























of [Au(OH) 41~ as compared to [AuCl,]~, 6768 while a higher re-
duction rate with increasing pH is seen in fs laser photochemical
reduction experiments due to the greater availability of reducing
species.2> Our experiments were conducted at a fixed pH of 5.2
that was previously found to be suitable for fs-laser photochem-
ical reduction experiments2® to ensure no pH influence on the
observed kinetics in the ns and fs experiments.

Across different synthetic methods, it is generally observed that
eq (8) is the rate-limiting step in Au* reduction that defines the
nucleation rate k;, and eqs (8) and (9) both contribute to the ob-
served autocatalytic growth rate. 526465 However, complete re-
duction of Aut to Au® atoms is not necessary to produce stable
colloidal NPs, as electrostatic stabilization of positively-charged
Au surfaces1# and surface oxidation of AuNPs”-11 help stabilize
the colloids. Thus, the apparent incomplete Au?* reduction in our
experiments due to presence of oxidized Au species based on the
XPS spectra in Figure 2 may be expected and does not preclude
analysis of the reduction mechanisms.

In our fs experiments, the formation of LDP with electron den-
sity of ~10'8 ¢cm—3 provides hydrated electrons that can act as the
reducing agent R* in the above mechanism to reduce [AuCl,]~
through the net reaction

[AuCly] ™ +3e,, — Au’+4Cl. (10)

Recent work with fs pulses has shown that the nucleation rate
constant k| in eq (5) is directly proportional to the volume of the
OB plasma in a tight focusing geometry2® and to the hydrated
electron formation rate under LDP conditions.28 The pulse en-
ergy dependence k; ~ E° in our fs experiments suggests that the
availability of hydrated electrons grows as the 5th power of laser
intensity, consistent with the requirement of 5 photons to ionize
water at 800 nm. 30

The hydroxyl radicals present in the LDP can react with Cl~
ions in solution to form reactive species such as CIOH ~ and
Cl, - 69,70 or recombine to form hydrogen peroxide. Because the
rate constant for OH- recombination (0.5 —3 x 1019 M~! s~1)71
is somewhat higher than for the initial reaction between Cl~ and
OH. (4.3+£0.4x10° M~ s71),6%70 jt is expected at least half
of the OH- radicals form H,0, through recombination. H,0, is
known to catalyze the reduction of [AuCl,]~ in the presence of
AuNPs through the reaction 72

3 3
[AUCL] ™ + 3 Hy05 + Aty — Augy 5 0, +3HCI+CI™. (1)

The production rate of H,O, in pure water under tight-focusing
conditions where a high-density OB plasma is formed has been
quantified in a number of studies,21:2%.26:45 and is correlated to
the rate constant k, in eq (5) as k, ~ [H,0,]%>.26 While the auto-
catalytic growth under OB conditions can be entirely attributed to
hydrogen peroxide, hydrated electrons have also been proposed
to contribute to k, under LDP conditions due to the predicted
lower rate of H,0, formation.2”

To determine the relation between H,O, and k; in our LDP fs
experiments, we measured the amount of H,0, formed in pure
water after 30 minutes of fs laser irradiation at each pulse en-
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ergy using the spectrophotometric assay of pertitanic acid formed
upon addition of titanium (IV) sulfate to H,O, (c.f., Section 2.1).
Representative spectra of irradiated water with added titanium
(IV) sulfate are shown in Figure 6(a), where the peak at 407 nm
(indicated by the dashed line) corresponds to the absorbance of
pertitanic acid. The extracted H, O, formation rate from the assay
is plotted as a function of pulse energy in Figure 6(b), showing
that the peroxide yield increases as [H,O,]~ E 8. This sensitivity
of H,0, formation on pulse energy is significantly higher than the
linear scaling observed under OB conditions® and is consistent
with the predicted low peroxide yields under LDP conditions. 27
Even with these limited peroxide yields, comparison of the H, O,
formation rates with k, values (Figure 6(c)) reveals the same de-
pendence of k, ~ [H,0,]%° as observed previously. 26 Addition-
ally, the modest solution pH drop of 0.1 4 0.04 units following fs
irradiation is consistent with the formation of HCl via eq (11),
so we conclude that H,O, is the primary driver of &, in our fs
experiments.
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Fig. 6 (a) Spectra of irradiated water following addition of titanium (IV)
sulfate. The dashed line denotes pertitanic acid absorption at 407 nm. (b)
Rate of H,O, production as a function of pulse energy for fs pulses. (c)
Relation between rate constant k, and H,O, formation rate for fs pulses.

While the fs laser reduction kinetics of [AuCl,]~ are readily
explained by the formation of hydrated electrons and H,O,, this
mechanism is unlikely to operate in our ns laser experiments be-
cause no H, 0, is formed during irradiation of water (Figure 6(a),
green spectrum). While we cannot rule out some H,O, forma-
tion in the [AuCl,]~ experiments based on recent reports of H,
and O, generation (implying concomitant H,0O, formation) by
laser-induced AuNP fragmentation, 374 this process cannot ac-
count for the initial AuNP formation in our experiments. An al-
ternative mechanism is direct excitation of the [AuCl,]~ ligand-
metal charge transfer (LMCT) transitions at 215 and 300 nm,
which can result in [AuCl,]~ conversion to AuNPs in the presence
of ethylene glycol.®! However, this mechanism would require at
least two- or three-photon excitation at 532 nm, which is unlikely
at the modest laser intensities below 10° W cm~2 used in the ns
experiments. To rationalize the observed [AuCl,]~ reduction ki-
netics in our ns experiments, we consider the possibility that the
ns laser can induce thermal dissociation of [AuCl,]™ to initiate
reduction in eq (6) and that resonant SPR absorption of initially
formed AuNPs can induce photothermal heating that drives auto-
catalytic growth kinetics.

Assessing the plausibility of this mechanism requires simulating
laser-induced heat transfer in water and AuNPs, which is a chal-
lenging problem due to the involvement of nonlinear processes

Journal Name, [year], [vol.], 1-12 |7



including evaporation, hydrodynamic expansion, and molecular
dissociation. 7> Here, we consider a simple model for heat transfer
in water that neglects the above nonlinear processes. We model
the time-dependent temperature T averaged over the length of a
cylindrical region of the laser beam solution as shown in Figure
7(a) using the classical thermal conductivity equation”®

dpcT
dr

=1, V2T +0(t) (12)

where A,, is the heat conductivity of water, p and ¢ are water den-
sity and specific heat capacity, respectively, and Q(r) is the heat
source due to absorption of the laser radiation. Integrating eq
(12) over a cylindrical volume with the radius R;, equal to the ra-
dius of the laser beam in solution and assuming an instantaneous
heat source Q(r) = I, where [ is the peak laser intensity, yields
the following expression for the average temperature 7T inside the
laser beam,

d(peT) _ o(T*=T,)  2A(T —Ty)

13
dr Ry Rlz7 ’ 13

where k is the wavelength-dependent absorption coefficient of
water, 0 = 0.5 is the Stefan-Boltzmann constant using the ap-
proximation of gray substance, and 7,, = 300 K is the tempera-
ture of the solution outside of the laser beam. The density of
the medium is not expected to change on the short timescale of
the laser pulses, so the product of pc may be taken as constant.
The absorption coefficient values k = 1.32 x 10~ at 532 nm and

k=1.25x 1077 at 800 nm were taken from the literature.’”
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Fig. 7 (a) Schematic of heat-transfer model. Red arrows denote heat
transfer to the surrounding water with temperature 7,,. (b) Heating and
cooling profiles of water for ns (top) and fs (bottom) pulses using eq (13).
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The peak intensity / in the experiments was estimated to be
at least / =3 x 103 W cm~2 and / = 10'> W cm 2 for the ns and
fs pulses, respectively (c.f. Section 2.2). Simulation results us-
ing eq (13) for ns pulses with / = 3 x 103 W cm~2 show that the
average water temperature reaches 380 K, just above the boiling
point of water (Figure 7(b), light green curve). Using a higher
intensity of 9 x 108 W cm~2, which may be accessible with strong
self-focusing, results in a maximum temperature of 580 K (Figure
7(b), dark green curve). For comparison, simulations were per-
formed with a fs pulse with the intensity I = 10° W cm~? (Figure
7(b), red curve), which reaches a temperature exceeding 5000
K. Although 10° W ecm 2 is significantly below the intensities in
our fs experiments, we use this value in the simulation because
nonlinear heating effects cannot be neglected at 10> W cm~2.7°
Both the ns and fs lasers can induce superheating of liquid wa-
ter above the boiling point (light blue dashed lines, Figure 7(b))
and can approach or exceed the spinodal temperature limit of
594 K (dark blue dotted lines, Figure 7(b)). Beyond the spinodal
limit, metastable liquid water spontaneously forms bubbles via
phase explosion.”®79 While the extent of superheating with the
ns laser is considerably smaller, the duration of heating exceed-
ing the boiling point of water is much longer by five orders of
magnitude (100 us as opposed to 1 ns). This long duration of su-
perheating, along with the possibility of phase explosion effects,
could provide sufficient energy to dissociate a small fraction of the
[AuCl,]~ complex present. The extremely high sensitivity of the
k; value to the laser intensity in the ns experiments (k; ~ I'?, Fig-
ure 5(d)) is consistent with the probability of [AuCl,]~ dissocia-
tion being extremely low and its having a significant dependence
on the maximum temperature reached by laser heating.

Assuming that even a small fraction of the [AuCl,]~ can disso-
ciate upon ns laser irradiation, the initial reduction to Au® atoms
may proceed by a similar mechanism to that proposed in UV irra-
diation experiments, 61-63

[AudtCl) -2 A2t QL] +Cl- (14)
[Au*TCly]~ + [Au*TClL]~ — [Au*TCl,]” 4 [AuTCL]  (15)

3[AutCl)” —25 [AudtCl]” +2Au0 +2C1 (16)

where the disproportionation in eq (16) constitutes the rate-
limiting step. 62

In the presence of AuNPs, irradiation at the resonant SPR wave-
length of 532 nm results in plasmon-enhanced superheating of
water to the spinodal temperature limit and beyond. 8-82 For in-
stance, the spinodal temperature limit of water at the interface
with 27 nm AuNPs can be reached at an intensity of only 10° W
cm~2 at 532 nm, 30 well below the intensities used in our ns ex-
periments. Thus, extremely high local temperatures are expected
in our ns experiments once AuNPs are present, which is consis-
tent with the observed bulk temperature rise (Figure 3(a)). Such
high temperatures should greatly accelerate the rate of thermal
[AuCl,]~ dissociation and drive autocatalytic AuNP growth.

To estimate the effects of AuNP presence on the local temper-
atures reached the ns experiments, we model heat transfer to
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AuNPs with the ns and fs lasers for different AuNP sizes (Fig-
ure 8(a)). While this simple model only provides a qualitative
estimate of the local AuNP temperature since it neglects the ef-
fects including Kapitza resistance, bubble formation, and tran-
sient SPR bleaching, 83-8¢ the results can account for both the ob-
served acceleration of [AuCl,]~ reduction once a small amount
of AuNPs are present and the small AuNP sizes. In the presence
of AuNPs, diffraction leads to the absorbance coefficient k(R,A1)
becoming dependent on the radius of nanoparticle Ryp, where
the absorbance coefficient grows with Ryp.8” The time-dependent
temperature of AuNPs with radius Ryp before substantial evapo-
ration can written as’>87

d <4nR§IP

4 3 Pycy T) = InRZpk(Ryp, A) — AwdnRxp(T — Tpy)

—4nR3po (T — T T* (17)

m

where p, is the gold density, ¢, is heat capacity of gold, and T is
the nanoparticle temperature. In our numerical estimations we
use the following approximation for Ryp << A 87

2 (18)

kR = k(8 |
where kg(A) is the absorbance of bulk gold. For this linear ap-
proximation, absorbance is equal to 0 for Ryp = 0 and reaches
the macroscopic value for Ryp = A /2. The simulated AuNP peak
temperatures following exposure to one laser pulse are shown in
Figure 8(b). For ns irradiation at 532 nm, temperatures near the
Au melting threshold of 1300 K are reached for AuNPs as small
as 10 nm, and AuNPs larger than 20 nm reach the vaporization
temperature of 5000 K. In contrast, the AuNPs of all sizes are
barely heated with the fs laser. These results can explain both the
observed autocatalytic growth kinetics in the ns experiments and
the different size distributions of AuNPs obtained with the ns and
fs lasers.

First, we consider the autocatalytic growth kinetics in the ns
experiments. SPR-enhanced AuNP heating will significantly raise
the local solution temperature beyond that attained in water
alone. For instance, the local temperature achieved after inter-
action with one ns pulse at / =3 x 108 W cm 2 is 820 K for 10 nm
AuNPs (Figure 8(b)), as compared to 380 K in pure water (Figure
7(b)). This high AuNP temperature will further heat the water,
thereby significantly increasing the rate of the [AuCl,]~ disso-
ciation reactions proposed in eqs (14) and (16). As the AuNP
concentration grows, the solution heating rate will further ac-
celerate, which is consistent with the observed nonlinear growth
in the bulk temperature of aqueous [AuCl,]~ (Figure 3(a), red
squares). Collectively, these conditions can lead to the observed
autocatalytic AuNP growth kinetics. The observed linear depen-
dence of k, on the pulse energy (Figure 5(d)) is consistent with
the autocatalytic rate depending on a linear optical process, in
this case SPR absorption, as opposed to a multiphoton process.
Additionally, we expect that the conversion of [AuCl,]~ to AuNPs
in our ns experiments requires resonant SPR absorption because
ns irradiation at 1040 nm and intensities at least an order of mag-
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Fig. 8 (a) Schematic of heat transfer model in AuNPs. (b) Maximum
AuNP temperature reached from interaction with a single laser pulse ver-
sus particle size.

nitude higher than ours report no AuNP formation in aqueous
[AuCl,]~.%?

Second, we consider the effects of AuNP heating on the ob-
served size distributions of AuNPs in the ns and fs experiments.
The simulation results in Figure 8(b) indicate that sufficiently
large AuNPs will be melted or vaporized during irradiation with
532 nm ns pulses, which explains the observed small AuNPs in the
ns experiments and is consistent with previous reports of AuNP
fragmentation upon irradiation at 532 nm°>~>?
that 15 nm citrate-AuNPs fragment upon exposure to the ns laser.
The lack of AuNP heating under 800 nm fs irradiation allows them
to agglomerate and form large particles due to the lack of capping
agents present. While filamentation of fs laser pulses in water
can form sufficient spectral intensity at the AuNP SPR wavelength
~520 nm to fragment AuNPs to sizes below 5 nm, 10 the spectral
intensity after laser passage through the cuvette at 520 nm (0.2%
relative to 800 nm, Figure S4) is too small to induce any SPR-
induced AuNP fragmentation in our fs experiments. The forma-
tion of large AuNPs up to 40 nm is consistent with a recent report
of large AuNPs formed under similar LDP conditions. 27

and our results

5 Conclusions

We have investigated the photochemical reduction of [AuCl,]~
to form AuNPs using ns and fs lasers at wavelengths of 532
nm and 800 nm, respectively. While fs laser-induced conver-
sion of [AuCl,]~ to AuNPs has been well-studied by multiple
groups, 1929 the potential of ns lasers to induce this reaction
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had not been previously explored. This work demonstrated
that near-monodisperse 5-nm Au NPs with a PDI as low as 0.04
can be formed upon irradiation with 532 nm ns laser pulses at
modest intensities. Such a high-quality AuNP size distribution
is rare using laser-based synthetic methods.1* We also identified
a photothermal autocatalytic mechanism for the conversion of
[AuCl,]~ to AuNPs using ns laser pulses resonant with the SPR
frequency of AuNPs. This mechanism relies on local photother-
mal heating of the solution driven by resonant SPR absorption,
making it distinct from the radical-mediated [AuCl,]~ reduction
mechanism induced with fs laser pulses and consistent with the
lack of [AuCl,]~ conversion with 1064 nm ns pulses. Both the
ns photothermal and fs radical-mediated mechanisms follow the
Finke-Watsky autocatalytic rate law,%® suggesting that autocat-
alytic conversion of [AuCl,]~ to AuNPs is a generalizable process
of AuNP formation, independent of the specific mechanism. The
SPR-enhanced photothermal heating of AuNPs produced from ns
laser reduction of [AuCl,]~ prevents their growth beyond a size
of 5— 7 nm, which makes this method potentially suitable to pro-
duce small uncapped Au nanoclusters that may subsequently be
functionalized for various applications.  Additionally, the high
fraction of low-coordinated and oxidized Au atoms in the AuNPs
may make them suitable for catalytic CO oxidation.>* Finally, this
facile synthesis procedure opens up the possibility of developing
additional plasmon-mediated photothermal synthetic methods to
produce Au-containing nanostructures.
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