface
tension, i.e. the Rayleigh stability limit is exceeded,*” a highly
charged progeny droplet is emitted along the laser polarization
direction.® As the process repeats under prolonged irradiation,
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the ejected clusters accumulate and coalesce into a second core,
so that a binuclear particle is formed.

Results and discussion

Here, we use in situ liquid cell transmission electron microscopy
to directly observe the fragmentation of gold nanoparticles in
water under femtosecond laser irradiation and elucidate its
mechanism. A schematic of the experiment is displayed in
Fig. 1a (see Methodst). A suspension of gold nanoparticles in
distilled water (15 and 50 nm diameter, polyvinylpyrrolidone
stabilized) is enclosed in a microchip-based liquid cell with
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silicon nitride viewing windows.*® Particles covered in a thin
layer of water (an estimated few hundred nanometers thick, see
Methodst) are irradiated in situ with femtosecond laser pulses
(515 nm, 200 fs, 10 kHz), and their fragmentation is observed in
real time with the electron beam.*® Notably, this allows us to
study the process in liquid phase, which is the medium
employed in synthetic applications.

Fig. 1b shows a typical micrograph of gold nanoparticles in
water. Irradiation with femtosecond laser pulses (53 mJ cm 2
fluence, around 20 s, with the electron beam blocked) causes
most particles to fragment extensively (Fig. 1c). A range of
fragment sizes is visible, with the smallest about 2.5 nm in

Femtosecond laser irradiation of gold nanoparticles

Fig. 1

In situ electron microscopy of the fragmentation of gold nanoparticles in water under femtosecond laser irradiation. (a) Sketch of the

experimental geometry. Gold nanoparticles in water are enclosed in a liquid cell and are observed with the electron beam during irradiation with
femtosecond laser pulses. (b and c) Micrographs of gold nanoparticles recorded before and after irradiation with femtosecond laser pulses
(without simultaneous exposure to the electron beam), revealing that the laser induces heavy fragmentation. Scale bar, 200 nm. (d and e) Images
from a movie recorded during in situ laser irradiation (ESI Movie 1}), showing the gold particles after 5.5 s of laser illumination (d) and after 30 s (e).
White arrows and dashed circles indicate particles that moved into the field of view or diffused to a different position. scale bar, 100 nm. (f-k)
Details of the areas marked with colored squares in (d) and (e). Scale bar, 25 nm.
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diameter. In all our experiments, we have used the minimum
fluence necessary to induce fragmentation. The fragmentation
behavior is qualitatively the same for fluences up to 75 mJ cm ™,
at which point the liquid cell chip usually cracks.

Real-time observations of the fragmentation process allow us
to shed light onto its mechanism, as shown in Fig. 1d-k (ESI
Movie 11). We note that exposure to the electron beam at the
low dose rates employed here (typically 3 electrons A~> s ) does
not appear to alter the fragmentation pattern. Fig. 1d shows that
after 5.5 s of laser irradiation (53 mJ cm™?), some patrticles have
fused into larger structures, such as the one in the detail shown
in Fig. 1f (green frame in Fig. 1d), indicating that at fluences
high enough to induce fragmentation, the particles melt at least
partially. Fragmentation usually sets in after several seconds of
laser irradiation (7-10 s in ESI Movie 17), so that most particles
in Fig. 1d are still intact. In contrast, extensive fragmentation is
evident after 30 s of irradiation (Fig. 1e). Some particles (high-
lighted with white arrows and circles) have diffused to
a different location or have appeared within the field of view,
confirming that the particles are in a liquid film that enables
their movement. In fact, fragmentation does not occur in the
absence of water. This is illustrated in ESI Fig. 1,7 which
demonstrates that in partially dry samples, only particles
located within patches of liquid undergo fragmentation.

ESI Movie 11 also reveals that Ostwald ripening® occurs
under laser irradiation, with the larger particles growing at the
expense of the smaller ones, which shrink over time and have
largely disappeared in Fig. le. This process, which appears to
involve the solution-mediated transport of material, is induced
by femtosecond laser irradiation. It occurs independently of
whether the sample is simultaneously exposed to the electron
beam, but cannot be induced through electron beam irradiation
alone (see also ESI Fig. 2 and 3). Most of the remaining
particles in Fig. 1le are surrounded by a large number of frag-
ments. Details of the areas marked with colored squares are
shown in Fig. 1f-k and highlight different fragmentation
patterns. The creation of smaller fragments from larger parti-
cles is thermodynamically unfavorable and therefore points to
a physical fragmentation mechanism that occurs simulta-
neously with the solution-mediated Ostwald ripening process.

Close inspection of the fragmentation process sheds further
light onto the nature of the underlying mechanism. The image
sequences in Fig. 2a-e depict the evolution of representative
nanoparticles in Fig. 1e and d (ESI Movies 2-67), with schematic
illustrations of their transformations shown on the left. The
timestamps refer to the time elapsed after laser irradiation
started. Fig. 2a depicts a typical fragmentation process. Initially,
two 15 nm diameter particles are visible (1) that fuse under laser
irradiation (2) to form a spherical particle, which after 6.8 s,
ejects an individual progeny particle of 4.5 nm diameter (3). The
parent particle then continues to shrink as additional progeny
particles are ejected (4, 5). Fragmentation clearly does not
involve an explosion, but rather a stepwise process. Individual
progeny particles appear suddenly, from one movie frame to the
next (200 ms frame duration), suggesting that they are ejected
individually, in a process that closely resembles the femto-
second laser-induced fission of gold particles in a silica shell

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that we previously reported.® After they first appear, some of the
progeny particles slowly increase in size, suggesting that
a solution-mediated growth process occurs. A frequently
observed feature of the fragmentation process is that progeny
particles surround the parent at a well-defined distance (Fig. 2a,
frames 4, 5). We speculate that nanobubbles, which are ex-
pected to form under our experimental conditions,**>> may play
a role in creating this configuration.

While the defining feature of the fragmentation process is
the stepwise ejection of progeny particles, complex fragmenta-
tion pathways can arise under prolonged laser irradiation. As
the image sequence in Fig. 2b illustrates, progeny particles
frequently undergo fragmentation themselves. Two nano-
particles of 50 and 25 nm diameter (1) eject several fragments
(2, 3), which then create second-generation progeny particles (4,
5). Fragmentation competes with the fusion of different parti-
cles (see ESI Movie 3t), and an intricate fragmentation pattern
is created, with particles of different sizes spread out in all
directions. This is in marked contrast to the fission of gold
particles in a silica shell, where prolonged irradiation leads to
the formation of a binuclear particle. In a silica shell, progeny
particles are preferentially ejected along the laser polarization
direction and eventually coalesce into a second gold particle of
equal size. It is connected to the first through a channel that
forms in the silica shell that restricts the fission geometry.*
This is notably not the case in water, where fragments can
spread in all directions.

The ejection of progeny particles occurs simultaneously with
solution-mediated etching and growth processes. While laser-
mediated Ostwald ripening causes large particles such as those
in Fig. 2b to grow over time, smaller particles shrink as they
undergo fragmentation and finally dissolve entirely. Fig. 2c shows
an example of three 15 nm diameter particles, whose size initially
remains constant until about 12 s of laser irradiation (1), when they
begin to shrink. About 2-4 seconds later, each ejects several
progeny particles that appear at similar distances from the parent
(2-4). Under continued irradiation, parent and fragment particles
finally dissolve completely (5). The appearance of fragments closely
follows the moment at which the parent particles begin to shrink,
suggesting that both phenomena are related or possibly even
involve the same mechanism. We previously observed that gold
particles encapsulated in a silica shell eject progeny droplets with
as few as 10 atoms (0.7 nm diameter).** Such small fragments
would not offer sufficient contrast in the liquid cell environment.
The ejection of clusters that are too small to be observable may
therefore contribute to the etching of the particles in water. As
shown in Fig. 2d, some particles develop a dark halo as they
undergo fragmentation. This halo likely consists of a large number
of small clusters and atoms that have been ejected from the parent.

Under prolonged irradiation, many particles enter a chaotic
state of flux, in which repeated cycles of fragmentation and
fusion occur, and etching and growth processes reshuffle mass
between different particles and their fragments. Fig. 2e shows
such an example. Three gold nanoparticles eject several frag-
ments each (1, 2) and after several subsequent cycles of fission
and fusion (3), merge into one large elongated particle (4),
which then begins to eject progeny particles itself (5).

Nanoscale Adv., 2021, 3, 5277-5283 | 5279
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Fragmentation pathways of gold nanoparticles
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Fig. 2 Fragmentation pathways of gold nanoparticles in water under femtosecond laser irradiation. Image sequences illustrate representative
transformations of the particles in the experiment of Fig. 1d and e (see ESI Movies 2—-67). A schematic representation of each process is provided
on the left. (a) Two gold nanoparticles fuse into a particle of 13 nm diameter, which then ejects individual progenies of about 2—3 nm diameter in
a stepwise process. (b) Progeny particles frequently undergo fragmentation themselves, a process that creates arrays of several generations of
progenies. (c) Femtosecond laser irradiation dissolves smaller particles while growing the larger ones. Here, three small particles (10-12 nm
diameter) fragment while slowly dissolving. (d) Some particles develop a dark halo over time that appears to consist of a large number of small
ejected clusters. (e) Repeated cycles of fragmentation and fusion, as well as etching and growth reshuffle mass between different particles,
creating rapidly fluctuating configurations. The time stamps of the micrographs refer to the time elapsed since the beginning of laser irradiation.

scale bars, 30 nm.

In contrast to the fission of gold nanoparticles encapsulated in
a silica shell,* the ejection of fragments from gold nanoparticles in
water is not directional. Fig. 3a displays a micrograph of gold core
silica shell nanoparticles (20 nm core diameter and 20 nm shell
thickness) after irradiation with femtosecond laser pulses (100 mJ
cm™?, about 30 s). Cavities in the silica shell have formed around
the gold cores, and several fragments (1-2 nm diameter) have been
ejected. Fig. 3c shows a histogram of the ejection angle 6, as defined
in Fig. 3a. The ejection of progeny particles is highly directional and
as previously reported, preferentially occurs in the laser polarization
direction (horizontal).* A cos*(f) fit of the angular distribution (red
curve) therefore allows us to accurately determine the laser polari-
zation direction,*** which is indicated with a double-headed arrow
in Fig. 3a. In contrast, gold nanoparticles in water (Fig. 3b) eject
fragments under femtosecond laser irradiation (53 mJ cm ?)
without any apparent angular preference (Fig. 3d).

Our observations clearly contradict a fragmentation mecha-
nism involving either a Coulomb or thermal explosion. They are
also not consistent with processes that typically occur at much

5280 | Nanoscale Adv, 2021, 3, 5277-5283

higher fluence and violently shatter the particle, such as near-
field ablation or shockwave-mediated disintegration. Instead,
progeny particles are emitted one after another, and ejection is
a rare event that on average occurs once every several thousand
laser pulses. This stepwise fragmentation process closely
resembles that of gold nanoparticles in a silica shell, suggesting
that it involves the same mechanism, Coulomb fission. In both
cases, the fragmentation of 20 nm gold particles requires an
almost identical absorbed fluence that causes the particles to
melt, and progeny particles of similar size are generated (as
discussed above, particles smaller than 2 nm are not observable
in water). Most tellingly, fragmentation appears to involve the
ionization of the parent particles. This is demonstrated in ESI
Fig. 2 and 3 (ESI Movies 7-9 and 10-14t), which show that
nanoparticles that eject progenies under femtosecond irradia-
tion do not fragment any further under subsequent exposure to
nanosecond pulses of up to 4.5 times the fluence (532 nm, 0.7
ns pulse duration, 10 kHz). The particles continue to undergo
shape changes, as they do under femtosecond irradiation,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Angular distribution of progeny particles
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Fig. 3 Determination of the angular distribution of the progeny particles. (a and b) Micrographs of gold particles and their progenies ejected
under femtosecond laser irradiation, for gold particles enclosed in a silica shell (a) and for gold particles in water (b). The definition of the ejection
angle @ is indicated in (a) together with the laser polarization direction (double-headed arrow). (c and d) Angular distributions of the progeny
particles. For gold particles in a silica shell, the distribution strongly peaks along the laser polarization direction (c), while it is isotropic for particles
in water (d). A cos*(6) fit of the angular distribution (red curve) in (c) is used to determine the laser polarization direction indicated in (a). Scale bars,

25 nm.

suggesting that they become at least partially liquid and reach
similar temperatures. At the highest fluence (ESI Movie 97), they
melt into spheres whose outline fluctuates under continued
irradiation. Yet, no fragmentation occurs. This strongly
suggests that the fragmentation mechanism involves the
multiphoton ionization of the gold particles, which is known to
occur at the femtosecond laser fluences used here,?>%#
whereas nanosecond laser pulses only heat the particles without
ionizing them.> Evidently, the ejection of individual progeny

© 2021 The Author(s). Published by the Royal Society of Chemistry

particles occurs from an ionized, liquid parent particle, which
strongly suggests that Coulomb fission is the primary frag-
mentation mechanism, a conclusion that is consistent with an
analysis of the energetics of different fragmentation pathways.®

Whereas gold particles in a silica shell preferentially emit
progeny particles in the laser polarization direction, no angular
preference exists in water. We propose that this is due to the
different electrical conductivities of the surrounding media.
During femtosecond laser ionization of plasmonic

Nanoscale Adv, 2021, 3, 5277-5283 | 5281
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Fig. 4 Proposed mechanism of the femtosecond laser-induced fragmentation of gold nanoparticles in water. (a) Under irradiation with
a femtosecond laser pulse, the gold particle is ionized and electrons are emitted in the laser polarization direction. Diffusion of the solvated
electrons rapidly establishes an isotropic charge distribution. (b) Under continued irradiation, the melted gold particle undergoes Coulomb
fission, ejecting a highly charged progeny particle in a random direction. (c) Further fission events occur, and second-generation progeny
particles are formed. (d) The particles enter a state of flux as fragments undergo repeated cycles of fission and fusion, while solution-mediated
etching and growth processes reshuffle mass between different particles.

nanoparticles, photoelectron emission predominantly occurs in
the laser polarization direction.*>***" This creates an aniso-
tropic distribution of negative charge in the silica shell that has
a lifetime of seconds**** and is thus able to steer the emission of
the positively charged progeny droplets. In contrast, electrons
have a much higher mobility in water. Since the diffusion length
of the solvated electron® is larger than 1 um in 100 ps, the time
between two laser pulses, an isotropic charge distribution is
established before the next laser pulse arrives. Once the particle
reaches the Rayleigh limit under continued laser irradiation,
Coulomb fission occurs, and a progeny particle is ejected in
a random direction.

The physical fragmentation of the gold nanoparticles is
accompanied by solution-mediated etching and growth. These
processes, which also allow Ostwald ripening to take place, are
reminiscent of the plasmon-mediated chemistry that occurs
under irradiation with continuous lasers."*** Hot electrons that
are created through plasmon excitation reduce gold ions
present in solution, allowing the nanoparticle to grow, while hot
holes cause gold ions to dissolve, providing a competing
pathway for particles to be etched. It is conceivable that
a similar mechanism operates in our experiments. However, no
significant etching or growth takes place under irradiation with
nanosecond pulses, even of several times higher fluence (ESI
Fig. 2 and 3 as well as ESI Movies 7-9 and 10-147). This suggests
that the dissolution of particles in our experiments entails their
ionization. It also raises the possibility that etching is actually
not a distinct phenomenon, but rather involves the ejection of
clusters that are too small to be observed and that occurs as the
particle undergoes Coulomb fission.

Fig. 4 summarizes the proposed fragmentation mechanism.
Irradiation with a femtosecond laser pulse (200 fs) ionizes the
gold particle, with photoelectrons preferentially emitted in the
laser polarization direction (Fig. 4a). Rapid diffusion of the
solvated electrons then leads to an isotropic charge distribution
before the next laser pulse arrives (100 us later). Under
continued irradiation, the gold particle is charged to the Ray-
leigh limit. As it is melted by a laser pulse, it undergoes

5282 | Nanoscale Adv,, 2021, 3, 5277-5283

Coulomb fission by ejecting a highly charged progeny particle in
a random direction (Fig. 4b), a process that occurs on a time-
scale of about 100 ps (ref. 45). A complex fragmentation pattern
arises as further progeny particles are ejected and undergo
fission themselves (Fig. 4c). Under prolonged irradiation, a state
of flux results as the fragments undergo repeated cycles of
fission and fusion that are accompanied by solution-mediated
etching and growth processes.

Conclusions

In conclusion, our observations provide evidence that Coulomb
fission is the primary mechanism of the femtosecond laser-
induced fragmentation of gold nanoparticles in water. Using
in situ electron microscopy, we reveal that prolonged irradiation
gives rise to complex, multistep fragmentation pathways that
are accompanied by solution-mediated etching and growth
processes. Our experiments highlight the importance of in situ
observations for understanding and disentangling the multi-
tude of interactions of plasmonic particles with laser radiation.
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