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Abstract

Laser fragmentation in liquids has emerged as a promising green chemistry technique for
changing the size, shape, structure, and phase composition of colloidal nanoparticles, thus
tuning their properties to the needs of practical applications. The advancement of this technique
requires a solid understanding of the mechanisms of laser — nanoparticle interactions that lead
to the fragmentation. While theoretical studies have made impressive practical and mechanistic
predictions, their experimental validation is required. Hence, using the picosecond laser
fragmentation of Au nanoparticles in water as a model system, the transient melting and
fragmentation processes are investigated with a combination of time-resolved X-ray probing
and atomistic simulations. The direct comparison of the diffraction profiles predicted in the
simulations and measured in experiments has revealed a sequence of several nonequilibrium
processes triggered by the laser irradiation. At low laser fluences, in the regime of nanoparticle
melting and resolidification, the results provide evidence of a transient superheating of
crystalline nanoparticles above the melting temperature. At fluences about three times the
melting threshold, the fragmentation starts with evaporation of Au atoms and their condensation
into small satellite nanoparticles. As fluence increases above five times the melting threshold,
a transition to a rapid (explosive) phase decomposition of superheated nanoparticles into small
liquid droplets and vapor phase atoms is observed. The transition to the phase explosion
fragmentation regime is signified by prominent changes in the small-angle X-ray scattering
profiles measured in experiments and calculated in simulations. The good match between the
experimental and computational diffraction profiles gives credence to the physical picture of
the cascade of thermal fragmentation regimes revealed in the simulations and demonstrates the
high promise of the joint tightly-integrated computational and experimental efforts.
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Graphical Abstract: The mechanisms of rapid phase transformations in laser fragmentation
of gold nanoparticles in water are investigated by transient SAXS/WAXS (top) and atomistic
molecular dynamic simulation (bottom) with pico- to nanosecond time resolution.
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INTRODUCTION

The synthesis of surfactant-free nanoparticles (NPs) by pulsed laser synthesis and processing
of colloids (LSPC) has significantly impacted several research fields, such as biomedicine, !>
additive manufacturing,*** and catalysis.>~’ The advantages of LSPC over conventional
nanoparticle synthesis strategies is the use of photons for material processing which not only
enables the synthesis of nanoparticles with high purity and 100% atom yield ®:° but also
conceptionally enables a truly green and renewable synthesis of nanomaterials once the lasers
are operated solely with renewable electrical power. Throughout the last two decades, pulsed
laser ablation in liquid (PLAL) has been the dominant LSPC method of NP synthesis
experiencing steady growth in productivity, broadening of material systems, and incursions into
new areas of applications.’ 2 The method is not free of drawbacks, which include the limited
size control and polydispersity of the colloids produced by PLAL.!3-!> The latter has been
shown to be rooted in the complex hierarchical nature of the ablation process and the
coexistence of different mechanisms of the NP generation in PLAL.!®-20

The limitations of PLAL have led to the development of a complementary technique dubbed
laser fragmentation in liquid (LFL),2!-2* where larger NPs are fragmented to produce a
population of smaller NPs with a desired narrow size distribution. Notably, LFL has
successfully pushed the size limit of the accessible NPs below 5 nm,?*-?” which is hardly
accessible to PLAL.*%!2 To further advance the LFL technique for tailoring the sizes, shapes,
defect structures, phase compositions and morphologies of the NPs to the needs of practical
applications, requires a solid understanding of the mechanisms of laser — NP interactions
leading to the fragmentation.

The fragmentation mechanisms discussed in literature can be separated into photothermal,
photomechanical, and electrostatic ones. The thermal fragmentation mechanism was first
discussed in terms of quasi-equilibrium processes, where the particle thermodynamic state
follows the binodal of solid-gas to liquid-gas coexistence, and the NP size reduction proceeds
through evaporation *® and condensation of the evaporated atoms into small clusters.?!
However, it becomes clear that evaporation rates are not sufficient to keep up with the rapid
heating of colloidal NPs excited by femtosecond to nanosecond laser pulses. At sufficiently
high levels of excitation, the NPs can be superheated up to the limit of thermodynamic stability
of the molten material (close to a spinodal temperature), leading to the so-called “phase
explosion,” i.e., a rapid spontaneous decomposition into vapor and liquid droplets.?**° The
transition to the phase explosion regime of LFL has been predicted computationally®!-3* and
supported by experimental observations of bimodal size distributions of fragmentation
products.2434-36

The photomechanical processes can also contribute to the NP fragmentation, particularly under
conditions of stress confinement,*”-*® when the NP heating time is shorter than the time required
for the thermoelastic relaxation, i.e., expansion of the NP. While the conditions for
photomechanical fragmentation are more readily satisfied in laser interactions with molecular
and oxide particles,?’3°* the relaxation of laser-induced stresses may affect the dynamics of
the thermally driven fragmentation of metal NPs as well.>*% 444 Finally, non-thermal
processes related to the local near-field enhancement of the laser light intensity may also
contribute to the femtosecond laser fragmentation of NPs through nonthermal (and directional)



electron and ion emission, strong charging of NPs, and subsequent Coulomb instability.*®-3°

These effects are typically amplified in close-to-resonant excitation, such as the plasmon
resonance in several metallic systems. The complexity of the multiscale intertwined processes
involved in LFL makes it difficult to establish clear maps of the laser fluence/intensity
fragmentation regimes and mechanisms. There are also open questions on the role of secondary
processes, such as melting and resolidification, generation and collapse of nanobubbles around
the irradiated NPs, and the heat transfer from the NPs to the liquid environment.

36,51-53 54-56

Steady advances in the time-resolved X-ray and optical probing of the dynamics of
nanobubbles as well as the evolution of sizes and crystallinity of the fragmentation products>®
have provided important insights into LFL mechanisms. Concurrently, the development of a
computational model combining an atomistic molecular dynamics (MD) representation of the
NP fragmentation with a continuum treatment of the laser excitation and size-dependent
electron-phonon coupling has enabled detailed exploration of the physical regimes and
mechanisms of LFL.3? First applications of the model have revealed the existence of three
distinct fluence regimes of LFL of Au NPs defined by an interplay of the phase transformations
in the rapidly heated NP (melting, evaporation, phase explosion, and solidification) with the
nanobubble dynamics.>>* The recent advances in the experimental probing and computational
modelling provide the opportunity to quantitatively map the physical regimes of LFL and link
them to the characteristics of the fragmentation products, such as NP sizes, shapes, presence of
crystal defects and phase composition. This endeavor however, requires direct integration of
the computational and experimental efforts.

In the present study we combine the power of these advanced tools, namely the time-resolved
experimental probing and computer modelling of the LFL dynamics. The simulations and
experiments are performed for Au NPs irradiated in water by picosecond laser pulses. In the
experimental study, Au NPs from chemical synthesis with uniform size distribution are used as
a model system. In addition, laser-generated surfactant-free and polycrystalline Au NPs of
comparable average size but broader size distribution are used as a representative system with
characteristics typical of colloidal NPs produced by PLAL. The fluence threshold for the laser-
heated Au NPs to reach the melting temperature is evaluated from the shift of the X-ray powder
diffraction (111) peak resolved on the picosecond time-scale using a laser-pump-X-ray-probe
setup. This fluence threshold is then used as a reference point for matching the fluence and
energy scales in the experiments and simulations. The NP fragmentation regimes are further
analyzed in the same setup by comparing the small-angle X-ray scattering (SAXS) profiles
measured in experiments at 1 us after the laser irradiation and calculated for atomic
configurations predicted in the simulations. A good agreement in the fluence dependence of the
experimental and computational SAXS profiles gives credence to the physical picture of the
cascade of thermal fragmentation regimes revealed in the simulations: from the evaporation-
condensation at low fluences, to the “mild” phase explosion featuring the reflection of large
fragments from the boundary of the nanobubble (inverse Leidenfrost effect) in the medium-
fluence regime, and to the “strong” phase explosion leading to a prompt injection of the
fragmentation products into water surrounding the nanobubble in the high-fluence regime.



RESULTS AND DISCUSSION

The experimental time-resolved X-ray diffraction probing of the LFL dynamics is performed
in this work for two types of initial Au NP. One type is obtained through seeded chemical
synthesis with cetyltrimethylammonium bromide (CTAB, ACROS chemicals) used as capping
agent,”’ yielding mostly single-crystalline faceted NPs (see Fig. 1a and larger magnification in
Fig. S2a) with a relatively narrow mass-weighted size distribution (compare Fig. S1c). Another
type is generated by picosecond laser ablation in water’**® 38 followed by fractional
centrifugation and stabilization in a NaOH/NaCl solution, as detailed in Methods. The synthesis
by PLAL produces mostly spherical NPs (see Fig. 1b and larger magnification in Fig. S2b) with
a broader mass-weighted size distribution (compare Fig. S1d). The colloidal NPs are excited
(pumped) with single 1 ps laser pulses and probed by 60 ps X-ray pulses (see Fig. 1¢), all under
constant liquid flow conditions.

The computationally-assisted mechanistic interpretation of the experimental results is based on
predictions of large-scale atomistic simulations of LFL3?** (Fig. 1d) and is performed in two
steps. First, the shift of the crystalline (111) peak in the WAXS profiles is used to trace the
fluence dependence of the laser heating of NPs up to the melting threshold. Second, using the
melting threshold as a reference point for matching the corresponding energy density in the
atomistic simulations, the changes in the SAXS profiles with increasing fluence are interpreted
in terms of the transitions between several distinct regimes of NP fragmentation predicted in
the simulations.

NP heating and melting from WAXS profiles

The processes triggered by laser excitation of NPs below the thresholds for melting and
fragmentation are limited to (1) the energy transfer from the excited electrons to the lattice
vibrations (electron-phonon coupling),* (2) the thermal expansion of NPs, (3) the elastic
oscillations of NPs triggered by a combination of the hot-electron pressure and rapid heating of
the lattice,%°-%° and (4) the gradual cooling due to the energy transfer to the environment.5%-68
The characteristic time of the electron-phonon equilibration has a strong dependence on the
level of excitation,>-%7° but it is significantly shorter (< 10 ps) than the 60 ps pulse duration of
the X-ray probe. As a result, the electron-phonon equilibration occurring within several
picoseconds after the laser excitation cannot be resolved with the experimental setup used in
the present work. Similarly, tracking the periodic oscillations of the diffraction peak positions
due to the laser-induced elastic vibrations of NPs would require much higher temporal
resolution,®”%* as well as a higher size uniformity of the NPs to ensure coherency of the excited
vibrational modes. The cooling of the NPs due to the heat transfer to the surrounding water, on
the other hand, takes place on a longer timescale of hundreds of picoseconds.®*%® Therefore, to
probe the energy density deposited by the laser pulse through the corresponding lattice
expansion, the delay between the laser pulse and the subsequent X-ray probe pulse is set to 60
ps. At this delay time, the electron-phonon coupling is completed, while the heat dissipation
into the water environment is still negligible.®®

The results of the measurements of the lattice expansion performed for both CTAB and PLAL
NPs are shown in Fig. le. To connect the lattice expansion Aa/ao to the incident laser fluence
F, we solve the following system of equations describing the increase in temperature 7" and
lattice parameter a in response to the laser energy deposition to a NP with radius R:



(1/a)da = a(T)dT (D
OapsdF = STR3c,(T)dT )

The equations are solved using the temperature-dependent linear coefficient of thermal
expansion o(7) and volumetric heat capacity c,(T) of bulk gold.”!"”® The value of the absorption
Cross section Gups 1s used as a fitting parameter and is chosen to ensure the best description of
the experimental data points by Eqgs. (1,2). As explained below, all data points up to the
presumed melting temperature are used for CTAB NPs, but only the point up to 7 <20 J/m? are
used in fitting of the equations to the data measured for PLAL NPs.

The increasing trends exhibited by both a(7) and ¢,(7) partially cancel each other, resulting in
an almost linear scaling of the thermal expansion with /' shown by the red curves in Fig. le.
The value of cuss produced by fitting of Egs. (1,2) to the data points for CTAB NPs (nominal
diameter of (2R;)saxs = 44 nm, determined via SAXS and in good agreement with TEM analysis
in Fig. S1) is 3.9x10°!> m?, which is 50% higher than the absorption cross section of 2.54x10-
15 m? predicted by the Mie theory for a 44 nm Au NP irradiated in water at the same wavelength
of 400 nm. The deviation of the effective 6uss, obtained for NPs undergoing rapid laser-induced
heating, from the room-temperature Mie theory value is not surprising, as the instantaneous
absorption cross section is expected to change during the laser pulse due to the dependence of
the electron scattering rate on the lattice and electron temperatures. What is surprising is that a
constant (fluence-independent) value of 6uss is providing a reasonable description of the thermal
expansion up to the fluence threshold for melting of the NPs. Preliminary calculations
combining the solution of the Maxwell equations with two-temperature model description of
the electron and lattice temperature evolution in the irradiated NPs suggest that this observation
may be explained by a non-monotonous variation of the transient absorption cross section
during the laser pulse. As the electron-electron and electron-phonon scattering rates are
increasing during the laser pulse, the optical properties of the NPs get in and out of the plasmon
resonance, thus resulting in a weak overall deviation from the linear scaling of the absorbed
laser energy with fluence.

The red curves plotted in Fig. 1e using Egs. (1,2) are extended up to the thermal expansion level
of 1.79 %, which corresponds to the equilibrium melting temperature T, of the bulk Au. 77>
The fluence that corresponds to the thermal expansion expected for the NP at 7}, is then defined
as a reference fluence Fo. The experimental values obtained for the CTAB and PLAL NPs,
FETAB =32 J/m? and FELAL = 40 J/m?, are marked by the vertical dashed lines in Fig. le. These
values of reference fluence can be matched to the corresponding absorbed energy density €o
required for heating the NPs up to T,. It is calculated by integration of c,(T)"! from 300 K to
T'n, giving the value of €0 = 29 kJ/mol, or 0.30 eV/atom. As discussed below, the matching of
the experimentally obtained values of F§T4% and FFL4L with g0 = 0.30 eV/atom makes it
possible to achieve a certain degree of alignment between the experimental fluences and values
of the energy density used in the simulations of LFL.

Before moving to the discussion of fragmentation mechanisms, the origin of the deviation of
the theoretical curves from the data points in Fig. le should be addressed. For CTAB NPs, the
three data points present above the horizontal dashed line marking the thermal expansion at 7

(Aalao = 1.79%) call for an explanation. These data points correspond to fluencies above FET4E



i.e., the energy deposited by the laser pulse is expected to exceed the level required for heating
the NPs to 75.. The highest fluence where the crystalline peak with strength/sharpness sufficient
for the evaluation of the thermal expansion can still be identified in the WAXS data for CTAB
NPs is 54 J/m?, or 1.69F{T48 . The latent heat of melting of bulk gold is AH,, = 12.72 kJ/mol,
or 0.13 eV/atom. Hence, the energy needed to completely melt a Au NP after heating it to 7, is
about 43% of the energy &y needed for reaching the melting temperature.’®’” Thus, the energy

density deposited at a fluence of 1.69F{T4B

is likely to exceed the energy level required for
complete melting of the NPs. The observation that the crystalline peaks are still present at
1.69FET4B can be attributed to the transient survival of some of the crystalline regions in the
superheated state. The notion of the transient superheating of the NPs is consistent with the
lattice expansion exceeding the level that corresponds to 7,.. The extrapolation of a(7) above
T gives the estimate of 1.127,,. for a temperature when the lattice expansion Aa/ao would reach
the maximum value of 2.12% observed in Fig. le. This superheating is well below the limit of
thermodynamic stability of the crystal lattice against the onset of massive homogeneous
nucleation of liquid regions, which was predicted to be ~1.25T;, for Au.”®7° The results of recent
atomistic simulations of laser melting of 35 nm Au films suggest that the melting process can
take up to ~100 ps at energy densities close to the threshold for complete melting (i.e., at energy
densities around g9 + AH,,).”® Thus, the crystalline peaks can indeed be present 60 ps after the
laser pulse, when the colloidal solution is probed by the X-ray pulse. At higher fluences, the
disappearance of the crystalline peaks is more rapid and occurs prior to the arrival of the probe
pulse, as illustrated in Fig. S6¢ in the Supporting Information by the results of a simulation
performed for a 20 nm NP and a deposited energy density of 1.7¢o.

For the PLAL NPs, the data points in Fig. 1e exhibit a significantly weaker fluence dependence
of the lattice expansion as compared to the theoretical curve calculated with Eqgs. (1,2).
Moreover, the data points extend to fluences more than twice higher than F{XAL. These
observations can be attributed to a much broader size distribution of the PLAL NPs as compared
to the CTAB ones (see mass-weighted size distributions in Fig. Slc-d in the Supporting
Information). Both the NP absorption cross section and the total heat capacity are size
dependent, with the former further affected by the NP shapes and agglomeration. As a result,
for a given fluence (above or below FFLAL), some of the PLAL NPs may be completely melted
by the time the probe pulse arrives (60 ps after the pump pulse), while other NPs may only be
heated to a temperature significantly below 7,. The melted NPs do not contribute to the
crystalline peaks in the diffraction profile, and the shift of the (111) peak reflects the collective
contribution of the crystalline NPs heated to different temperatures. As a result, the apparent
values of lattice expansion, evaluated for PLAL NPs from the effective shift of the (111)
diffraction peak, are lower than those measured for CTAB NPs at all fluences.

The fluence dependence of the (111) peak intensity shown in Fig. 1f shows the extent of the
loss of crystallinity of the initially monocrystalline CTAB and polycrystalline PLAL NPs by
the time of 60 ps after the laser pulse, as well as the recovery of the crystallinity by 1 us. Both
Au NP types undergo a comparable loss of crystallinity with increasing laser fluence by 60 ps,
with weak crystalline peaks still detected at fluences as high as 2Fy. The latter observation can
be attributed to the NP size polydispersity (Fig. S1), with an additional smaller contribution
from the 20% local fluence variation across the probed sample volume (see Methods).



The recovery of the intensity of the (111) peak at a delay of 1 pus suggests that the NP cooling
due to the heat transfer to the water environment and crystallization of the transiently melted
NPs are completed by this time. More importantly, the complete recovery of the crystalline
peak intensity observed for PLAL NPs indicate the absence of any significant NP size reduction
in the range of fluences covered in Fig. le,f (¥ < 2.5F)). This conjecture is consistent with the
analysis of the fragmentation regimes based on the results of atomistic simulations and SAXS
data presented below. At the same time, a substantial reduction the (111) peak intensity
observed in Fig. 1f for CTAB NPs at a fluence above 2Fj is indicative of the transformation of
the initial single crystal NPs to polycrystalline ones. This transformation is indeed predicted in
the atomistic simulations®® and attributed to the highly nonequilibrium nature of the
solidification process occurring under conditions of deep undercooling of the molten NPs.
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Figure 1. General overview of the experiment: the colloid containing gold NPs produced by seeded
chemical synthesis (TEM micrograph in panel a) or laser ablation (TEM micrograph in panel b) are
exposed to an excitation laser pulse and an X-ray probe pulse through a vertical cylindrical jet (panel ¢)
and recorded by a detector at different distances (SAXS and WAXS). The interpretation of the
experimental data is assisted by the comparison to the results of atomistic simulations, as exemplified
in panel d. The WAXS observables include the positions and intensities of the (111) powder diffraction
peak, as illustrated in panels e and f, respectively. The lattice expansion evaluated from the shift of the
(111) peak at a delay of 60 ps (panel e) is interpreted in terms of the NP heating and partial melting (see
text). The red lines are the result of fitting of Egs. (1,2) to data obtained for CTAB and PLAL NPs. This
fitting is also used to define the corresponding fluence thresholds, FET4B and FFXAL, for heating the NPs
up to the melting temperature 7,,.. The values of F and the lattice expansion at 7, are marked in panel e
by the vertical and horizontal dashed lines, respectively. The laser-induced changes in the (111) peak
intensity at 60 ps and 1 us delays are shown in panel f by solid and open symbols, respectively.

NP fragmentation regimes from SAXS profiles and atomistic simulations

While the regime of laser-induced heating, melting and resolidification is discussed above
based on the WAXS data, the transition to the regime of fragmentation can be probed by SAXS
measurements, which produce a Fourier transform of the projected scattering length density.
Consequently, the SAXS patterns, such as the ones shown in Fig. 2a, provide direct access to
the laser-induced transformation of the density distributions from compact close-to-spherical
NPs to fuzzy clouds of the fragmentation products. The SAXS data in Fig. 2a is shown for a
delay of 1 ps in the form of 2D difference scattering patterns AS(q)xg*. A delay of 1 us is



chosen to ensure that most of the rapid dynamic processes (e.g., generation and collapse of
cavitation bubbles, or ripening of the fragments®®) have already decayed. The difference AS(q)
between the initial scattering distribution (before laser irradiation) and the scattering
distribution after laser excitation highlights the general changes in density distributions, such
as the disintegration of the initial NPs. Changes to smaller structural features appear at higher
scattering vectors and become more visible when AS(q) is scaled by ¢?, following the Kratky
representation. %
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Figure 2. Top panels (a): Selected 2D SAXS difference patterns AS(q)xg* measured for CTAB NPs at
a delay of 1 ps and shown as false color plots for several fluence values normalized by the threshold
fluence F¢T4B. The color code in the images depict the AS(q)xq” patterns at a qualitative level, with
blue, green, and red colors corresponding to negative, zero, and positive values. The quantitative
information on the relative values of AS(q)xg’ can be found in Fig. 3. The grey areas in the centers of
the scattering patterns contain no data, as a beam stop prevents the probe beam from entering the
detector. Middle panel (b): The lower arrow shows the reference levels of energy density (eV/atom)
required for equilibrium heating, melting and vaporization of bulk Au material at 1 atm pressure, as well
as the cohesive energy of Au. The upper arrow shows a comparable scale of the incident laser fluence,
with the threshold fluence for reaching the melting temperature, F, used as a reference value for aligning
the fluence and energy scales. Bottom panels: Snapshots of atomic configurations obtained in
simulations of 20 nm Au NPs irradiated by 10 ps laser pulses at deposited energy densities of 0.3
eV/atom (¢), 0.7 eV/atom (d), 1.8 eV/atom (e), 2.7 eV/atom (f), and 3.6 eV/atom (g). The values of
energy density deposited by the laser pulse in the simulations are marked in the energy scale by arrows
originating from the corresponding snapshots. The atoms in the snapshots are colored by potential
energy in (c,d) and by the size (number of atoms) of atomic clusters and NPs they belong to in (e-g).
While all Au atoms are shown in the snapshots, only the CG water particles located within a 2-nm-thick
slices cut from the central parts of the systems are shown by gray dots in (¢,d). The water particles are
blanked (not shown) in (e-g) to provide a clear view of the fragmentation products. The snapshots are
shown for the times for which the SAXS profiles shown in Fig. 3b are calculated, 400 ps in (c,d), 4080
ps in (e), 9040 ps in (f), and 13920 ps in (g).



At laser fluences below ~5F and a delay of 1 us, the SAXS data in Fig. 2a shows the appearance
of a relatively weak ring-like pattern featuring a red ring of increased difference scattering
intensity at smallest resolved ¢ values and a weaker blue ring marking a decreased scattering
signal at higher g values. This ring-like pattern can be attributed to a shape transformation from
the initially faceted CTAB NPs (see Fig. 1a) to spherical NPs of the same volume upon melting.
This conjecture is supported by modeling of the AS(q)xq* signal due to the NP shape change
discussed in Section SI-3 of the Supporting Information and illustrated in Fig. S5a,b. The
estimation of the fluence threshold Fo for heating the NPs to 7, is also consistent with the
attribution of the ring-like pattern to the melting-assisted NP shape change at fluences above
Fo. The evaporation of Au atoms from the surfaces of the irradiated NPs and condensation of
these atoms into small satellite NPs may be an additional aspect to consider at fluences above
~3F), although the total amount of material converted to small NPs in this regime (g < 6go)
remains below 20% according to atomistic simulations discussed below.

As the fluence increases above 5F, a pronounced negative (blue) ring appears in the AS(q)xq*
patterns at small ¢, signifying the onset of the fragmentation. The fragmentation results in the
disappearance of the initial spherical NPs that produce a characteristic scattering pattern S(q)
featuring a high scattering intensity at low g and a power-law S(g) ~ ¢** decline modulated by
periodic oscillations, as can be seen in Fig. S3a in the Supporting Information.®' The first
minimum of S(¢) is located at ¢ = 0.02 A™! for the 44 nm CTAB NPs, which causes the negative
difference values at ¢ < 0.02 A!, and corresponding oscillatory changes at ¢ > 0.02 A-!. The
formation of fragmentation products (small NPs and atomic clusters), on the other hand, is the
source of the elevated difference scattering intensity at higher values of ¢.

Before bringing the analysis of the SAXS data to a more quantitative level, it is instructive to
compare the qualitative physical picture suggested by the experiments to the predictions of
atomistic simulations of laser interactions with Au NPs in water.>>* The snapshots of atomic
configurations obtained at the end of the simulations performed at different values of the
deposited laser energy density € are shown in Fig. 2c-g. The snapshots are connected by arrows
to the energy scale shown in Fig. 2b, where the reference levels of energy deposition required
for causing the following transformations starting from Au at 300 K are marked:

- heating Au to Ty, €0 = 0.3 eV/atom;

- complete melting of Au at 7, € = 1.43g9 = 0.43 eV/atom;

- heating Au to the boiling temperature of 7, = 3131 K, € = 3.5¢0 = 1.05 eV/atom;
- completely vaporizing Au at 75, € = 14.9g9 = 4.48 eV/atom.

As discussed above, the scales of the incident fluence F and deposited energy € can be aligned
at the thresholds for reaching the melting temperature, Fo and &o, respectively. This alignment
of scales is not a trivial issue. In experiments, the incident laser fluence F is known, while the
amount of absorbed energy € could only be approximated. As discussed above, using an
example of 44 nm CTAB Au NPs in water, the effective absorption cross section evaluated
from the fluence dependence of the lattice expansion deviates from the theoretical value
predicted by the Mie theory by more than 50%. Similar discrepancies between the theoretical
Mie spectra and the NP absorption evaluated in pump-probe experiments has been reported in
earlier studies.®
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Given this uncertainty, the establishment of quantitative links between experiment and theory
is hindered, yet using the reference values of Fy and g makes it possible to circumvent the lack
of exact knowledge of the absorption cross sections and to align the fluence/energy scales used
in the experiments and simulations. The WAXS measurements for CTAB NPs suggest that the
scaling of the absorbed laser energy € with fluence F remains roughly linear, at least up to the
melting threshold (Fig. 1e). The extension of the assumption of linear scaling of € with F to
higher fluences, however, is questionable, and matching of the reduced fluence and energy
scales, F/Fo and €/go, in Fig. 2b can be done at a semi-quantitative level only. Nevertheless, a
series of additional anchor points can be provided at higher fluences by relating the changes in
the SAXS profiles observed in the experiments (Fig. 2a) to the atomistic picture of the laser-
induced structural and phase transformation predicted in the simulations (Fig. 2c-g). In
particular,

- the complete melting of a NP at €/ep = 2.3 (Fig. 2d) can be related to the emergence of a
weak ring-like pattern attributed in the discussion above to the melting-assisted shape change
at F/Fo<5 (e.g., at F/Fy = 1.5 and F/Fo = 2 in Fig. 2a);

- the evaporation from the surface of a NP and condensation of the metal vapor into atomic
clusters and small satellite NPs at €/ep = 6 (Fig. 2e) may be associated with the onset of the
size reduction of the initial NPs, as seen through the decay of AS(q)xq* at < 0.02 A™! (e.g.,
F/Fo =12 in Fig. 2a);

- the “mild” phase explosion a NP superheated by the laser energy deposition, where some of
the large fragments reflect from the boundary of a transiently forming nanobubble and
coalesce into a central large fragment surrounded by smaller fragmentation products at &/eo
= 9 (Fig. 20)* is expected to produce a substantial deepening of the negative ring in the
AS(q)xq? pattern at small g;

- the “strong” phase explosion leading to the complete disappearance of the initial NPs and
the formation of a cloud of atomic clusters and small NPs at &/go = 12 (Fig. 2g)*? can be
associated with the negative ring at small ¢ reaching its maximum depth (e.g., at F/Fo =22
in Fig. 2a) as well as the appearance of a positive signal at large ¢ produced by the small NP
fragments.

To put the comparison of the computational result and experiments at the quantitative level, the
experimental SAXS patterns shown in Fig. 2a are radially averaged to produce one-dimensional
SAXS difference profiles AS(q)xg>. The corresponding profiles are also calculated for the
atomic configurations predicted in the simulations and shown in Fig. 2c-g. The experimental
and computational AS(g)xq® profiles, plotted in Fig. 3 for comparable ranges of F/Fo and &/go,
show remarkably similar dependences on the level of laser excitation. The most striking feature
common to the experimental and computational results is the appearance of prominent negative
peaks (dips) in the small g regions of the profiles as the level of the laser excitation increases.

As briefly discussed above, the appearance of these dips is a signature of the fragmentation of
the initial NPs. Assuming a spherical shape of the initial NPs, the scattering profile S(g) can be
described by the analytical solution for a spherical particle characterized by a periodically-
modulated decay of the scattering intensity from its maximum value at ¢ = 0. Using the
exponential approximation of the decay of S(g) at small ¢,%!
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S(@) ~ S(0)exp (-3 q?R?), (3)

we can estimate the position of the first strong peak of S(q)xg* produced by an initial spherical

NP of radius R as v/5/R. For CTAB NPs with R = 22 nm and for simulated NPs with R = 10
nm, the peak positions are predicted to be 0.010 and 0.022 A™!, respectively. The fragmentation
(i.e., disappearance) of the initial NPs turns the peaks of S(¢)x¢> they produced into the dips of
the difference scattering profiles AS(q)xq?, as illustrated in Fig. S3 of the Supporting
information. The positions of these dips in the profiles predicted in the simulations performed
at g/go of 9 and 12 (i.e., in the regime of phase explosion),*>* are at 0.021 A™! (Fig. 3b), which
is within 5% of the value predicted based on the approximate Eq. (3). This deviation from the
theoretical value can be largely attributed to the approximate nature of Eq. (3), which becomes
less accurate as ¢ increases above 1/R.®! The deviation of the position of the dip in the
experimental profile at F/Fo=22,0.012 A!, from the theoretical value estimated for a spherical
44 nm NP is somewhat larger, which may be related to the shape and size distribution (see
Section SI-1 in the Supporting Information).

Another notable characteristic of the experimental and computational AS(q)xg* profiles is the
appearance of positive features in the higher g range, at ¢ > 0.1 A"!, in all the experiments and
simulations where the negative dip is observed at lower values of g. Consequently, these
positive features in the difference scattering profiles can be directly linked to the fragmentation
and attributed to the generation of small clusters and NPs, such as the ones present in the
snapshots shown in Fig. 2f,g. Indeed, the increase in F/Fo or &/gp above the fragmentation
threshold results in more pronounced positive features of AS(g)xg* and their shift to higher ¢
region. These changes can be attributed to smaller sizes of the fragmentation products, as
evident from the comparison of snapshots shown in Figs. 2f and 2g.
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Figure 3. The SAXS difference profiles (a) measured in LFL experiments at a delay of 1 us for 44 nm
CTAB NPs and (b) calculated for atomic configurations obtained in simulations of LFL of 20 nm Au
NPs and shown in Fig. 2¢-g. The difference scattering profiles are scaled by ¢* to visualize smaller
changes at higher values of g.

One noteworthy difference between the experimental and computational AS(q)xg* profiles is
seen in the low ¢ range at low laser fluences (F/Fo of 1.5 and 5.4 and low deposited laser
energies (/g0 of 1.0 or 2.3), i.e., below the fragmentation threshold. The experimental AS(q)xg>
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profiles obtained for CTAB NPs exhibit a slight increase followed by oscillations at low values
of ¢, while the simulated profiles have dips in the same range of ¢. In the simulation performed
at /g0 = 1.0, the AS(q)xg* profile exhibits only a weak decrease that can be attributed to the
thermal expansion of the NP, which has not been melted and has cooled down to 0.717,, by the
time of 400 ps, when the scattering profile is calculated. At e/eo = 2.3, the dip at low ¢ is more
pronounced, which can be attributed to an additional increase in the NP size upon melting. At
this energy density, the maximum temperature of the NP reaches 1.467,, and the NP cools
down to 1.357,, by 400 ps, when the scattering profile is calculated. No evaporation is observed
at this energy density, and the NP is expected to cool down and solidify within several
nanoseconds. Indeed, the NP in this simulation is observed to cool down to 0.957,, by the end
of the simulation at 2 ns, although it still remains in the (supercooled) molten state at this time.
The thermal expansion and melting, therefore, are not expected to contribute to the
experimental scattering profiles measured at a delay of 1 ps. The increase in the SAXS
difference profiles at low ¢ observed in Fig. 3a at low fluences can be explained by the
transformation of faceted CTAB NPs (Fig. 1a) to spheres upon complete or partial melting of
the NPs. The corresponding changes in the AS(q)xg> profile are not observed in simulations or
in experiments performed for PLAL NPs (see Section SI-5 in the Supporting Information),
where the initial NPs are spherical. The increase in the SAXS difference signal at low ¢ can
also be modelled by assuming that 1-2% of the particles have fused into larger ones, an effect
that is related to the size shaping in so-called laser melting in liquid (LML). 382

Fitting the SAXS data to a simplified model

Apart from the comparison of the differential scattering patterns measured in experiments and
predicted in the atomistic simulations, it is instructive to compare the sizes of fragmentation
products generated at similar energy levels (F/Fo and e&/eo, respectively). To obtain the
information on the characteristic sizes of NP fragments from the AS(q)xg” profiles, the
experimental scattering profiles are fitted to a simplified analytical model that considers a
combined effect of the shape transformation (for CTAB NPs only, due to their faceted shapes)
and the fragmentation of the initial NPs into large core NPs and a population of small fragment
represented by a single size value. In this fitting model the complexity of the real size
distributions is reduced to two characteristic sizes, those of the remaining core NPs and the
smaller fragments. The details of this analytical model and the fitting procedure are provided
in Section SI-3 of the Supporting Information. The results of the fitting are displayed together
with the experimental data in Fig. S7 and Table S1 in Section SI-5 of the Supplementary
Information.

Note, that for the PLAL NPs a sufficient agreement between the SAXS-fitting model and the
experimental data was only achieved by considering an additional contribution with an effective
length scale D, (or 2R, in Fig. S4 of the Supporting Information). This additional contribution
represents a “secondary structure” in the mass distribution, and can be understood as a
positional correlation (e.g., agglomeration or spacing) between the small NP fragments. A
comparison between PLAL and CTAB shows that the positional correlation is much weaker for
CTAB NPs, where the abundance of CTAB surfactant (3mM versus 0.5 mM gold atoms)
stabilizes the small fragments against agglomeration. Since the positional correlation with the
length scale D, does not make its own separate contribution to the total mass of the
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fragmentation products, they are not considered further when comparing the size and mass
balance of the fragments in Figs. 4 and 5, respectively.

The sizes of the small NPs produced by the fitting procedure applied to the SAXS profiles
measured at different fluences are plotted in Fig. 4a. The fluence dependence is characterized
by a slight growth in size from 2.0 to 2.9 nm for both PLAL and CTAB NPs. The increase of
the gained particle size with F/Fy is similar in experiments performed for PLAL and CTAB
NPs, despite the significantly broader initial particle size distribution of the PLAL NPs. From
a synthesis point of view, this similarity indicates that the diameter of the nanoparticles gained
from laser fragmentation in liquids is rather insensitive to the initial particle size distribution,
which is beneficial for the reproducibility of the laser fragmentation and encouraging for scaling
and implementation of the laser fragmentation in the context of a scaled nanoparticle synthesis
on g- or even kg-scale. %84

The general trend of the increasing size of the fragmentation products with increasing fluence
is also observed in the size distributions predicted in the atomistic simulations, which are shown
in the form of color bars in Fig. 4a and histograms in Fig. 4b. The size increase in the
simulations, however, is more pronounced. The size distribution of the fragmentation products
changes from atomic clusters with sizes below 1 nm at €/eg =4 and NPs smaller than 2.5 nm at
g/eo = 6, in the regime of evaporation and condensation, to a trimodal distribution characterized
by three distinct peaks at 1 — 3 nm (40% mass fraction), 4 — 7 nm (43% mass fraction), and an
11 nm NP (17 % mass fraction) at €/ep = 9, in the regime of “mild” phase explosion. Upon
further increase of the deposited energy, the fragmentation goes into the regime of “strong”
phase explosion, where the size distribution shrinks to a unimodal one. This transition is
exemplified by a distribution observed at €/ep = 12, where all fragments are smaller than 4 nm.
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Figure 4. (a) Comparison of the mass-weighted size distributions predicted in the simulations with the
characteristic size of the small NPs obtained by fitting the experimental SAXS profiles, such as the ones
shown in Figs. 3a and S7, to a simplified model that represents the size distributions by two distinct
sizes only. The x-axes used for plotting the computational and experimental data are the reduced energy
per atom &/g9 and reduced incident fluence F/Fo, respectively. The distributions shown by color bars in
(a) are probability density functions (PDF) defined so that the integral over diameter of all fragments
yields 100% (the total mass of the fragmentation products expressed in percent). The atoms in the
remaining core NPs present in the simulations performed at &/gy = 4, 6, and 9 are not included in the
calculation of PDF. The corresponding distributions in (b) are normalized to the total mass of Au in the
initial NP, including the remaining core NPs. Note that in the distribution shown in (b) for &/gp =9, large
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fragments with sizes from 4 to 11 nm are outside the range shown in the figure but account for 60% of
the total mass.

While the representation of all small fragmentation products by a single size in the fitting model
cannot capture the complex fluence dependence of the size distributions predicted in the
atomistic simulations, the overall trend of increasing size of the small fragments is still captured
by the simplified fitting model. The experimentally and computationally obtained sizes agree
particularly well in the intense evaporation and mild phase explosion regimes, where F/Fo and
e/eo range from 6 to 10. At lower fluences, where F/Fy and &/go are below 6, the sizes determined
from the SAXS data (~2 nm) exceed the sizes of atomic clusters observed in the simulation (<
1 nm at e/eo = 4, Fig. 4b). In this context, we note that the sensitivity of SAXS towards smaller
particles drops quickly, so that the clusters below 1 nm may simply not have been detected. The
much longer probe delay time of 1 ps, as compared to the nanosecond timescale of the
simulations, may also be a factor contributing to the grows of the atomic clusters into small
nanoparticles.

The broadening of the size distributions at higher fluences, in the regime of strong phase
explosion (e.g., e/eo= 12 in Fig. 4b), presents another challenge to the simplified fitting model.
While a more complex size distribution with up to 3 individual size fractions could have been
included in the SAXS data analysis, the larger number of parameters would also require
sufficient boundary conditions / constraints as well as longer data acquisition to further reduce
the noise. The design of a more sophisticated SAXS fitting model will be the next step, whereby
the atomistic simulations will provide the needed constraints and model verification.

The transition between the fragmentation regimes is more apparent from the plots of the mass
fractions of the “large” and “small” fragments yielded by the SAXS fitting procedure and
plotted in Fig. 5. The mass fraction of the large fragments, which usually correspond to the
parts of the initial NPs that survive the fragmentation process, undergoes a change from 100 to
0% in a range of F/Fo from 3 to 20 for CTAB NPs, Fig. 5a. The corresponding transition of the
mass fraction of the largest fragment predicted in the atomistic simulations takes place in a
narrower range of absorbed energy ¢/€o, from 5 to 10, and is attributed to the transition to the
phase explosion regime of LFL. The wider transition region in the experiments can be explained
by the polydispersity of the NPs and the 20% variation of the local fluence across the probed
sample volume (see Methods). Indeed, the much broader size distribution of PLAL NPs (Fig.
S1 in the Supplementary Information) results in a weaker decline of the mass fraction of the
large fragments with increasing fluence, Fig. 5b. For both CTAB and PLAL NPs, the reduction
of the size of the largest fragments is accompanied by an appearance of small fragments, where
the masses of the large and small NPs roughly balance except for errors in scaling of SAXS and
WAXS data.
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Figure 5. The fluence dependences of the mass fractions of the largest fragments (black squares) and
small NPs (blue triangles) obtained from the fits of the SAXS data measured for CTAB (a) and PLAL
(b) NPs. The red circles show the mass fraction of the largest fragments predicted in the atomistic
simulations for different values of the deposited energy density (upper x-axis). The mass of small
fragments has been multiplied by 1.2 for CTAB and 0.7 for PLAL, with an explanation of this scaling
provided in Supporting Information.

CONCLUSION

The results of a well-integrated computational and experimental study of picosecond laser
fragmentation of Au NPs in water has revealed a sequence of distinct fluence regimes of laser-
NP interactions. At low laser fluences, below the threshold for NP melting, the laser-induced
processes are limited to the NP heating by the laser excitation and cooling due to the heat
transfer to the surrounding water. The lattice expansion, measured from the shift of the (111)
Bragg peak position at a time delay of 60 ps, yields information on the maximum NP lattice
temperature reached by the time when the excited electrons have equilibrated with the lattice,
but the heat dissipation into the water environment is still negligible. For CTAB NPs featuring
a narrow size distribution, the expansion of NPs is found to be well described by a curve
obtained with the temperature-dependent coefficient of thermal expansion and heat capacity of
bulk gold, assuming a constant (fluence-independent) value of the NP absorption cross section.
The latter is not generally expected, and is explained by the transient variation of the absorption
cross section during the laser pulse, as the optical properties of the NPs get in and out of the
plasmon resonance under the 400 nm laser irradiation. The lattice expansion that corresponds
to the melting temperature of CTAB NPs is subsequently used to define the fluence threshold
Fo for reaching the melting temperature and to match it with the corresponding theoretical
energy density o, thus aligning the fluence and energy scales used in the experiments and
atomistic modeling, respectively.

Despite the absence of any significant NP size reduction in the regime of melting and
resolidification, a substantial reduction the (111) peak intensity is observed for CTAB NPs at a
time delay of 1 ps, i.e., after solidification of the transiently melted NPs. The results of atomistic
simulations suggest that the reduction of the Bragg peak intensity may be related to the
transformation of the initial single crystal NPs to polycrystalline NPs featuring a high density
of crystal defects generated in the course of rapid solidification proceeding under conditions of
deep undercooling below 7,.. Another implication of the transient melting process is the
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transformation of the initially faceted CTAB NPs to spherical shapes, as evidenced by the
corresponding SAXS difference profiles measured at fluences exceeding Fo.

The regime of melting and resolidification extends up to about 3Fo (or 3go in the simulations).
Above this fluence/energy density level, the appearance of first atomic clusters and small NPs
is observed in the atomistic simulations and is deduced from analysis of the SAXS profiles. The
formation of small (below 2.5 nm, according to the simulations) NPs is attributed to the
transition to the regime of evaporation of Au atoms from the surfaces of irradiated NPs and
condensation of the metal vapor into small NPs surrounding the remaining core NP. The
formation of small fragments in this irradiation regime occurs on the nanosecond timescale,
during the lifetime of nanobubbles forming around the irradiated NPs, and produces a core-
satellite arrangement of the fragmentation products. The central core NPs in this regime make
the dominant contribution to the mass-weighted size distribution of the fragmentation products.

Further increase of the laser fluence in experiments above 5Fy and the deposited energy density
in simulations above 6gg results in the transition from the evaporation — condensation regime
of LFL to the regime of so-called “phase explosion,” i.e., a rapid (explosive) phase
decomposition of the superheated Au NPs into small liquid droplets and vapor-phase atoms.
The simulations reveal two distinct regimes of the phase explosion: (1) a “mild” phase
explosion®® characterized by a broad distribution of the fragmentation products, with some of
the large fragments reflecting from the boundary of transiently forming nanobubbles due to the
inverse Leidenfrost effect and coalescing into large central fragments surrounded by smaller
fragmentation products, and (2) a “strong” phase explosion® proceeding through a prompt
disintegration of the NPs into vapor, atomic clusters and NPs with sizes that do not exceed
several nanometers.

The transition to the phase explosion regime of LFL is signified by prominent changes in the
SAXS difference profiles AS(g)xg> measured in experiments and calculated for atomic
configurations produced in the simulations. First, there is an appearance of negative peaks
(dips) in the small g regions of the scattering difference profiles. These dips are unambiguously
attributed to the disappearance (fragmentation) of the initial NPs by quantitative analysis of the
dip positions in the experimental and simulated AS(g)xg* profiles. Second, the emergence of
the elevated difference scattering intensity in the higher ¢ range, at ¢ > 0.1 A"!, is observed in
all experiments and simulations performed in the phase explosion irradiation regime. The
positive features in the difference scattering profiles become more pronounced and shift to
higher values of ¢ with increasing fluence/energy density, which can be directly linked to
changes in the fragmentation product size distribution upon the transition from the “mild” to
the “strong” phase explosion regime of LFL.

The remarkable agreement in the dependences of the experimental and computational SAXS
profiles on the level of laser excitation, observed for comparable ranges of F/Fo and ¢/eo,
provides strong support for the mechanistic picture of the sequence of distinct regimes of laser
— colloidal NP interactions. As the laser fluence increases, these regimes shift from heating and
cooling, to melting and resolidification, to evaporation and condensation leading to the
formation of core-satellite arrangement of the fragmentation products, and finally to the “mild”
and “strong” phase explosion leading to the complete disintegration of the initial NPs. This
agreement encourages an extension of the joint computational and experimental efforts to probe
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the time-resolved dynamics of the fragmentation process, including the evolution of the
nanobubble, kinetics of the formation, coarsening, and solidification of the fragmentation
products. The improved understanding of the mechanisms of laser processing and
fragmentation of colloidal NPs will, in turn, enable tuning of the sizes, shapes and internal
structures of NPs to the needs of practical applications.

METHODS
Experimental Setup and Data Analysis.

The experiment is conducted as a pump-probe experiment with a picosecond laser (pulse
duration of 1 ps) as excitation (pump) source and the pulsed emission from the European
Synchrotron Radiation Facility (ESRF) storage ring at the beamline ID09 as the time-resolved
X-ray probe (pulse duration of 60 ps), both at a repetition rate of 1 kHz. The pump and the
probe beams are focused on a free circular jet of a colloidal solution of mono- and
polycrystalline gold NPs gained from chemical synthesis (labelled CTAB after the main
surfactant) and PLAL, respectively. The wavelength of the pump pulse, 400 nm, is chosen to
match the interband excitation of the NPs, so that efficiency losses due to intra-pulse bleaching
at the plasmon resonance are minimized.’® 3-8 The experimental setup is schematically
illustrated in Fig. 1c and described in detail in earlier publications.>*%® A few key points are
briefly outlined below.

Colloid Synthesis. Two types of NPs are used in the experiments. The first type of NPs are
chemically prepared colloids with mostly single-crystalline NPs featuring faceted shapes
obtained from a seeded growth with cetyltrimethylammonium bromide (CTAB, ACROS
chemicals) as surfactant.”” A representative TEM image is shown in Fig. la together with the
particle size distributions in Fig. Sla,c and high resolution image in Fig. S2a. Given single-
crystallinity and monodispersity of the gold colloids, the chemically prepared gold
nanoparticles represent our model system in this study. The second type are NPs prepared by
batch ablation of a gold target in MilliQ water using a focused pulsed Nd:YAG laser (Ekspla,
Atlantic Series, 10 ps, 1064 nm, 9.6 mJ, 100 kHz, 10 min in 30 ml batches) similar to previous
studies.?*3%%8 The larger (40-70 nm) gold particles are collected and separated from smaller
fractions by a two-step fractional centrifugation (Hettich, Universal 320, 1000 kRPM, 95G in
50 ml Falcon tubes). In the first step the particle fraction >40 nm is retrieved as a pellet,
separated from the supernatant, and redispersed in a NaOH/NacCl solution. This protocol was
repeated one more time to remove residual small size fractions. As shown in Fig. S1b, the final
colloid still contained some smaller (< 10 nm) nanoparticles whose mass (SAXS is volume-
sensitive) was however neglectable, as shown by the mass-weighted particle size distribution
in Fig. S1d. Both, the representative TEM image in Fig. 1a and the high-resolution image in
Fig. 2b show that mostly spherical Au NP were gained by the laser synthesis. Given previous
theoretical predictions,'>!7%” the spherical NPs from laser ablation in liquids are likely to be
enriched with internal planar defects. Consequently, the laser-generated nanoparticles, despite
their polydispersity, were included to determine how sensitive our study concept (joining theory
and experiment) and the synthesis procedure (LFL) is to the initial particle size distribution
which is characteristic for the laser synthesis. From the experimental SAXS profiles determined
during the pump-probe experiments, the best fitting (methodology: see sub-section “Scattering
Data Analysis” below) for the initial Au NPs was obtained with NP diameter (2R;)saxs of 44
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nm and 50 nm for CTAB and PLAL particles, respectively. These particle sizes are in good
agreement with the TEM images and particle size distributions of NPs prepared by the two
methods shown in Fig. 1a,b as well as the corresponding size distributions provided in Fig. S1
of the Supplementary Information.

Laser Fluence in LFL Experiments. During the in situ (laser-)pump-(X-ray-)probe
fragmentation experiment, a pulsed X-ray beam (Synchrotron, ID09, ESRF facility, pulse
duration of 60 ps) with a diameter of only 40 um is directed onto the central section of the
cylindrical colloid-liquid jet that had a diameter of 270 um (see Fig. 1¢). A ps-laser (Coherent
Evolution, frequency-doubled by a BBO crystal, intensity controlled by a combination of
waveplate and polarizer) with a Gaussian laser spot size of 0.22 mm full width at half maximum
(FWHM) was directed onto the central part of the liquid jet and overlapped centrally with the
X-ray beam. Note, that the effect of refraction-induced focusing due to the cylindrical colloid
jet® is significantly reduced due to the smaller diameter of the X-ray probe compared to the
diameters of the jet and the laser pulse. The effects of extinction with depth and astigmatic laser
beam propagation with an 8-degree mismatch between both beams are kept at a minimum, but
the fluence variation is estimated to be 20 % across the probed sample volume.%® Other
parameters, such as focusing or jet diameter, may vary for different experimental runs.
Therefore, it is useful to internally scale the fluence as a function of the observed structural
response, in particular the onset of melting Fo. Data from two experiments is discussed here,
and the corresponding values of Fy are F§T48 = 32 J/m? and F{4L = 40 J/m? for the data sets
plotted in Fig. 1 and F¢™4 = 36 J/m? and FELAL = 52 J/m? for the data sets plotted in Figs. 2-5
and in Supporting Information. The estimated error in Fo is 10 %.

Scattering Data Collection. The scattering from the excited colloid (sketch in Fig. Ic) is
collected by a 2D detector (Rayonix 170HS) at a fixed temporal delay (in steps as small as 5 ps
up to 1 ps). The scattering data is integrated over 5000 and 10000 probe pulses for SAXS and
wide-angle X-ray scattering (WAXS), respectively. The photoexcitation difference data AS is
obtained by subtracting scattering signal recorded at a negative delay, i.e., the x-ray pulse
arrives prior to the laser pulse. The SAXS at a detector distance of 640 mm covers a range of
q = (41/A)sin(20/2) from 0.009 to 0.27 A’!, as limited by the smallest scattering angle 20
and the count rate at large angles. In WAXS, an interval from 0.27 to 5 A" is covered. Analysis
of the WAXS data is done by extracting the gold powder peaks from the large background of
the water liquid scattering®® and analyzing, in particular, the (111) reflection for peak shift,
intensity and broadening. The resolution of broadening is limited through the finite energy
bandwidth of the X-ray beam of about 1%.°° For the particle shape analysis, the scattering
intensity in SAXS and WAXS were combined by using a scale factor that includes exposure
time and space angle coverage of the pixels.

Scattering Data Analysis. The observables from WAXS are: a) the peak shift of the (111)
powder reflection as an indication of lattice expansion, b) reduction of the peak intensity due to
thermal vibrations (Debye-Waller factor)’! or particle melting, and c) peak broadening that
could stem from a reduction of particle size or from appearance of internal strain/defects. The
signal contribution due to liquid scattering in general shows signatures of heating and related
pressure changes,* but is not addressed here. The interpretation of the SAXS data is assisted
by fitting the difference scattering profile AS(g) to a simplified model assuming a linear
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combination of the contributions from the following transformations experienced by the
irradiated NPs. First, the CTAB NPs undergo a volume-conserving shape transformation from
the initially faceted (cuboid) morphology to the spherical shape upon melting. Second, both
CTAB and PLAL NPs can experience fragmentation each yielding a core NP of a smaller radius
and a number 7, of small (denoted by subscript s) fragments with radius R,. The population of
final (denoted by subscript f) core NPs is characterized by a Gaussian distribution of radii with
a mean value of R and a standard deviation of of as implemented in a Python code from
PySAXS.?? The small fragments are modeled by the generalized approach introduced by
Beaucage,”® using the number of small nanoparticles 7, their radius R, and the Porod slope s..
This slope is fixed to 4 to avoid an underdetermined set of variables. Finally, the positional
correlations of smaller NPs are introduced by an additional spatial parameter 2R,, which
accounts for the arrangement of small NPs with respect to each other, including the effect of
possible agglomeration. The positional correlation is introduced via a second generalized
function with weight factor n, and a Porod slope of 4. A more detailed description of the fitting
procedure is provided in Section SI-3 of the Supporting Information.

Atomistic Simulations and Calculation of the SAXS Profiles.

The simulations of LFL of a 20 nm Au NP irradiated in water by a 10 ps laser pulse are
performed with a hybrid computational model that combines a continuum-level description of
the laser excitation of the electronic sub-system of the NP and electron-phonon equilibration, a
fully atomistic MD modelling of the structural and phase transformations triggered by the laser
excitation, and a coarse-grained (CG) MD representation of the aqueous environment. A
detailed description of the model is provided in Ref. [32]. Below we only outline the key aspects
of the computational setup and describe the method used for the calculation of the diffraction
profiles from the atomic configurations predicted in the simulations.

Computational Setup for Simulation of LFL. The initial colloidal NP is located in the center
of a spherical computational domain and is surrounded by liquid. The response of the NP to the
laser energy deposition is represented with a fully atomistic model combining classical MD
with a continuum description of laser excitation of the conduction band electrons and electron-
phonon coupling based on the two-temperature model (TTM).?*° The TTM-MD model is
adapted for the specifics of laser interaction with colloidal NPs. In particular, the dependence
of the effective strength of the electron-phonon coupling on the size of NPs and atomic
clusters®®7%%® is introduced through an on-the-fly cluster analysis identifying sizes of all
fragmentation products in the course of the simulation.>?> The laser excitation of the electrons
in the NP is represented through a source term added to the TTM equation for the electron

temperature.94

The interactions between Au atoms are described by the embedded atom method (EAM)
potential®’ that provides an accurate description of the experimental properties of Au, including
the melting temperature of 7, = 1330 K, enthalpy of melting of H, = 0.13 eV/atom, and
cohesive energy of E. = 3.81 eV/atom. The corresponding experimental values’! are T, = 1337
K, H»=0.13 eV/atom, and E. = 3.82 eV/atom. The liquid surrounding the NPs is represented
by a CG MD model,”®-*® where an internal heat bath approach is used to ensure that the
experimental heat capacity of water is reproduced. The thickness of the liquid shell represented
with the CG MD model is 50 nm, which is sufficient to ensure that all the fragmentation
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products remain within the computational domain during the simulation. In total, the MD
equations of motion are solved for more than 240 000 Au atoms and more than 1.1x10” CG
particles. The reflection-free propagation of the laser-induced spherical pressure wave from the
computational domain to the surrounding water environment is represented by the acoustic
impedance matching boundary condition'?%!%! applied to the outer boundary of the CG liquid
shell, which changes its radius during the simulation.

Calculation of the Diffraction Profiles. In order to directly relate the results of the atomistic
simulations of LFL to the experimental probing of the fragmentation process, the small and
wide-angle scattering profiles are calculated for atomic configurations predicted in the
simulations. The spherically averaged powder-diffraction structure factor S(¢q) measured in the
experiments can be calculated with the Debye scattering equation, which, for a monoatomic
system, takes a form of'%?

2 S sin(qr;;)
s@=1+5) > = =, @

j=1i>j
where r;; = |ﬁ- - ?]| is the interatomic distance between atoms i and j, N is the total number of
atoms, and the summation is over all pairs of atoms in the system. To avoid the computationally-
expensive summation over all pairs of atoms, the double sum in Eq. (4) can be substituted by a
sum over bins of a histogram h(ry,) containing number of interatomic distances that fall within

the bins with width of Ar centered at r, = kxAr. The Debye equation then takes the form
analogous to the Fourier transform of the pair density function, p(r) = h(r)/(2nr*ArN):
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where N}, is the total number of histogram bins chosen so that the histogram covers all distances
found in the atomic configuration of interest. The bin size used in the calculations reported in
this paper is Ar =107 A.
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