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Irradiation of aqueous [AuCl,]™ with 532 nm nanosecond (ns) laser pulses produces monodis-

perse (PDI = 0.04) 5-nm Au nanoparticles (AuNPs) without any additives or capping agents via a

www.rsc.org/journalname plasmon-enhanced photothermal autocatalytic mechanism. Compared with 800 nm femtosecond
(fs) laser pulses, the AuNP growth kinetics under ns laser irradiation follow the same autocatalytic
rate law, but with a significantly lower sensitivity to laser pulse energy. The results are explained
using a simple model for simulating heat transfer in liquid water and at the interface with AuUNPs.
While the extent of water superheating with the ns laser is smaller compared to the fs laser,
its significantly longer duration can provide sufficient energy to dissociate a small fraction of the
[AuCl,]™ present, resulting in the formation of AuNPs by coalescence of the resulting Au atoms.
Irradiation of initially formed AuNPs at 532 nm results in plasmon-enhanced superheating of wa-
ter, which greatly accelerates the rate of thermal dissociation of [AuCl,]~ and accounts for the
observed autocatalytic kinetics. The plasmon-enhanced heating under ns laser irradiation frag-
ments the AuNPs and results in nearly uniform 5-nm particles, while the lack of particles’ heating
under fs laser irradiation results in the growth of the particles as large as 40 nm.

DOI: 10.7T039/XXXXXXXXXX

1 Introduction

ond (ps) or femtosecond (fs) duration at the Ti:Sapphire wave-
Laser-assisted synthesis has attracted much attention as a versa- length of 800 nm. 19-29 Such intense pulses can induce ionization
tile route to many types of nanoparticles and composite materials and decomposition of water through multiphoton absorption to
that has the advantage of meeting “green chemistry” objectives by form hydrated electrons and hydroxyl radicals 30-32
eliminating the need for toxic chemical reducing agents and sur-
factants to control nanoparticle shape and size. 13 In particular, 2H,0 nhy, €t H,0" +OH- (D
“naked” Au nanoparticles (AuNPs) with no surface capping agents
constitute one of the most widely studied targets of laser-assisted ~ Multiple investigations have established that the resulting hy-
synthesis due to their suitability for catalysis,% plasmonic sens- drated electrons?*~2? and hydrogen peroxide formed by recombi-
ing,> and bioconjugation.® Uncapped AuNPs with varied sizes nation of hydroxyl radicals!~2° drive the conversion of [AuCl,]~
and shapes have been synthesized through pulsed laser ablation to AuNPs. At sufficiently high laser peak intensities where the
of an Au target in solution#16 and photochemical reduction of laser beam is tightly focused, water decomposition proceeds

the tetrachloroaurate complex, [AuCl,]~.17-27 through optical breakdown (OB) to produce a dense plasma with
Laser-mediated photochemical reduction of aqueous [AuCl,]~ electron densities exceeding 10%° cm~3,3-32 while adopting a
is predominantly performed with intense laser pulses of picosec- ~ 100se focusing geometry produces a low-density plasma (LDP)
with electron densities on the order of 10'® cm =333 through self-

focusing and filamentation.34-36 The latter LDP conditions have

a: Department of Chemistry, Virginia Commonwealth University, Richmond, VA been likened to those prOduced upon the interaction of water

23284, USA with densely ionizing radiation, 2728 and have been adopted for
b: AV. Luikov Heat and Mass Transfer Institute, National Academy of Sciences of [AuCl,]~ reduction. 27-29
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1 Electronic Supplementary Information (ESI) available: Additional TEM images of
AuNPs synthesized with the ns laser. See DOI: 10.1039/b000000x/

ns lasers has required the addition of support materials such as
graphene oxide, 3738 biopolymer films3? or silicon surfaces*0-42
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to aid in the reduction of [AuCl,]~. A recent study reported that
no [AuCl,]~ reduction occurred under irradiation with 1040 nm,
120 ns pulses at intensities up to 2.2 x 10° W em~2 in the absence
of the silicon surface.*? This circumstance likely arises because
extremely high pulse energies and tight focusing conditions are
required for OB with ns lasers in water, and the dominance of
cascade ionization (as opposed to photoionization) with ns pulses
precludes the formation of LDP at intensities below the OB thresh-
old. 393! In this work, we demonstrate that irradiation with 532
nm, 8 ns pulses at intensities well below the OB threshold can
produce AuNPs from aqueous [AuCl,]~ in the absence of a sup-
port material or additional chemical reducing or capping agents.
Analysis of the AuNP growth kinetics and comparison to the re-
sults using fs pulses under LDP conditions indicates that the ns
laser induces AuNP formation through a plasmon-enhanced pho-
tothermal autocatalytic mechanism.

2 Experimental

2.1 Materials

Potassium tetrachloroaurate (III) (Strem Chemicals), HPLC-grade
water (Fisher Scientific), and potassium hydroxide (Fisher Scien-
tific) were used as obtained. From stock solutions of KAuCl, (25
mM) and KOH (500 mM), a working solution for experimental
runs was prepared containing 0.1 mM KAuCl, and 0.35 mM KOH
(pH 5.34+0.2). The working solution was prepared 24 hours in
advance, and stored at 6° C. Prior to laser irradiation, 3.0 mL
of the working solution was brought to room temperature, and
transferred to a 10 x 10 x 40 mm quartz cuvette.

Citrate-capped AuNPs were used for experiments testing the
effect of fs and ns laser irradiation on spherical AuNPs. These
were prepared by the standard citrate reduction method accord-
ing to the previously reported procedure.4® A 100 mL aqueous
1 mM HAuCl, solution was heated under stirring until boiling,
and then 10 mL of a trisodium citrate solution (granular U.S.P.,
Mallinckrodt Chemical Works) was added followed by stirring for
an additional 15 minutes. This solution was stored at 6° C, and
brought to room temperature prior to laser irradiation.

Quantification of H,0, produced during laser irradiation was
performed with a spectroscopic assay adapted from Ref. 44 and
reported in our previous publications.2545 Briefly, samples of
deionized water were irradiated for 30 minutes at the laser condi-
tions described below, after which 400 uL of titanium(IV) sulfate
(25 mM) was added to the cuvettes. The titanium(IV) sulfate
(Ti**) reacts with H,0, to form pertitanic acid (eq 2), resulting
in a yellow solution. The intensity of the yellow color is directly
related to the amount of H,O, present, and is quantified by mea-
suring the absorbance at 407 nm.

Ti** + H,0, + 2H,0 — TiO,H,0, +4H " 2)

2.2 Instrumentation

Nanosecond laser irradiation was performed using a pulsed
Nd:YAG laser (Lab 170-30, Spectra Physics) operated at the 2nd
harmonic, producing 532 nm, 8 ns, pulses at a 30 Hz repetition
rate. The fundamental 1064 nm wavelength was also used for

2| Journal Name, [year], [vol.],1—12

comparison. The pulse energy was varied from 50 mJ to 100 mJ
by adjusting the output energy of the flash lamps that pump the
Nd:YAG crystal. The output beam was down-collimated to a di-
ameter of 7.0 mm using a pair of fused silica lenses with f = 15
mm and f = —7.5 mm. Femtosecond laser irradiation was carried
out with a Ti:Sapphire regenerative amplifier (Astrella, Coherent,
Inc.) delivering 7 mJ, 30 fs pulses with bandwidth centered at
800 nm at a 1 kHz repetition rate. The pulse energy was var-
ied between 2.4 mJ and 3.6 mJ with a zero-order A/2 waveplate
(ThorLabs, Inc.) and a broadband thin-film polarizer (Altechna).
The 11 mm (1/e2?) diameter beam out of the laser was down-
collimated to a diameter of 5.8 mm using a pair of f =20 cm and
f = —10 cm spherical mirrors. Both ns and fs beam diameters
were measured using the knife-edge method. The shortest pulse
duration in our fs experiments was previously reported to be 30
fs based on Frequency Resolved Optical Gating (FROG) measure-
ments. 2% To obtain this short pulse duration inside the cuvette,
the grating position in the compressor was adjusted to maximize
the intensity and spectral width of the supercontinuum emission
generated in a cuvette containing water.

Under the collimated beam conditions, the calculated peak in-
tensities were Iy = 3 x 107 W em~2 for 100 mJ, 8 ns pulses and
Iy =4x 10" W em~2 for 3 mJ, 30 fs pulses. However, the actual
peak intensities in both laser beams are expected to be signifi-
cantly higher due to nonlinear self-focusing and filamentation ef-
fects. 34354647 For the ns laser, the peak power reaches Py = 12.5
MW for 100 mJ pulses, exceeding the self-focusing threshold of
Pit = 1.7 MW at 532 nm in water by a factor of 7.3648 Under
these conditions, the peak intensity enhancement factor I/l is
roughly proportional or slightly higher than the excess power ra-
tio Py/Peic >>#7 and can be further enhanced when the pulse du-
ration is compressed inside a filament. ® Thus, the actual peak
intensity is likely to be at least an order of magnitude higher, or
above I =3 x 108 W cm 2. The peak power in the fs experiments
exceeds the self-focusing threshold of 4.2 MW4? by more than
104, and therefore likely produces peak intensities in the range of
=102 —-10"% Wem—2.%

All laser irradiation experiments were carried out in a home-
built UV-vis spectrometer consisting of a stabilized deuterium-
tungsten light source (Ocean Optics, DH2000-BAL), optical fibers,
two pairs of off-axis parabolic mirrors, and a compact spectrom-
eter (Ocean Optics, HR4000).2526 In each experiment, 3.0 mL
of the working solution (0.1 mM KAuCl, and 0.35 mM KOH in
water) was placed in a 10 x 10 x 40 mm cuvette and irradiated
with either the ns or fs laser under magnetic stirring for sufficient
time to convert all [AuCl,]~ to AuNPs. The water temperature
increase in all experiments was measured using a thermocouple.
For the laser fragmentation experiments, 3.0 mL of a 0.1 mM
solution of colloidal citrate-capped AuNPs was irradiated under
stirring for 10 minutes and a UV-vis spectrum of the solution was
obtained after laser irradiation.

2.3 Characterization

Transmission Electron Microscopy (TEM). The AuNPs were vi-
sualized using TEM (JEOL JEM-1400 TEM). A small volume of

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Characterization of AUNPs synthesized with 532 nm, 8 ns pulses (a; c-e) and 800 nm, 30 fs pulses (b; f-h). (a), (b): UV-vis spectra of final AuUNP
products synthesized with different pulse energies. (c)-(h) TEM images and size distributions: (c) ns, 100 mJ; (d) ns, 67 mJ; (e) ns, 50 mJ; (f) fs, 3.3

md; (g) fs, 3.0 mJ; (h) fs, 2.7 md. The scale bar of the inset in (c) is 10 nm.

the post-irradiated solution was drop-cast onto a carbon-coated
grid (Ted Pella, Inc.) and left to dry for at least 24 hours. The
size distributions of the AuNPs were measured from at least three
different areas of the TEM grid using ImageJ software.

UV-vis Spectroscopy. An Agilent 8453 UV-vis Spectrometer with
Agilent ChemStation software was used to measure the plasmon
peaks of the post-irradiated citrate-capped AuNPs.

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were col-
lected on a Thermofisher ESCALab 250 with a AlKa X-ray source
(1486.6 €V). The colloidal samples were dried at 60°C, and the
resulting powder was deposited on indium foil (ACROS Organ-
ics). Spectra were analyzed and deconvoluted using the Thermo
Scientific Avantage Software; Au4f peaks were referenced to the
C1s peak, which was adjusted to center at 284.8 eV.

3 Results

Irradiation of [AuCl,]~ resulted in its complete conversion to
AuNPs upon 10 — 40 minutes of irradiation with 532 nm ns pulses
and 800 nm fs pulses, depending on the pulse energy and which
laser was used. Irradiation with 1064 nm ns pulses at 100 mJ did
not induce any conversion of [AuCl,]~ to AuNPs after 30 minutes
of irradiation based on the lack of any changes observable in the
UV-vis spectrum. Figures 1(a) and (b) display the UV-vis spectra
taken following irradiation of [AuCl,] ™ at different pulse energies
with the ns (a) and fs (b) lasers. The spectra show the charac-

This journal is © The Royal Society of Chemistry [year]

teristic AuNP surface plasmon resonance (SPR) feature centered
at 515 nm and 525 nm in the ns and fs cases, respectively. For
both lasers, increasing the pulse energy results in a decrease in
the AuNP size, as evident by the blue-shift of the SPR feature.>°
The formation of smaller AuNPs at higher pulse energies (equiv-
alently, peak intensities) is consistent with a number of earlier
results using fs pulses. 222628 However, the most striking obser-
vation is that the ns laser produces significantly smaller AuNPs, as
confirmed by TEM analysis (Figures 1(c) — (h)). The size distri-
butions in the ns experiments could be fit well to a Gaussian func-
tion (solid curves, Figures 1(c)-(e)), which enabled computation
of the mean particle size u and standard deviation o. Using these
values, the polydispersity index (PDI) was calculated as ¢ / u? as
in Ref. 14. The AuNPs produced with 100 mJ and 67 mJ ns pulses
(Figure 1(c)-(d); ESIf, Figures S1 and S2) have an exceptionally
tight size distribution with PDI 0.04 and are uniformly spherical,
as shown in the magnified inset in Figure 1(c). These AuNPs are
even smaller and more monodisperse than surfactant-free AuNPs
synthesized by a two-step ns laser ablation-fragmentation process
in water (8.2+ 1.6 nm) 2 and are similar to those synthesized
by ns laser ablation in the presence of 0.1 — 1 mM sodium phos-
phate buffer that reported PDI of 0.05 and mean diameter of 5
nm. 4 Thus, our results show that 532 nm ns laser-induced pho-
tochemical conversion of [AuCl,]~ can produce monodisperse,
surfactant-free AuNPs.

Journal Name, [year], [vol.], 1-12 |3
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The AuNP products synthesized at an average power of 3 W
(100 mJ ns pulses and 3 mJ fs pulses, Figures 1(c) and 1(g)) were
also characterized with XPS to determine the oxidation states of
Au present. Figure 2 shows the Au4f spectra (with 7/2 and 5/2
spin-orbit splitting), with three species deconvoluted in the sam-
ples. The peak at 83.9 €V corresponds to bulk Au’ atoms,”>!
while the peak at 83.1 eV corresponds to low-coordinated Au®
atoms,>2>* and the peak around 85 eV corresponds to oxi-
dized or partially oxidized Au atoms, indicated as Au®*.7-52 Low-
coordinated Au® atoms have been reported to have slightly lower
binding energies relative to bulk Au® atoms.>2>% These species
are present in both fs- and ns-generated AuNPs, with a slightly
higher fraction in the fs- sample. The binding energy of the Au®+
peaks are slightly lower than the reported Au!* atoms (85.6 eV),
which could be due to low-coordinated Au'" or partially oxidized
Audt 5253 The fs-generated AuNPs had a slightly higher binding
energy of the Aud+t peak (85.0 eV) relative to the ns-generated
AuNPs (84.5 eV), while a somewhat higher fraction of the Au
atoms are partially oxidized in the ns sample. The presence of
both partially oxidized and low-coordinated Au atoms and small
sizes of our ns-generated AuNPs may make them well-suited for
catalytic CO oxidation. >*

'532nm, 8ns

38.05% low
T17.73% coord. -
| 44.22%

."é'

>

e

\(E } } } } i
3,800 nm, 30 fs ]
L1 29.41%

21 16.04% 1

54.55%

92 90 88 8 84 82 80
binding energy (eV)

Fig. 2 XPS spectra of AuNPs formed with 100 mJ ns pulses (top) and 3
mJ fs pulses (bottom) with deconvoluted peaks and atomic percentages.

To understand the origin of the different AuNP size distribu-
tions, we examined the effects of solution heating. The tempera-
ture changes of the bulk solution measured with a thermocouple
during irradiation with 100 mJ ns pulses and 3 mJ fs pulses are
shown in Figure 3. Both lasers have an average power of 3 W, so

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

the total energy input as a function of time is the same (Figure 3,
top axis). For the ns pulses, the solution temperature significantly
rises with time when [AuCl,]~ is present, but barely changes in
pure water (Figure 3(a)). In contrast, the temperature rise for
fs pulses is the same in the presence and absence of [AuCl,]~
(Figure 3(b)), suggesting that a photothermal effect is operating
in the ns case. In particular, the delayed temperature increase
after ~4 minutes of ns irradiation in the presence of [AuCl,]~
suggests that its conversion to AuNPs with a high absorption ef-
ficiency at 532 nm drives the temperature increase. To confirm
that the presence of AuNPs induces photothermal solution heat-
ing, the temperature was measured during irradiation of a 0.1
mM solution of 15 nm citrate-capped AuNPs. The immediate tem-
perature increase under ns irradiation in the presence of citrate-
AuNPs as compared to the delayed response in the presence of
[AuCl,]~ (Figure 3(a)) confirms that AuNPs cause the tempera-
ture increase. In contrast, the lower temperature increase under
fs irradiation in the presence of citrate-AuNPs is likely due to light
scattering off of the AuNPs that prevents effective self-focusing of
the beam.

total energy input (J)
0 360 7?0 1Q80 1440 1 890

total energy input (J)
0 360 720 1Q80 14401890

10((a) O o|b)
532 nm IS 800 nm
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2 * 2 * .
, ] , . RS
¢ .; v Qi§§§'
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0 2 4 6 8 10 0 2 4 6 8 10

irradiation time (min) irradiation time (min)

Hpure water I 0.1 mM [AuCI4]' §0.1 mM citrate-AuNPs

Fig. 3 Temperature change during irradiation with ns pulses (a) and fs
pulses (b) in pure water (blue triangles), 0.1 mM AuCl, (red squares),
and 0.1 mM citrate-AuNPs (green diamonds). Error bars denote standard
deviation over two measurements.

Irradiation of the citrate-capped AuNPs resulted in significant
fragmentation with ns pulses but not with fs pulses (Figure 4).
The lowering and blue-shifting of the SPR feature for AuNPs
irradiated by the ns pulses when compared with spectrum of
the initial NPs (Figure 4(a)) indicates that smaller AuNPs were
formed.>® In contrast, only a small blue-shift and reduction in
SPR intensity were observed for fs pulses. The as-prepared
citrate-capped AuNPs are 15 nm in size and spherical in shape
based on TEM analysis (Figure 4(b)). Following ns and fs laser
irradiation, TEM analysis (Figures 4(c) and (d)) shows that the
average particle sizes are 4.3 and 14 nm, respectively. The size
distribution of the AuNPs following ns irradiation was fit to a
Gaussian function, producing a PDI of 0.07. The similarity be-
tween the AuNP size distributions for the ns experiments in Fig-

This journal is © The Royal Society of Chemistry [year]
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ures 1(c) and 4(c) explains the 5-nm AuNPs produced by ns laser
reduction of [AuCl,]~. In contrast, the lack of fragmentation of
the citrate-capped AuNPs in the fs experiments (Figure 4(d)) ex-
plains why significantly larger AuNPs were formed in the corre-
sponding [AuCl,]~ reduction experiment (Figure 1(f)). These
results are consistent with the widely observed AuNP fragmen-
tation upon irradiation with wavelengths resonant with the SPR
frequency®>—>8 and limited changes in AuNP size upon irradia-
tion with fs lasers at non-resonant wavelengths.>8>° While the
citrate-AuNPs irradiated with the ns laser have a slightly lower
mean size than the NPs in Figure 1(c), they exhibit a larger PDI
and a significant number of melted, fused, and agglomerated NPs
(ESIY, Figure S3). The lower-quality size distribution is similar to
previous studies of AuNP fragmentation >>->® and may result from
the “top-down” procedure beginning with larger NPs as compared
to the “bottom-up” synthesis producing the AuNPs in Figure 1.
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Fig. 4 (a) UV-vis spectra of citrate-capped AuNPs before (blue) and after
irradiation with ns (green) and fs (red) pulses. (b) TEM and size distri-
bution of initial NPs. (c) TEM and size distribution of NPs following ns
irradiation. (d) TEM and size distribution of NPs following fs irradiation.
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Further insight into the AuNP growth mechanisms in the ns
and fs laser experiments may be gained through analysis of UV-
vis spectra measured during irradiation. The absorbance at 450
nm as a function of irradiation time, A4s0(¢), indicates the time-
dependent Au(0) concentration, 50 and is shown for representa-
tive experiments in Figure 5(a). Complete conversion to AuNPs
occurs when Ays0(¢) stops increasing (black x, Figure 5(a)), in-
dicating the completion time #x,. A strong inverse correlation
can be seen between the pulse energy E and iy for both fs and
ns pulses (Figure 5(b)), as quantified by fits to a power law:
trn ~ E~% for fs and txn ~ E~2 for ns experiments. For the ns
experiments, frxy saturates at energies above 83 mJ. From these
trxn values, we may calculate the AuNP throughput rate assum-
ing 100% Au mass conversion to AuNPs. The most efficient AuNP
production rate is 0.003 mg W1 min~! for 2.5 W (83 mJ) ns
pulses, which take ~8 minutes to convert the 0.0591 mg of Au
present in the cuvette. While this production rate is a factor of
~30 lower than for laser ablation syntheses reporting up to 0.094
mg W~ ! min—!, 13 future optimization of the reaction conditions
and adoption of a flow setup like in Refs.13:14 could improve the
production rate.

(a) (b)
0.25
m 30 fs, 800 nm
02 ?2000 Vv 8ns,532nm
—_ ~ 1500
3
=0.15 @
3 E 1000 -2.1+0.4
< o4 301s, 800 nm| €
e 27md 8
- 33m) | ©
0.05 gns,532nm| g 500 Y
* 50mJ Q
< 100ms | ©
o

47750 60 80 100
pulse energy E (mJ)

0 200 400 600 800 1000 1200
irradiation time t (s)

[(d)]

30f5800nm
200 27my Dy=22nm ¥
« 33mJ Dy=16nm ! 1073
+
8ns,532nm 45 3.7+09 10+03 I
151 50m) 4

= 100 mJ
— fits

10

0
=
w
2 10
x
XN
- 30 fs, 800 nm
"o

Au NP diameter D() (nm)

5 Som - wk, Yk,
< ¢ | 5005 8 ns, 532 nm
10 e Vi,
0
0 200 400 600 800 1000 1200 50 60 80 100

irradiation time t (s) pulse energy E (mJ)

Fig. 5 Absorbance at 450 nm selected pulse energies for fs (dark and
light red) and ns (dark and light green) lasers. (b) Reaction completion
times vs. pulse energy. (c) Fits to eq (5) for selected experiments. (d)
Extracted rate constants from eq (5). Error bars in (b) and (d) denote
standard deviations over four measurements at each pulse energy.

The origin of the different scaling of #x, with E in the ns and fs
experiments was determined by quantification of the reaction ki-
netics for conversion of [AuCl,]~ to AuNPs. A number of previous
investigations with fs lasers?>-28 have quantified the [AuCl,]~
reduction kinetics using the two-step Finke-Watsky autocatalytic
rate law ®0

_d[A] _ d[B]

Cdr T dr
where [A] is the [AuCl,]~ concentration, [B] is the AuNP concen-
tration, k; is the first-order rate constant corresponding to metal-

= ki [A] + k2 [A][B] €)]

Journal Name, [year], [vol.], 1-12 |5
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cluster nucleation and and k, is the second-order rate constant
corresponding to autocatalytic growth of the nanoparticles. In
order to apply this rate equation to the UV-vis spectral data ob-
tained in our experiments, the AuNP diameter as a function of
irradiation time, D(r), was estimated using the empirical formula
of Haiss et al. >°

4

D(t) =exp (Bl Aser(1) —Bz) )

Ayso(t)

where Agpg (¢) denotes the time-dependent absorbance at the SPR
wavelength (obtained from each spectrum by cubic spline fitting
of the SPR feature). The constants B; = 3.0 and B, = 2.2 were
set based on previously determined empirical quantities.>® The
experimentally obtained D(r) values were fit to the integrated
Finke-Watsky rate law describing the time-dependent AuNP di-
ameter, which may be written as27-28

& +A0)]

1/3
k k1 +k, [A(O
l_l’_ T 1( )]e( 1 2 [A( )])t)

)

D(l‘) :Df <] —

where [A(0)] is the initial [AuCl,]~ concentration and Dy is the
final AuNP diameter.

The D(t) values obtained from the experiments shown in Fig-
ure 5(a) using eq (4) are shown in Figure 5(c) (dots). These data
were fit to eq (5) (black lines, Figure 5(c)) using nonlinear least
squares optimization in MATLAB with free parameters k;, k>, and
Dy. Tabulated values of the rate constants k; and k, extracted
from curve fitting to eq (5) are given in Tables 1 and 2, along
with the estimated D values and comparison to the AuNP diam-
eters obtained with TEM (Figure 1). The estimated uncertainties
are obtained from the standard deviation of each fitting parame-
ter over four experiments performed at the same laser conditions.
The predicted D values qualitatively agree with the size distribu-
tions obtained from TEM, which validates the use of eqs (4) and
(5) in characterizing the AuNP nucleation and growth kinetics.

fitting to a linear function in log-log space. The slopes of these
lines denote the dependence of each rate constant on E, where
the uncertainty reflects the 95% confidence interval. The energy
dependences k; ~ E> and k, ~ E* are similar for fs pulses, and
correlate well with the observed dependence txn ~ E4 (Figure
5(b)). In contrast, for the ns laser, the energy dependence k; ~
E'0 is much higher than k, ~ E!, and the observed dependence
trxn ~ E? appears to be mostly driven by the &, dependence. These
significant differences between the pulse energy scaling of the
rate constants for the ns and fs lasers suggest that distinct reaction
mechanisms drive the AuNP nucleation and growth kinetics for
each type of laser.

A summary of the quantified results for ns and fs laser exper-
iments shown in Table 3 indicates three significant differences
between the two lasers. Irradiation with ns pulses produces (1)
smaller AuNP sizes, whether from directly synthesized or pre-
existing NPs; (2) a greater solution temperature increase; and (3)
a lower pulse energy dependence for #x, and the second-order
rate constant k,. In the following section, we explore the origins
of these differences.

Property 532nm, 8 ns 800 nm, 30 fs

NP diameter 5—8nm 14 —27 nm
AT, [AuCl,]™ ¢ 5.7+0.6 °C 0.7+0.4 °C
AT, citrate AuNP? 10.54+0.1 °C 2.04+0.1°C
Citrate-AuNP diameter® 454+ 1.1 nm 14 4+2 nm
E power law, frxn -2.14+04 —-3.94+0.3

E power law, k; 10+1 5.0+0.5

E power law, k; 1.0+0.3 3.7+0.9

Table 3 Summary of experimental results. a: Temperature increase after
9 minutes irradiation, relative to pure water. b: Temperature increase
after 10 minutes irradiation. ¢: After 10 minutes irradiation.

4 Discussion

To explain the differences in AuNP growth kinetics and sizes using

E(m)) Kk (x10°s™) kM 's) Dy(mm) Drgv (nm) psand fs lasers, we consider the general reaction mechanism for
50 3.0£2.5 121+ 14 52405 17+18  the photochemical conversion of Au?* ions to AuNPs61-65
58 14+10 138 +29 43+0.8
67 45+31 167483 41+£12  57+1.1 Aut R A2t ©
75 200490 173475 5.0+0.5
83 440 £ 260 202491 4.6+03 AUt 4 AL s AU 4 AUl e
100 460 4290 230+ 64 3.7+04 51+1.0
1+ R 0
Table 1 Rate constants and AuNP diameters for ns experiments. Au > Au ®)
nAw’ — Au,, ©)]

where reducing species R* can involve UV photons to excite the

Em) Kk (x10°s ) kLM 'sH) Dy(mm) Drgv(nm)
2.4 33+2.6 83 £26 20+1
2.7 72455 104+9 2347 2747
3.0 9.4+2.5 171+£43 2042 1848
3.3 15+ 10 242457 16+2 14+6
3.6 25+16 358450 16+1

Au complex and organic radicals to induce dissociation, ®1-%3 or
hydrated electrons resulting from water ionization to reduce the
Au ions.53%5  The specific intermediates and side-products of
the above mechanism differ depending on the Au salt, reduc-

Table 2 Rate constants and AuNP diameters for fs experiments.

The rate constants k; and k, are plotted as a function of pulse
energy E in Figure 5(d), along with nonlinear least squares curve

6| Journal Name, [year], [vol.],1—12

ing agents, and additives such as alcohols.®1-%% The solution pH
also determines the Au*" reduction rate due to speciation of the
[AuCl,]~ complex, where the Cl~ ligands are exchanged for OH™
ligands as the pH increases.®® In wet-chemical syntheses, the re-
duction rate is slower at high pH due to the lower redox potential

This journal is © The Royal Society of Chemistry [year]
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of [Au(OH) 41~ as compared to [AuCl,]~, 67,68 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 ~1018 ecm—3 provides hydrated electrons that can act as the
reducing agent R* in the above mechanism to reduce [AuCl,]~
through the net reaction

[AuCl] ™ +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 1010 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,O, 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 Hy0, + Ay, — 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-

This journal is © The Royal Society of Chemistry [year]
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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 conditions2® 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.

14

o

[
=)

—83mJ, ns
—3.6mJ,fs
—2.7mJ,fs

absorbance (OD)

0.05

[H202] produced (mM/min)
>

= experiment
—fit

0.001 0.01 0.1
[H202] produced (mM/min)

" experiment
— it

35

300 400 500 600

. 3
wavelength (nm) pulse energy (mJ)

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. %1
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.

However, this mechanism would require at

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
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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)
dr R, 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=1.25% 1077 at 800 nm were taken from the literature.’”
(a) Vot T
T | R
(b) —ns, high/ —fs H,0 boiling
—ns,low/ e H,0 spinodal
(B0 vt foneeee e seeess eSS SRS
--------- ﬁ
g 500 100 ps
~ ns pulse
a0 [ e
0 5 10 15 10 104
time (ns) time (s)
5000 — ‘
4000 N s
:3000
2000 fs pulse
1000 ................
0 20 40 60 10-10 108 106 104
time (fs) time (s)

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

[AvdtCl) -2 A2t QL] +Cl- (14)
[Au*TCly]~ + [Au*TCl]~ — [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. 80-82
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, 80 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.

For in-

To estimate the effects of AuNP presence on the local temper-
atures reached the ns experiments, we model heat transfer to

This journal is © The Royal Society of Chemistry [year]
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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, 8380 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

@ 3 Pgcy T) = ITRZpk(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(1) |
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-

This journal is © The Royal Society of Chemistry [year]

Physical Chemistry Chemical Physics

(a) Tm

5 ‘ ; ; ‘
107 « ns, high / - - Au melting i
ns, low [ - Au vaporization
o fs
|
10%
(O — OO AT
~
n
10%
$e o ° °

0 20 40 60 80 100
AuNP diameter (nm)

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,]~. %2

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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Nucleation and growth of gold nanoparticles initiated by

nanosecond and femtosecond laser irradiation of aqueous [AuCl4]”

Collin J. Rodrigues,* Julian A. Bobb,* Mallory G. John, Sergey P. Fisenko,
M. Samy El-Shall,” and Katharine Moore Tibbetts*
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T Denotes equal contributions

laser + [AuCl]l;—> AuNPs

Irradiation of aqueous [AuCls] ~ with 532 nm, 8 ns pulses induces Au nanoparticle for- mation
through a photothermal autocatalytic mechanism driven by the surface plasmon resonance,
producing uniform 5-nm particles. Analogous experiments with 800 nm, 30 fs pulses produce sig-

nificantly larger Au nanoparticles through electron- and peroxide-mediated autocatalytic growth.
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