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ABSTRACT

The growth dynamics of gold-silver core-shell (Au@Ag) nanoparticles are studied using in situ time-dependent second harmonic generation
(SHG) and extinction spectroscopy to investigate the nanoparticle shell formation. The silver shell is grown by reduction of silver cations
onto a 14 nm gold core using ascorbic acid in colloidal aqueous solution under varying reaction concentrations producing Au@Ag nanopar-
ticles of final sizes ranging from 51 to 78 nm in diameter. The in situ extinction spectra show a rapid increase in intensity on the timescale
of 5-6 s with blue shifting and narrowing of the plasmonic peak during the silver shell formation. The in situ SHG signals show an abrupt
rise at early times of the reaction, followed by a time-dependent biexponential decrease, where the faster SHG lifetime corresponds to the
timescale of the shell growth, and where the slower SHG lifetime is attributed to changes in the nanoparticle surface charge density. A large
enhancement in the SHG signal at early stages of the reaction is caused by plasmonic hot spots due to the nanoparticle surface morphology,
which becomes smoother as the reaction proceeds. The final extinction spectra are compared to finite-difference time-domain (FDTD) cal-
culations, showing general agreement with experiment, where the plasmon peak red shifts and increases in spectral width as the silver shell
thickness increases. These in situ SHG and extinction spectroscopy results, combined with FDTD calculations, help characterize the com-
plicated processes involved in colloidal nanoparticle shell formation in real time for developing potential plasmon-enhanced nanomaterial
applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127941

INTRODUCTION

The study of plasmonic nanoparticles is a field of intense
research due to their potential applications in nanomedicine,
photothermal therapy, molecular sensing, catalysis, and photo-
voltaics.' '* Gold and silver nanoparticles have localized surface
plasmon resonances (LSPRs), which are characterized by the coher-
ent oscillations of free electrons at the nanoparticle surface caused
by incident illumination, leading to enhanced optical absorption
and scattering processes.~ Bimetallic nanoparticles in core-shell
configurations have emerged as a new class of plasmonic nanopar-
ticles due to the improved optoelectronic tunability by adjusting

their overall size, shape, and composition, as well as their individ-
ual core and shell sizes.'” '* Core-shell architectures composed of
gold and silver are especially attractive for nanomedicine, photother-
mal therapy, and noninvasive bioimaging as a consequence of their
biocompatibility and large plasmonic response.'”'” ' For further
development of core-shell nanoparticle applications, a detailed
understanding of the mechanisms and kinetics of nanoparticle shell
formation is needed, which can help provide new approaches in
tailoring the chemical, structural, and plasmonic properties for the
desired nanomaterial technologies.

Several methods have been developed for the synthesis of
gold-silver core-shell nanoparticles including procedures that rely
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on chemical,"”** ** microwave-assisted,”” photochemical,””* and
sonochemical routes.”” In chemical synthesis strategies, Ag" is typ-
ically reduced on the surface of a colloidal core gold nanoparti-
cle for independent control of both the gold core size and the
silver shell thickness. The usage of a mild reducing agent, such
as ascorbic acid (AA), facilitates the reduction of Ag® selectively
onto the colloidal gold nanoparticle surface while preventing the
formation of free silver nanoparticles.'”'® Analytical techniques
such as transmission electron microscopy (TEM), scanning elec-
tron microscopy, atomic force microscopy, dynamic light scatter-
ing, and extinction spectroscopy are important tools for the ex situ
characterization of core-shell nanoparticles after the synthesis is
Complete.x,lll 3,17,30

In order to investigate the growth dynamics of nanomaterials
in real time, in situ characterization techniques have been devel-
oped that perform time-dependent measurements as the nanopar-
ticle formation occurs under varying reaction conditions. For exam-
ple, the nucleation and growth of silver nanoparticles in aqueous
solution was studied under varying electron beam currents using
in situ scanning transmission electron microscopy.’’ Additionally,
in situ TEM was used to investigate different pathways of sil-
ver shell growth around a cubic gold nanoparticle core in aque-
ous solution using the reducing agent AA with different cap-
ping agent concentrations.”” The nucleation and growth of silver
nanoparticles by sodium borohydride reduction in water was stud-
ied using in situ extinction spectroscopy combined with in situ
small angle X-ray scattering.” The formation of gold nanoshells
onto silica nanoparticles was investigated using in situ extinc-
tion spectroscopy combined with in situ second harmonic scat-
tering measurements.”’ In our recent work, we studied the seed-
mediated growth dynamics of colloidal gold nanoparticles under
chemical reduction using in situ second harmonic generation (SHG)
and in situ extinction spectroscopy.”” These different in situ tech-
niques provide key insights into nanoparticle synthesis reactions
and core-shell growth processes, leading to improved nanoscale
engineering.

Second harmonic generation is a surface-sensitive nonlinear
optical technique in which two photons of frequency w interact
coherently to generate a photon with twice the frequency at 2w.”"'
For centrosymmetric materials and bulk solutions, SHG only occurs
at an interface where the inversion symmetry is broken. Therefore,
SHG spectroscopy is a powerful method for investigating the col-
loidal nanoparticle surface and the corresponding surface chemistry
during in situ nanoparticle growth reactions. The SHG electric field
Esng originates from the second-order and third-order nonlinear

susceptibilities, X(2) and X(3)> respectively, with

Esti = VIsic = ¥V EoEo + ¥ EoEo o cos pe®, (1)

where E,, is the incident optical electric field at frequency w, @y is the
electrostatic potential at the nanoparticle surface, ¢ is the phase angle
of the ¥ term, and Isyc is the SHG intensity.” " The ' term
for SHG is due to the two-photon resonant and nonresonant spec-
troscopy of the sample, while the y** term for SHG arises from the
nanoparticle electrostatic surface potential causing a net polariza-
tion of the bulk solvent. In the case of small ¢, Esug o< x? + ) .
Previous work on SHG has investigated a large variety of samples
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including biological interfaces,” " interfacial acid-base chemistry,””

surface potential measurements, 20 Ti0, microparticles,“] and
metallic, plasmonic nanoparticles composed of gold, silver, and
gold-silver alloys.”” *® Our recent study of seed-mediated growth
dynamics of colloidal gold nanoparticles using in situ SHG spec-
troscopy demonstrated a size-dependent nanoparticle growth life-
time, which is dominated by plasmonic hot spots and a surface mor-
phology that becomes smoother and more uniform as a function of
reaction time.”

In this article, in situ SHG combined with in situ extinction
spectroscopy is used to study the growth dynamics of colloidal gold-
silver core-shell nanoparticles. The silver shells are grown by reduc-
tion of Ag" onto 14 nm gold seed nanoparticles using AA in water
under three different reaction concentrations to produce Au@Ag
nanoparticles of final sizes ranging from 51 to 78 nm in diameter.
The time-dependent SHG signals and extinction spectra are ana-
lyzed to elucidate the mechanisms of the silver shell growth process
and to determine the characteristic nanoparticle growth lifetimes as
a function of the shell thickness. The extinction spectroscopy results
show that the nanoparticle growth lifetime increases as the shell
thickness increases. Additionally, the in situ SHG time traces exhibit
biexponential behavior where the faster lifetimes are in excellent
agreement with the lifetimes obtained from the extinction measure-
ments and the slower lifetimes are attributed to additional surface
reactions that change the nanoparticle surface charge densities. The
in situ results also display large SHG enhancements at early stages in
the shell growth process caused by plasmonic hot spots from rough,
uneven nanoparticle surfaces that become smoother and more uni-
form as the reaction proceeds. The final extinction spectra are
compared with finite-difference time-domain (FDTD) calculations,
showing general agreement with the plasmon peak red shifting and
increasing in spectral width as the silver shell thickness increases.
The in situ SHG and extinction spectroscopy measurements pro-
vide valuable information regarding colloidal nanoparticle core-
shell growth processes for developing controlled plasmon-enhanced
nanomaterial technologies.

EXPERIMENTAL SECTION
Synthesis of gold-silver core-shell nanoparticles

The gold-silver core-shell nanoparticles are prepared following
a modified procedure, which has been described previously.”'” Gold
chloride, sodium citrate, silver nitrate, L-ascorbic acid, potassium
iodide, and sodium hydroxide are purchased from Sigma-Aldrich
and used without further purification. The gold seed nanoparti-
cles are first synthesized by adding 900 ul of 34 mM sodium cit-
rate to 30 ml of 290 uM gold chloride in ultrapure water under
boiling conditions with vigorous stirring.”””* The solution under-
goes a color change from pale yellow to bright red after 10 min,
resulting in the formation of 13.8 + 1.0 nm gold seed nanoparti-
cles, as described in greater detail in the supplementary material.
Gold-silver core-shell nanoparticles are prepared by reducing Ag*
onto the gold seed nanoparticles in solution using ultrapure water
under three different seed concentrations.®’ A volume of 17.5, 22.5,
or 27.5 ul of the prepared gold seed nanoparticle solution is added
to an aqueous solution of 0.15 mM AgNOj3 and 0.30 uM of KI in a
total volume of 2.5 ml. These constitute the three different reaction
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conditions, which result in the three different final gold-silver core-
shell nanoparticle samples. A rapid addition of 5.0 ul of 100 mM
ascorbic acid and 6.25 pl of 100 mM NaOH initiates the silver shell
growth at the colloidal surface of the gold seed nanoparticles. These
three gold-silver core-shell nanoparticle reactions are all performed
in a quartz cuvette under constant stirring while being monitored
spectroscopically by in situ SHG and extinction spectroscopy, as
described below.

In situ second harmonic generation and extinction
spectroscopy setup

The experimental setup for in situ SHG spectroscopy consists
of an ultrafast laser system, an optical setup, and a high-sensitivity
charge-coupled device (CCD) spectroscopy detector connected to
monochromator spectrograph, as described previously."”” The
output beam from a titanium:sapphire laser system with 2.7 W aver-
age power and 75 fs pulses centered at 800 nm at a repetition rate
of 80 MHz is attenuated to 600 mW using a neutral density fil-
ter and is focused into a 1 cm by 1 cm quartz cuvette containing
the colloidal nanoparticle sample under investigation. Optical filters
are used to remove any residual SHG signal from the laser beam
before the sample and to remove the fundamental 800 nm light
after the sample while transmitting the SHG, which is collected in
the forward direction and refocused into a spectroscopy detector.
Additionally, a low-intensity broadband tungsten filament lamp is
placed orthogonal to the path of the laser beam, collimated using
a pair of lenses and focused into the quartz cuvette, using a fiber-
optic spectrometer detector for the in situ extinction spectroscopy.
For each trial, the gold seeds, AgNOs3, and KI are added in ultra-
pure water for baseline measurements prior to the addition of AA
and NaOH, which initialize the reaction at time zero. A home-
built data acquisition program collects 6 in situ SHG spectra and 6
background spectra using a computer-controlled beam block, fol-
lowed by 10 in situ extinction spectra, in repeating iterations for
time-dependent SHG and extinction spectroscopy with statistical
analysis. The SHG acquisition times are 0.2 s for the first 50 s, fol-
lowed by 1 s for the remainder of each reaction, and the extinction
acquisition time is 0.5 s. A schematic diagram of the in situ SHG
and extinction spectroscopy setup is shown in the supplementary
material.

Finite-difference time-domain calculations

The extinction spectra of single gold-silver core-shell nanopar-
ticles of various sizes in water are calculated using a classical
finite-difference time-domain (FDTD) approach, as described previ-
ously.”” The FDTD approach provides solutions to Maxwell’s equa-
tions for the plasmonic nanoparticle using discretized grids in space
and time with spatial- and frequency-dependent permittivity and
permeability fit to the bulk experimental values.”” * For each calcu-
lation, the grid space is 20 a.u. = 1.06 nm and the time step is chosen
to be 0.067 a.u. = 1.62 x 107> fs such that the Courant-Friedrichs-
Lewy stability condition equals to 0.8. The total running time is set
as 1500 a.u. = 36.3 fs. The FDTD calculated extinction spectra allow
for interpreting the observed experimental spectra features, as well
as confirming the nanoparticle geometries. See the supplementary
material for more details.

ARTICLE scitation.org/journalljcp

RESULTS AND DISCUSSION

After each gold-silver core-shell nanoparticle synthesis, the
final nanoparticle size distribution is characterized by transmission
electron microscopy using a survey of more than 200 nanoparticles
for each sample. The resulting nanoparticle size histograms are fit-
ted using log-normal distributions for each core-shell nanoparticle
sample, as shown in the supplementary material. Figure 1 shows rep-
resentative TEM images for the core-shell nanoparticle samples pre-
pared using 27.5, 22.5, and 17.5 pl of precursor gold seeds, resulting
in final sizes of 51.0 + 7.1, 65.8 + 9.2, and 77.7 + 8.6 nm, respectively,
shown in order of increasing nanoparticle size. All gold-silver core-
shell nanoparticles are observed to be relatively monodisperse and
spherical in shape. By decreasing the amount of gold nanoparticles
seeds added to the reaction, more Ag+ is available per seed, result-
ing in larger silver shell thicknesses after the reaction is complete,
in an analogous manner to previous work on seed-mediated gold
nanoparticles.”””

The growth dynamics of each colloidal core-shell nanopar-
ticle sample are monitored in real time by both in situ extinc-
tion spectroscopy and in situ SHG measurements. Representative
extinction spectra for the gold-silver core-shell nanoparticle samples

FIG. 1. Representative TEM images of gold-silver core-shell nanoparticles with
average sizes of (a) 51.0 + 7.1, (b) 65.8 + 9.2, and (c) 77.7 + 8.6 nm, prepared
using 27.5, 22.5, and 17.5 ul of precursor gold seeds, respectively. All Au@Ag
nanoparticles have a gold core of diameter 13.8 + 1.0 nm.
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using 27.5, 22.5, and 17.5 pl of added gold precursor seeds at differ-
ent reactions times are shown in Fig. 2. The initial extinction spectra
correspond to the sample of gold seeds together with the AgNO3 and
KI before to the addition of AA and NaOH.””*” Immediately after
the addition of the reducing agent AA, a broad plasmonic peak cen-
tered near 420 nm is observed. As the nanoparticle reaction contin-
ues in time, the plasmonic peak rapidly increases in intensity, while
slightly blue shifting and narrowing in spectral width. After approx-
imately 20 s, all the gold-silver core-shell nanoparticle samples reach
a stable configuration, and the extinction spectra are observed to
remain constant over the rest of the in situ extinction measurements.
The peak wavelengths of the final extinction spectra are 419 nm,
424 nm, and 428 nm for the 51 nm, 66 nm, and 78 nm Au@Ag
samples, respectively, demonstrating a trend of a red-shifting
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FIG. 2. In situ extinction spectra of gold-silver core-shell nanoparticles synthesized
using (a) 27.5, (b) 22.5, and (c) 17.5 ul of precursor gold seeds, respectively, at
different times during the reactions. All Au@Ag nanoparticles have a gold core of
diameter 13.8 nm.
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plasmon peak as the silver shell increases in thickness. The full width
at half maxima (FWHM) obtained from these final extinction spec-
traare 111 nm, 135 nm, and 150 nm for the 51 nm, 66 nm, and 78 nm
Au@Ag samples, respectively, showing a trend of increasing spectral
width as the silver shell thickness increases.

To better characterize the in situ extinction spectroscopy of
the nanoparticle reaction dynamics, the extinction peak intensities
are fit as a function of time for each core-shell nanoparticle sam-
ple. The extinction peak time traces are fit using an exponential
function given by the equation &(t) = Ae /™ + B, where t is
the reaction time after addition of the reducing agent, 7ex is the
extinction growth lifetime, A is the amplitude, and B is the offset
extinction value. The corresponding fits for each core-shell nanopar-
ticle sample are shown in Fig. 3, and the fitting parameters are
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FIG. 3. Peak extinctions (blue circles) as a function of time for gold-silver core-shell
nanoparticles using (a) 27.5, (b) 22.5, and (c) 17.5 ul of precursor gold seeds,
respectively, compared to the fits (black lines).
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tabulated in the supplementary material. The extinction growth life-
time increases as the final nanoparticle diameter increases with val-
ues of 5.2 £ 0.2's, 53 + 0.2 s, and 6.2 + 0.1 s for the 51.0 nm,
65.8 nm, and 77.7 nm gold-silver core-shell nanoparticles, respec-
tively. All Au@Ag nanoparticle samples investigated here have a
13.8 nm gold core, as determined by TEM measurements. These
lifetimes can be best understood as the time it takes for the silver
shells to grow around the gold seed nanoparticles to form the final
gold-silver core-shell nanoparticle architectures. After the colloidal
core-shell nanoparticle structures are formed according to these
characteristic extinction growth lifetimes, the extinction spectra and
intensities remain constant for the entire duration of the experiment,
as shown in the insets of Fig. 3. These constant extinction spectra
after the nanoparticle growth dynamics are complete indicate that
the final core-shell nanoparticles remain very stable in colloidal sus-
pension. Subsequent extinction spectroscopy measurements show
that these core-shell nanoparticles are stable for at least several days
in aqueous colloidal suspension after the nanoparticle synthesis is
complete.

For additional analysis, the final extinction spectrum of each
gold-silver core-shell nanoparticle sample is directly compared to
the corresponding spectra generated using FDTD calculations. The
extinction spectra for 9 different gold-silver core-shell nanoparticle
sizes are calculating using FDTD, where each Au@Ag nanoparticle
has a spherical gold core of diameter 13.8 nm and different spher-
ical silver shell thicknesses. The 9 different silver shell thicknesses
used for these calculations are 12.0, 13.7, 18.6, 23.0, 27.0, 29.0, 32.0,
35.0, and 37.0 nm, which result in total core-shell diameters ranging
from 37.8 nm to 87.8 nm. Additional details and results regard-
ing the FDTD calculations of the gold-silver core-shell nanopar-
ticle extinction spectra are provided in the supplementary mate-
rial. The experimental extinction spectra are first compared with
the normalized calculated spectra for single core-shell nanoparticles,
using shell thicknesses of 18.6 nm, 27 nm, and 32 nm, to closely
match the average sizes of the corresponding Au@Ag nanoparti-
cles. The blue curves in Fig. 4 show the computed FDTD spec-
tra for these nanoparticle geometries. In general, the spectra show
trends of increasing peak intensities, red-shifted peak wavelengths,
and increasing full widths at half maximum as the silver shell thick-
ness increases, in general agreement with the experimental results.
These calculated spectra from single Au@Ag nanoparticles have
peak wavelengths of 410 nm, 424 nm, and 449 nm, showing a gen-
eral agreement with the experimental results; however, the experi-
mental extinction spectra show greater spectral widths and a lower
degree of spectral red shifting than the single nanoparticle calculated
spectra.

To analyze the influence of nanoparticle size distribution, the
extinction spectra using a distribution of sizes are calculated, tak-
ing the five closest sizes for each Au@Ag nanoparticle sample
with corresponding weighting to match the size distributions from
the TEM measurements. These calculated spectra from distribu-
tions of Au@Ag nanoparticles, displayed as green curves in Fig. 4,
show increased spectral widths compared with the corresponding
single nanoparticles. However, the experimental spectra still have
greater spectral widths and lower amounts of red shifting as com-
pared to the calculated spectra. From these simulations, we con-
clude that polydispersity in the nanoparticle sizes only play a small
role in the observed experimental spectral broadening. Instead, the
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FIG. 4. Normalized final extinction spectra (red line) of gold-silver core-shell
nanoparticles prepared using (a) 27.5, (b) 22.5, and (c) 17.5 ul of precursor
gold seeds, respectively, compared to corresponding spectra calculated using an
FDTD approach from a single Au@Ag particle (blue line) and from a distribution
of sizes (green line). The discrepancies between experiment and FDTD spec-
tra are likely due to polydispersity in nanoparticle shapes and surface/interfacial
roughness.

broadening is likely due to polydispersity in shape and surface mor-
phology, as well as possible imperfections at the buried gold-silver
core-shell interface.

In situ SHG spectroscopy provides a powerful and complemen-
tary tool to understand the nanoparticle growth dynamics, especially
due to the surface sensitivity of the technique.”*”” Representative
in situ SHG spectra for the Au@Ag sample prepared using 17.5 ul
of gold seeds at selected reaction times are shown in Fig. 5. The SHG
signals, with peaks centered at 400 nm and with full widths at half
maximum of 4.5 nm, are clearly distinguished from the two-photon
fluorescence signals at longer wavelengths. Additional in situ SHG
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FIG. 5. SHG spectra for gold-silver core-shell nanoparticles prepared using 17.5
ul of precursor gold seeds at different times during the reaction. The lower level of
noise in the SHG spectrum at 60 s is due to longer acquisition times.

spectra for the Au@Ag sample prepared using 22.5 and 27.5 pl
of gold seeds are shown in the supplementary material. The addi-
tion of AA and NaOH to the mixture of gold seeds, AgNOs3,
and KI is designated as time zero, initiating the nanoparticle
growth dynamics of the silver shell around the gold core, as
described previously. The lower level of noise in the last SHG spec-
trum is a consequence of five-times longer acquisition times. The
time-dependent SHG electric field during the silver shell growth
is shown in Fig. 6 for the three different gold-silver core-shell
nanoparticle samples. The SHG signal is corrected to account for
the time-dependent linear extinction response using the equation,
Istieorr = Istg exp(so0 + 3€400), where Isc, €500, and g0 repre-
sent the measured SHG intensity, the extinction at 800 nm, and the
extinction at 400 nm, respectively.’* The time-dependent SHG elec-
tric field is calculated from the square root of the integrated SHG
signal, where Esg = /IsHG.corr- The SHG intensity before time zero
is very low because the gold nanoparticle seeds are small in size and
have a lower degree of resonance enhancement at the SHG wave-
length. After the addition of the reducing agent AA to the solution,
the SHG intensity increases rapidly, reaching a peak intensity, which
is then followed by a biexponential decay as a function of time, where
the relative intensities and corresponding lifetimes are different for
each sample.

The SHG electric-field time traces are fit using a biexponential
function given by Esyg(t) = Are™ ™ 4 Aye ! ™ 4 Boy, where t is the
reaction time after addition of the reducing agents, 71 and 7, are the
associated growth lifetimes, A; and A; are the corresponding ampli-
tudes, and Bsyg is the offset SHG value. The corresponding fits are
shown in Fig. 6, and fitting parameters are tabulated in the supple-
mentary material. Here, 71 and 7, are denoted as the fast SHG life-
time and the slow SHG lifetime, respectively. The fast SHG lifetime
71 increases as the final nanoparticle diameter increases with the val-
uesof4.5£0.45s,6.5+0.3s,and 10.1 + 0.4 s for the final nanoparticle
sizes of 51.0 nm, 65.8 nm, and 77.7 nm, respectively. Similarly, the
slow SHG lifetime 7 also increases as the final nanoparticle diame-
ter increases with values of 170 + 8 s, 240 + 11 s, and 264 + 17 s for
the final nanoparticle sizes of 51.0 nm, 65.8 nm, and 77.7 nm, respec-
tively. The final SHG electric field per nanoparticle can be estimated
by dividing Bsuc by the nanoparticle concentration, assuming each
seed nanoparticle grows into a core-shell nanoparticle. This gives
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FIG. 6. SHG electric field (red circles) as a function of reaction time during
the gold-silver core-shell nanoparticle reaction using (a) 27.5, (b) 22.5, and
(c) 17.5 ul of precursor gold seeds, compared to the corresponding fits (black
lines).

an estimated final SHG electric field measured per nanoparticle of
(2.4 +0.2) x 107, (3.0 £ 0.02) x 107%, and (4.4 + 0.3) x 10~% for
the 51 nm, 66 nm, and 78 nm Au@Ag nanoparticles, respectively, in
arbitrary units, showing increasing SHG signal as the nanoparticle
size increases, in agreement with previous SHG studies of different
types of nanoparticles.31 106566 1 addition, the SHG intensities of the
Au@Ag nanoparticles have large plasmonic resonance enhancement
at the second harmonic frequency.”’

A comparison of these SHG lifetimes with the correspond-
ing extinction growth lifetimes provides insight into the silver shell
growth dynamics. The extinction growth lifetime 7., as a function of
the final nanoparticle diameter is shown in Fig. 7(a). The fast SHG
lifetime 7; and the slow SHG lifetime 7, are plotted as a function
of the final nanoparticle diameter in Figs. 7(b) and 7(c), respectively.
The fast SHG lifetimes are approximately equal to the corresponding
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FIG. 7. The measured (a) extinction growth lifetime, (b) fast SHG lifetime, and (c)
slow SHG lifetime as a function of final core-shell nanoparticle diameter.

extinction growth lifetimes, so 7; is also attributed to the timescale
of the silver shell growth, where slight deviations between 7; and
Text are caused by the different associated optical processes, with 7;
having enhanced surface sensitivity. However, the slow SHG life-
times 1, occurs over much longer timescales, with the SHG signal
continuing to decrease significantly even as the extinction spectrum
and intensity remain constant. Therefore, the slow SHG lifetime 7,
is attributed to changes in the nanoparticle surface charge density
caused by the y® effect.”**" For additional analysis, zeta poten-
tial measurements are taken for the 66 nm gold-silver core-shell
nanoparticles as a function of time after the addition of the reduc-
ing agents, as shown in Fig. S10 in the supplementary material. The
zeta potential is shown to vary on the same timescale as the slow
SHG lifetime, becoming less negative over time, in agreement with
corresponding surface charge density changes resulting in an SHG

x effect. Ascorbic acid plays a major role as the reducing agent of

ARTICLE scitation.org/journalljcp

Ag" at the nanoparticle surface, and it can exist as both a carboxylic
acid and an ascorbate anion conjugate base in various forms, with
pH-dependent reactivity.”'****” As the reaction proceeds, ascorbic
acid is converted to dehydroascorbic acid for the reduction of two
Ag" ions, releasing two protons.” Excess ascorbate anions at the
surface can then react back to ascorbic acid or leave the surface,
resulting in a decreased surface charge density and a decreased SHG
signal from the x® term. However, more work is needed to fully
characterize the nanoparticle surface chemistry and the correspond-
ing surface charge density during the nanoparticle shell growth
reaction.

By analyzing both the in situ SHG and extinction spectroscopy
together, with comparison to the FDTD calculations, a more exten-
sive understanding of the gold-silver core-shell growth process
is obtained. The results of the in situ SHG and extinction mea-
surements of the Au@Ag nanoparticle growth dynamics can be
described using a three-step model. The sudden rise in SHG sig-
nal immediately after the addition of AA constitutes the first step
which is attributed to a period of rapid growth in shell size where
the nanoparticle surface has a rough, uneven morphology charac-
terized by nanoclustered domains or porous substructures. These
bumpy surfaces generate increased SHG intensities due to plas-
monic hot spots, similar to previous in situ SHG measurements
from gold nanoparticle growth reactions.”*"” This first step occurs
on a timescale that is faster than our current experimental tem-
poral resolution. In the second step, the silver shell continues to
grow and the nanoparticle surface becomes smoother over time,
where the decrease in plasmonic hot spots causes the overall SHG
signal to decrease. This second step has characteristic lifetimes cor-
responding to 71 and 7.x, where the in situ extinction spectra blue
shifts and narrows over time, consistent with this picture,‘w’s""” and
where the shell growth lifetime increases with increasing nanoparti-
cle size, in agreement with similar studies.””’" Finally, in the third
step, the overall Au@Ag nanoparticle size remains constant and
the corresponding extinction spectrum also remains constant, but
additional nanoparticle surface chemistry reactions continue such
that the surface charge density decreases causing the SHG signal to
decrease from the X(3) effect on timescales of 7,. Together, in situ
SHG and extinction spectroscopy provides complementary infor-
mation to study the dynamics of different processes involved in
size-dependent gold-silver core-shell nanoparticle growth reactions
in solution for potential advances in nanoscale engineering.

CONCLUSION

In situ second harmonic generation and extinction spec-
troscopy are used to investigate the size-dependent growth dynamics
of gold-silver core-shell nanoparticles in water. The in situ extinc-
tion spectra show rapid peak intensity increases upon the addition
of ascorbic acid as the reducing agent to solutions of 14 nm col-
loidal gold seed nanoparticles and silver cations, with characteristic
silver shell growth lifetimes of approximately 5-6 s. The nanopar-
ticle growth reactions result in stable core-shell nanoparticles that
vary in size from approximately 51 to 78 nm in diameter, depending
on the initial seed concentration. The in situ SHG results show an
abrupt signal increase followed by a biexponential decrease, where
the faster SHG lifetimes are on the same timescale as the changes
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in extinction spectroscopy, corresponding to the shell growth pro-
cess, while the slower SHG lifetimes of approximately 3-5 min are
attributed to changes in the nanoparticle surface charge density. The
final extinction spectra are compared with finite-difference time-
domain calculations, displaying general agreement, where the plas-
mon peak increases in intensity, red shifts, and increases in spectral
width as the silver shell increases in thickness. Based on the FDTD
results, the broader experimental spectra are likely caused by distri-
butions in nonspherical morphologies and surface/interfacial rough-
ness, as opposed to polydispersity in size. The overall core-shell
nanoparticle growth reaction is consistent with a three-step model,
where the silver shell first grows abruptly with a large degree of
plasmonic hot spots due to a rough, uneven surface, followed by con-
tinued growth with accompanying surface smoothening, followed by
a final step where the nanoparticle core-shell structure remains fixed
in size but surface reactions continue, which decrease the surface
charge density leading to the final, stable colloidal Au@Ag nanopar-
ticle sample. These in situ SHG and extinction spectroscopy results,
combined with FDTD calculations, provide a sensitive method for
studying the real-time growth dynamics of colloidal gold-silver core-
shell nanoparticles and similar hybrid core-shell structures that
can be utilized in developing advanced plasmonic nanomaterial
applications.

SUPPLEMENTAL MATERIAL

See the supplementary material for additional details on the
nanoparticle characterization measurements, experimental setup,
and FTDT calculations.
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