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ABSTRACT: We investigate the effect of surfactant-medi-
ated, asymmetric silver overgrowth of gold nanorods on their
intrinsic optical properties. From concentration-dependent
experiments, we established a close correlation of the
extinction in the UV/vis/NIR frequency range and the
morphological transition from gold nanorods to Au@Ag
cuboids. Based on this correlation, a generic methodology for
in situ monitoring of the evolution of the cuboid morphology
was developed and applied in time-dependent experiments.
We find that growth rates are sensitive to the substitution of
the surfactant headgroup by comparison of benzylhexadecyldi-
methylammonium chloride (BDAC) with hexadecyltrimethyl-
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ammonium chloride (CTAC). The time-dependent overgrowth in BDAC proceeds about 1 order of magnitude slower than in
CTAC, which allows for higher control during silver overgrowth. Furthermore, silver overgrowth results in a qualitatively novel
optical feature: Upon excitation inside the overlap region of the interband transition of gold and intraband of silver, the gold core
acts as a retarding element. The much higher damping of the gold core compared to the silver shell in Au@Ag cuboids induces
mirror charges at the core/shell interface as shown by electromagnetic simulations. Full control over the kinetic growth process
consequently allows for precise tailoring of the resonance wavelengths of both modes. Tailored and asymmetric silver-overgrown
gold nanorods are of particular interest for large-scale fabrication of nanoparticles with intrinsic metamaterial properties. These
building blocks could furthermore find application in optical sensor technology, light harvesting, and information technology.

B INTRODUCTION

Control over metallic nanoparticle morphology and composi-
tion gained increasing significance with respect to tailoring
localized surface plasmon resonances (LSPRs). That makes
noble metal nanoparticles excellent candidates for potential
application as building blocks for metamaterial aépplications,l’2
in optical sensing®* information technology,>® and energy
harvesting.”® In optical metamaterials, a negative index of
refraction can be produced combining a negative electric
permittivity with a negative magnetic permeability at the same
wavelength for building blocks (meta-atoms) much smaller
than the used wavelength.” Major efforts have been spent in
designing resonator structures (e.g., split ring resonators),
which consist of an inductor—capacitor loop, a fundamental
building block for fabrication of metamaterials with negative
index of refraction.'®"" These structures are restricted by small
scale and expensive top-down methods such as electron beam
lithography or focused ion beam milling."” To make widespread
applications feasible, bottom-up methods are necessary, such as
template-assisted self-assembly.'>'* For bottom-up assembly a
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redesign of the applied plasmonic nanoparticle is crucial.'®
Stacked nanoparticle pairs or substrate-supported mirror
charges are promising approaches for meta-atoms with so-
called extrinsic metamaterial properties, only present when
assembled in distinct geometrical configurations.'®'”

An alternative approach is the assembly of preformed meta-
atoms with intrinsic metamaterial properties.'”® Such meta-
atoms can be achieved by amorphous metal overgrowth of
dielectric core particles'”*® or by tailored synthesis of
metal—core/metal—shell particles* ~** with a clear signature
of mirror charges at the core/shell interface. These mirror
charges can be excited with an antenna particle into a receiver
particle as it has been shown for pairs of nanoparticles'’ or
metallic film-coupled nanoparticles.'® Core/shell particles could
be realized by high-precision asymmetric overgrowth and
subsequent facet-selective etching.>™>’ Mirror charges at
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Figure 1. Schematic depiction of the synthetic pathway to Au@Ag cuboids: CTAB-stabilized spherical single-crystalline seed nanoparticles are grown
into rods using CTAB and AgNO; as directing agents and HQ as reducing agent. In a second, step the as-prepared gold nanorods are transferred to

desired surfactants (BDAC, CTAC) and subsequently overgrown with silver into Au@Ag cuboids.

22,48,49,75

metal—/metal interfaces are induced by excitation inside the
overlap region of the interband of gold (core) and intraband of
silver (shell) between 326 and 515 nm wavelengths. Below its
interband transition, gold acts as a retarding element because of
the much higher damping compared to silver at the same
wavelength. This asymmetry facilitates induction of mirror
charges at the core/shell interface, which transforms
gold—core/silver—shell nanoparticles (Au@Ag cuboids) into
potential meta-atoms.

Well-defined gold/silver core/shell particles with a cuboidal
morphology can be synthesized in large quantities in a three-
step process based on surfactant-mediated seeded-growth
approach.”®*’ First single-crystalline seed nanoparticles are
formed and in a second step grown into single-crystalline gold
nanorods.”® These nanorods are subsequently overgrown with
silver to form Au@Ag cuboids.** In general, fine-tuning of
nanoparticle morphology requires to adjust parameters like
seed crystallinity,”** metal ion feed,” type and amount of
reducing agent and surfactants, and application of ancillary
additives.>>**~%" Especially, the choice of the counterion of the
surfactant is crucial owing to preferential adsorption to specific
crystallographic facets.”***~** Differences in adsorption affinity
are attributed to changes in surface energy which can be utilized
to direct nanoparticle growth.***'** Gold—core/silver—shell
nanoparticles in various morphologies can be prepared with
high spatial precision from gold seeds exhibiting well-defined
crystallinity by epitaxial overgrowth with silver.”” 325,2643-48 1y
the presence of chloride ions, silver overgrowth takes place
preferentially at crystal planes of higher index facets such as
{110}, {111}, and {520}.** Single-crystalline gold nanorods
with an octagonal cross section are initially covered by eight
lateral high-index facets.*” Such nanocrystals grow into Au@Ag
cuboids enclosed by six well-defined thermodynamically stable
low-index {100} facets (see Figure 1)2%25% After the
transition from octagonal to rectangular cross section, the
system tends to reduce the free surface energy.”” Thus, silver
deposition preferentially takes place on its lateral facets.”>**

Consequently, it is evident that the choice of surfactant, apart
from stabilizing the nanoparticles, is crucial for particle shape
and monodispersity.”**%*”*° Three main contributions have
been assigned to the surfactant: growth direction, complex
formation with metal ions, and bilayer formation at the
nanocrystal surface.***'™>* Aromatic compounds can be
exploited in order to reduce the amount of impurities and
reduce size dispersity in gold nanorod synthesis.”*?%3"3%3%5%
Benzyl-substituted surfactants like benzylhexadecyldimethylam-
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monium chloride (BDAC) or aromatic additives like S-
bromosalicylic acid strongly influence nanoparticle synthe-
sis.”***3% Derivatives of phenole, e.g. hydroquinone, can act as
weak reducing agents and thus are able to reduce metal
ions.*>***> Furthermore, aromatic compounds have been
reported to influence the bilayer formation owing to hydro-
phobic and attractive 7—7 interactions.**>” As a consequence,
aromatic surfactants may affect the micellar aggregation number
and the critical micelle concentration and alter the packing
density of the bilayer.’>*®*** Even though there are several
studies on growth kinetics of anisotropic nanoparticles reported
in the literature,3>3¢>*0=¢7 Jittle is reported on the specific
influence of aromatic moieties at cationic surfactant head-
groups.*” The challenge is the fundamental understanding how
aromatics influence the reaction kinetics and if their influence is
more related to complex formation, bilayer formation, diffusion,
or all three combined.

So far, studies on the kinetics of the growth processes were
mainly performed on solid substrates by tracking the growth of
individual nanoparticles with sophisticated spectroscopic
methods.**"%*%® Methods like small-angle X-ray scattering
(SAXS) and conventional UV/vis/NIR extinction spectroscopy
were utilized to gain information about the kinetics of particle
ensembles,>>304247.0076367.69=71 goyecially, UV /vis/NIR spec-
troscopy is accessible to a broad scientific community and
allows for noninvasive growth monitoring with a high temporal
resolution. Deriving morphological features for complex objects
like overgrown nanoparticles, however, requires a solid
understanding of the correlation of the spectroscopic response
and the morphological changes during growth. A better
understanding of the overgrowth kinetics will allow for
increased control within nanoparticle synthesis and lead to a
more rational molecular design of suitable surfactants.

In this work, we present the surfactant-controlled overgrowth
of gold nanorods into gold—core/silver—shell nanoparticles
(Au@Ag cuboids) to gain low growth rates for full control of
the kinetic process. We chose two surfactants with the same
counterion, but with different headgroup substituents, ie.,
benzylhexadecyldimethylammonium chloride (BDAC) and
hexadecyltrimethylammonium chloride (CTAC), to synthesize
Au@Ag cuboids. While BDAC ofters lower growth rates, which
is favorable for nanoparticle synthesis, CTAC serves as a
reference system to further enhance our understanding of the
silver-shell growth kinetics. We link the results from electro-
magnetic simulation precisely with the UV/vis/NIR extinction
to provide information about morphology at each step of the

DOI: 10.1021/acs jpcc.5b03155
J. Phys. Chem. C 2015, 119, 9513—-9523


http://dx.doi.org/10.1021/acs.jpcc.5b03155

The Journal of Physical Chemistry C

overgrowth process and uncover transient morphological
changes. Furthermore, we evaluate the formation of intrinsic
mirror charge signatures at the core/shell interface for potential
application in metamaterials.

B EXPERIMENTAL SECTION

Materials. All chemicals were purchased from Sigma-
Aldrich unless mentioned otherwise: sodium borohydride
(NaBH,, >99.99%), gold(Ill) chloride trihydrate (HAuCl,
3H,0, >99.9%), silver(I) nitrate (AgNO;, >99.9%), hexadecyl-
trimethylammonium bromide (CTAB, 99%, Merck), hexade-
cyltrimethylammonium chloride (CTAC, Molekula), benzyldi-
methylhexadecylammonium chloride (BDAC, Molekula),
ascorbic acid (AA, >99.0%), and hydroquinone (HQ, >99%)
were used as received without further purification. All solutions
were freshly prepared except for gold stock solution and used
without further purification. Water was purified using a Milli-Q_
system (Millipore). The final resistivity was 18.2 MQ-cm.

Characterization. UV/vis/NIR spectra were recorded at a
Jasco V-670 (US-MD) with a temperature control unit.
Nanoparticle solutions were dissolved 10 times with the
respective surfactant to reduce extinction. TEM images were
obtained with a LEO CEM902 operating at an acceleration
voltage of 80 kV and with a LEO 922 OMEGA EFTEM with an
acceleration voltage of 200 kV from Zeiss (Germany). Zero-loss
filtered images were recorded using a bottom mounted
Ultrascan 1000 (Gatan) CCD camera system. Gatan Digital
Micrograph 3.9 for GMS 1.4 software was used for image
acquisition. For TEM analysis 1 mL of nanoparticle solutions
were concentrated to 100 yL via centrifugation and washed
twice to adjust the surfactant concentration to 1 mM. S uL of
the as-prepared solution was dried on Quantifoil 300 mesh
copper grid with carbon films. Measurements performed for
edge sharpening evaluation (Figure 4) were prepared under a
N, environment. For size evaluation the software Image]
(version 1.44p, U.S. National Institutes of Health) was used.

Seed Synthesis. Seeds were prepared as reported elsewhere
with small variations. Briefly, S mL of an aqueous 0.5 mM
HAuCl, solution was added to S mL of an aqueous 02 M
CTAB solution and stirred for 10 min. The solution was
vigorously stirred at 1200 rpm, and 600 uL of a freshly
prepared 0.01 M NaBH, solution was added quickly. The
solution was stirred for 2 min and aged for another 30 min.

HQ-Based Synthesis of Gold Nanorods. Nanorods with
an AR of 5.5 were prepared following a procedure published
recently by Vigdermann and Zubarev.*® Briefly, to 250 mL of
an aqueous 0.1 M CTAB solution 1250 L of a 0.1 M HAuCl,
stock solution was added to yield a final concentration of 0.5
mM. Afterward, 1250 uL of an aqueous 0.1 M AgNOj; solution
was added, followed by the addition of 12.5 mL of an aqueous
0.1 M HQ solution. The solution was stirred at 600 rpm at 32
°C, yielding a colorless solution. To induce nanorod growth, 6
mL of the as-prepared seed solution was added followed by
vigorous shaking. The solution was stored at 32 °C overnight.

Silver Overgrowth. Overgrowth was performed according
to a protocol 2published recently by Gomez-Grafia et al. and
others.””*>**”% Briefly, as-prepared seeds were centrifuged at
8500 rcf for 30 min and transferred to a 10 mM surfactant
solution. Subsequently, they were washed six times with a 10
mM surfactant solution to ensure full surfactant exchange. To 5
mL of 0.25 mM nanorod seeds in 10 mM surfactant solution
varied amounts (2.5—100 L) of a 0.1 M AgNO; solution were
added to adjust the final Ag concentration to a desired value
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(0.05—2 mM) (see also Table S2). The solution was heated to
60 °C and stirred at a constant rate of 600 rpm. To initiate the
reduction, an aqueous 0.4 M AA solution was added. The
amounts were the same as for AgNO; to ensure a 4 times molar
AA excess. The reactions were allowed to proceed at 60 °C for
8 h.

Kinetic Experiments. Dynamic overgrowth experiments
were performed similar to static overgrowth experiments.
Briefly, as-prepared seed nanorods were transferred to a 10 mM
surfactant solution by centrifugation at 8500 rcf for 30 min and
washed six times with a 10 mM surfactant solution to ensure
full surfactant exchange. To 5 mL of seed solution containing
0.25 mM gold 100 L of a 0.1 M AgNOj; solution was added to
adjust the final silver concentration to 2 mM. The solutions
were heated to 60 °C and stirred at a constant rate of 600 rpm.
To initiate the reduction, 100 uL of a 0.4 M AA solution was
added. The reactions performed within UV/vis/NIR cuvettes
were diluted 5 times with the specific 10 mM surfactant
solution and were allowed to proceed at 60 °C for 14 h.

FDTD Simulations. Extinction spectra were simulated using
a commercial software from Lumerical Solutions, Inc. (FDTD
Solutions, Version 8.7.3). First, we modeled the gold nanorods
(82 nm times 1S5 nm) in water (n = 1.333) with different
amounts of cap rounding (Figure S2), which is defined by an
ellipsoid with fixed first radius (nanorod width) and a variable
second radius. In agreement with experimental peak positions,
we chose a cap radius of 5 nm. The nanorods dimensions were
evaluated using TEM images (Figure S1). For a broadband
source simulation (total-field scattered-field source, A = 300—
1300 nm), the FDTD software approximates the refractive
index of the materials by a polynomial function. For the optical
constants of Au, a fitting of the experimental data by Johnson
and Christy (JC) was applied (six coefficients, one imaginary
weight: 0.211 RMS error).”> Second, the pure Ag cuboid was
modeled with an edge radius of 8% of the cuboid length. Third,
the Au@Ag cuboid was modeled with dimensions (82—92 nm
X 15—38 nm) as evaluated from TEM images (Figure S3). For
the Ag permittivity, material data from Hagemann et al. (CRC)
were used (five coefficients, two imaginary weight: 0.187 RMS
error).”* The parameters for the simulation performed for the
kinetic plot are summarized in Table S1. A mesh size of 0.5 nm
was chosen, and the zero-conformal-variant mesh refinement
was used. For the best simulation stability, the mesh area was
chosen to be 50 nm larger than the existing structure in all
three principal directions. All simulations reached the auto
shut-off level of 10~ before reaching 150 fs simulation time.
Antisymmetric boundary conditions (BC) were used normal to
the polarization plane, and symmetric BC were used parallel to
the polarization plane. In radiation direction we used in both
directions the perfect match layer BC. To determine the surface
charge densities, we simulated the model at the plasmonic
mode frequency at a pulse length of ~20 fs (optimized for long
pulse length).

B RESULTS AND DISCUSSION

Synthesis and Optical Properties of Au@Ag Cuboids.
Au@Ag cuboids are prepared in two steps. Single-crystalline
gold nanorods were synthesized followed by a subsequent
overgrowth with silver (see Figure 1). The gold nanorod cores
used for surfactant-controlled silver overgrowth were prepared
following a protocol published recently by Vigderman and
Zubarev.*® This seed-mediated synthesis utilizes the surfactant
CTAB and silver nitrate (AgNO;) as growth directing agents,
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Figure 2. Normalized UV/vis/NIR extinction of (a) gold nanorod cores and Au@Ag cuboids prepared with (b) CTAC or (c) BDAC as surfactant.
Simulated extinction spectra are included in red color. Insets show TEM images of the final nanoparticle morphology.

similar to the preparation of single-crystalline gold nanorods
(see Figure 1).**° In contrast to most widely used methods,
ascorbic acid (AA) is replaced by an excess of hydroquinone
(HQ).>>>® This strongly influences the growth kinetics, since
HQ is a weaker reducing agent and might also act similar to
aromatic additives.>*** Thus, applying HQ_results in high gold
ion conversions (up to 100%) and low amounts of impurities
making further cleaning steps obsolete.’® The concentration of
AgNOj; was optimized in order to yield high aspect ratios up to
5.5. So far, aspect ratios in this range have only been reported
for synthesis routes using binary mixtures of surfactants.”>°
As-prepared gold nanorods were used to exchange CTAB
against the respective surfactant (CTAC or BDAC) for
subsequent anisotropic, controlled silver overgrowth (see
Figure 1). Multiple centrifugation steps were performed to
ensure complete replacement of counterions (bromide against
chloride). The surfactants used in this work differ in the
substitution of the ammonium headgroup with BDAC
containing an aromatic benzyl group instead of a methyl
group for CTAC (see Figure 2). Recently, Zhang and co-
workers reported on the morphology of gold nanorods
prepared with HQ_ and phenols to be single-crystalline.>> This
finding is consistent with our results as the gold nanorods
prepared with HQ grow in highly anisotropic fashion.
Consequently, the single-crystalline gold nanorods possess
lateral high index facets and thus grow into well-defined Au@
Ag cuboids with six {100} facets (see Figure 1). The final
cuboidal morphology is expected for chloride as counterion
stabilizing selectively the {100} facets due to a significantly
reduced surface energy of these facets compared to others as a
result of an increased packing density of ions.”? Indeed, this
manner is observed for both surfactants, giving evidence that
the final crystalline structure and shape of the prepared cuboids
and consequently the underlying growth process are strongly
constrained to the counterion.””*>** At acidic conditions the
intermediate ascorbate anion is the dominant species present in
solution and responsible for reducing silver ions.”®”’
Consequently, the reduction rate is significantly reduced
compared to basic conditions. Thus, overgrowth was performed
at elevated temperature of 60 °C to increase the reducing
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power of AA and ensure a consistent reduction of silver
ions 222672

The gold nanorods were characterized by UV/vis/NIR
spectroscopy and transmission electron microscopy (TEM) as
presented in Figure 2. The nanorods display a near-infrared
longitudinal mode of 988 nm and a transversal mode of 510 nm
(see Figure 2a). Nanorod dimensions were determined from
TEM measurements to be 82 + 8 nm in length and 15 + 1 nm
in diameter (see Figure S1). The overall amount of impurities
was below 1%, as suggested by the high intensity ratio of the
longitudinal to transversal mode of 7.5.°**® Based on these
results, finite-difference time-domain (FDTD) modeling was
performed.78 By varying the rod dimensions and tip curvature,
the best agreement with the experimental data was found for a
gold nanorod of 82 nm in length, 15 nm in width, and a tip
radius of S nm (compare Figure S2). In modeling, a nanorod is
constituted from a cylinder with two semiellipsoids as tips. The
ellipsoid radius at the cylinder border is defined by the rod
diameter while the radius in the geometric axis of the cylinder is
defined as tip radius.

The UV/vis/NIR extinction spectra depicted in Figure 2b,c
show syntheses performed with a molar Ag to Au ratio of 8 and
either CTAC or BDAC as surfactant. The resulting spectra
contain four resonance modes characteristic for cuboid or
cubelike silver and gold—core/silver—shell nanopar-
ticles.>>**~%%7> The energetically lowest resonance mode is
referred to the longitudinal mode (~610 nm), excited along the
geometric axis. The energetically lowest resonance mode for a
square cross section is attributed to the transversal mode (~530
nm), excited perpendicular to the geometric axis of the cuboid.
The energetically highest resonance mode is just above the
interband transition of silver (300 nm). Between the energeti-
cally highest and lowest plasmonic transverse mode two
additional transversal modes are located (between 326 and
490 nm), which are characterized by a dominant dipolar mode
and higher dipolar modes as a left shoulder. Generally, with
increasing size of the particle the plasmonic modes shift toward
lower energy because they are easier to polarize.*”%® Over-
growth of gold nanorods with a silver shell results in a
significant narrowing of the longitudinal plasmonic mode due
to lower amount of damping and better polarizability compared
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Figure 3. Au@Ag cuboid growth in static experiments: heat maps of the concentration-dependent evolution of plasmonic modes complied from
normalized UV /vis/NIR extinction spectra in (a) CTAC and (g) BDAC. Longitudinal modes (L-LSPR), length, width, and corresponding aspect
ratio of Au@Ag cuboids synthesized in (b) CTAC and (h) BDAC plotted versus Ag to Au ratio. TEM micrographs of Au@Ag cuboids prepared with
Ag to Au ratios of 0.2, 1.2, 2, and 6.4 for (c—f) CTAC and (i—1) BDAC.

to gold. This effect is not related to changes in size distribution
of nanoparticles and is referred to “plasmonic focusing”.é5
The length and width of as-prepared Au@Ag cuboids were
determined to be 95 + 8 and 45 + 3 nm for preparation with
CTAC and 92 + 8 and 39 + 2 nm for BDAC (see Figure S3),
drastically altering the aspect ratio from 5.5 (gold nanorod
cores) to around 2.1 and 2.4 for Au@Ag cuboids, respectively.
The TEM images in Figure 2b,c clearly reveal that the epitaxial
growth of the silver shell on gold nanorod seeds takes place
almost exclusively at the lateral facets. Thus, the nanoparticles
become thicker and ultimately grow into Au@Ag cu-
boids.”>*”**>7> Eor the simulations presented in Figure 2b,c
the best results were found for 0% and 2% edge rounding for
BDAC and CTAG, respectively. We define the edge-rounding
factor for a cuboid as the edge or corner radius, respectively,
scaled by the length. As reported in the literature, the typical
edge-rounding factor of cuboidal particles in an aqueous
solution is between 8% and 16%.””~®' The very low amount of
edge rounding results in a large number of resonances and the
significant red-shift of plasmonic modes (dipolar modes)
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compared to rounded nanostructures. Generally, the number
of resonances increases as the symmetry of a structure
decreases (see Figure $4).%° We found the best agreement
between the simulated spectra and the experimental measured
spectra when we assume sharp edges. Consequently, the edge
rounding is a good indicator for the quality of Au@Ag cuboid
syntheses.

Noninvasive Monitoring of Silver Overgrowth. In situ
monitoring by UV/vis/NIR spectroscopy allows for quantifi-
cation of transient morphological changes (length, width,
aspect ratio, edge rounding) during silver overgrowth, if
quantitatively compared with detailed simulations. Therefore,
we first performed static experiments (completed overgrowth at
given Ag to Au ratios) to clearly correlate the morphology of
Au@Ag cuboids with FDTD simulations. Second, we applied in
situ monitoring in dynamic experiments for two surfactants
with the same counterion, but with different headgroup
substituents, i.e, BDAC and CTAC. Third, we established a
kinetic model to describe the overgrowth mechanism.

DOI: 10.1021/acs jpcc.5b03155
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Figure 3 shows static experiments at different Ag to Au ratios
(0 to 8). This ratio ultimately limits the amount of silver
deposition leading to distinct thickness of the silver shell. The
dimensions of resulting cuboids were evaluated with TEM (see
Figure 3 and Figure SS). Figure 3a—g presents the spectral
signatures for BDAC and CTAC in dependence on the Ag to
Au ratio. The remarkable similarity of the observed plasmonic
responses indicates that both surfactants yield Au@Ag cuboids
of identical morphology. In particular, the blue-shift of the
plasmonic mode (1) from 975 to 650 nm can be precisely
tailored by variation of the Ag to Au ratio. The appearance of
sharp transversal modes (e.g, at ~450 nm (2)) indicates
cuboids.

Figure 3b—e summarizes the morphological parameters
(length, width, and aspect ratio) resulting from the choice of
surfactant and Ag to Au ratio. The cuboids experience a change
in aspect ratio from 6 down to 2 as they extend almost
exclusively in width. The growth in length of about 10 nm is
considerably below the lateral growth of up to 30 nm.
Consequently, tailored overgrowth with defined Ag to Au
ratio results in the identical Au@Ag cuboid morphologies,
independent of the used surfactant. This intermediate result is
crucial to link the spectral signature to morphological changes.

To study the influence of the surfactant on the kinetics of the
overgrowth process, we conducted dynamic, in situ experiments
at a fixed Ag to Au ratio of 8 at a temporal resolution of 5 min.
Figure 4a,b shows the time-dependent UV/vis/NIR data using
either CTAC or BDAC (see also Figure S6). Qualitatively, it is
obvious that the conversion with CTAC proceeds much faster
than with BDAC but converges into almost identical mode
structures i.e., mode shifts and intensity distributions of all four
modes. Therefore, we can conclude that both surfactants yield
Au@Ag cuboids comparable in structure, size, and edge
rounding (see Figure S7).

The dynamic experiments revealed new transient spectral
features, as we will discuss in the following. Figure 4a,b shows
the longitudinal dipolar plasmonic mode (1), which experiences
an initial shift toward blue up to a maximum value of about 652
nm for CTAC and 663 nm for BDAC. This blue-shift is
followed by a significant red-shift of mode (1) of 15 nm for
CTAC and 10 nm for BDAC. At the same time the transversal
modes (2), (3), and (4) arise. Upon further overgrowth, these
modes increase in intensity and shift toward red.

Comparing FDTD simulation with above-mentioned results,
the growth process can be divided in separated processes (see
Figure 4c). The initial blue-shift of mode (1) can be attributed
to the constant increase of the silver shell thickness, the
corresponding change in aspect ratio, and the morphological
transition from octagonal to square cross section. The
subsequent significant red-shift cannot be explained by further
overgrowth. We included an extended linear overgrowth (total
length 101 nm and total width 55 nm) in the Supporting
Information (Figure S8a). Theoretical modeling with an
excellent match with the experimental observation assign this
red-shift to a small change in the edge rounding, which is
between 0% and 8% (Figure 4c and Figure S8b). Taking this
feature (so-called edge sharpening) into account, we can
describe the overgrowth process in more detail: First, the Au@
Ag cuboid extends stepwise both in length and in width, from
its initial seed geometry (82 nm X 15 nm) up to 92 nm X 38
nm, keeping a constant edge rounding of 8%. After that, the
edge rounding is decreased in order to emulate the red-shift.
Finally, an ideal structure of an Au@Ag cuboid with sharp

9518

Time / min

1000

500 750 1250
b Wavelength / nm
800 .
] BUA
600
£
£
'@ 400-
E
=
200 .......
150 nm
0
500 750 1000 1250
Wavelength / nm
C
[
o
T
w
3
N
n

500

750 1000
Wavelength / nm

1250

Figure 4. Au@Ag cuboid growth in dynamic experiments and
compared to simulation: heat maps of time-dependent UV/vis/NIR
extinction spectra of syntheses performed with (a) CTAC and (b)
BDAC at Ag to Au ratio of 8 (also compare Figure S6). Representative
TEM insets show the final Au@Ag cuboids. The plasmonic mode (1)
features an initial blue-shift followed by a slight red-shift as highlighted
by the white dashed line. (c) Modeled evolution of the spectral
signature considering both changes in dimension (size) and edge
rounding (edge) (for simulation parameters see Table SI).

edges and final dimensions of 92 nm X 38 nm is formed and
maintained. These results were evidenced by additional TEM
measurements performed under inert gas conditions during
sample preparation to suppress rapid oxidation/sulfidation of
silver in air as observed for static experiments (see Figure 3).
TEM micrographs shown in Figure 4 as insets reveal sharp
edges obtained for both surfactants, even though oxidation of
the highly reactive sharp edges could not be completely
avoided. However, the combination of UV/vis/NIR and
theoretical modeling give strong evidence that the observed
overgrowth can be clearly divided into completely separated
processes: (I) growth and (II) edge sharpening.
Quantitative Analysis of the Overgrowth Kinetics. In
the following, we investigated the influence of the surfactant
headgroup on the kinetics of overgrowth. Thus, we employed a
master curve to evaluate the time-dependent volume change
from the experimental UV/vis/NIR data (see Figure S9).
Figure S shows the evolution of the particle volume over time
for both surfactants. The volume change shows a sigmoidal
behavior as expected for surface-controlled growth reac-
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reduced ions N, over time. The corresponding growth rates (red),
given by the first derivative dNjg/dt, exhibit three growth regimes:
increasing growth rate, constant growth rate, and the cease of growth.
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tions.’"%* The volume change over time is given by the number

of silver ions (N,g') reduced to elementary silver (N,y") at the
particle surface times the volume of a single silver atom V),
(0.0125 nm?).**

dv _ d‘l\TAg0 dNAgO dNAg+

dt dt dt dt (1)

At first glance, it becomes apparent that the overgrowth
proceeds in CTAC faster than in BDAC by a factor of 8. The
respective maximum growth rates differ by about a single order
of magnitude. Generally, the overgrowth proceeds similar for
both surfactants: First, the growth rate increases linearly with
time. The acceleration of the growth rate in BDAC (0.05 =+
0.01 nm®/s?) is about 30 times slower than in CTAC (1.4 + 0.1
nm?®/s*). Subsequently, the volume increases at nearly constant
growth rates (CTAC, 48 + S nm®/s; BDAC, 4 + 1 nm?/s).!
Finally, the growth rate decreases successively until the final
volume is obtained. From the theoretical modeling, we can
infer that late stages of the overgrowth process are dominated
by shape changes of the particles, ie, edge sharpening.
Consequently, the master curve is only valid within the actual
growth regime (see Figure S9). At this point, we can formulate
a generalized silver overgrowth mechanism in the context of
surfactant-controlled kinetics.

Figure 6 gives a schematic representation of the generalized
silver overgrowth mechanism, which involves three main
processes: (1) the micellar diffusion of surfactant-stabilized
Ag* ions (Ag'@micelle) in bulk solution, (2) the transport of
ions across the fluid surfactant bilayer, and (3) the reduction of
ions at the metal surface. In regard to the first process, both
surfactants form micelles of different aggregation numbers
(BDAC 62, CTAC 101)*® but of comparable sizes (radius 3
nm, SAXS) in water.”’ Thus, similar diffusion rates can be
expected in bulk solution above the critical micellar
concentration. The resulting diffusion coeflicient of 7.6 X
107" m?/s for such a micelle would result in much faster
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Figure 6. Schematic representation of the three-step silver overgrowth
mechanism.

reaction kinetics for a purely diffusion-limited regime.61 Thus,
micellar diffusion (step 1) is not rate-limiting as it can be
expected to allow for a steady supply of ions from solution
indifferent of the surfactant. Therefore, the significant differ-
ence in reaction kinetics observed for BDAC and CTAC can be
attributed to either the bilayer transition (surfactant—surfactant
interactions; step 2) or the reduction at the surface (ion-
surfactant interactions; step 3), or a balance of both.

In regard to step 2, the fluid surfactant bilayer at the particle
surface acts as a stabilizing membrane. Hence, differences in
membrane stiffness could significantly affect ion supply. The
effective membrane stiffness not only arises from the molecular
packing density and thermodynamics but also gains from
distinct headgroup interactions. For BDAC, these are 7—n
interactions of the benzyl substituents. However, a lower
packing density (due to bulky headgroups) may be balanced by
intermolecular interactions. In regard to step 3, Ag" exhibits
higher binding affinity toward BDAC owing to cation—x
interactions of the electron-rich benzyl headgroup.*> The
aromatic complexation might inhibit the reduction of Ag'@
BDAC compared to Ag"f@CTAC.

To solve the question whether the bilayer transition (step 2)
or the reduction at the surface (step 3), or a balance of both, is
rate determining requires further in-depth studies. Never-
theless, the presented approach can be used as a generic
concept to determine growth rates of nanoparticle synthesis in
situ even for complex morphologies. In addition, our results
have great potential for tailoring of reaction rates by a rational
choice of surfactants.

Plasmonic Modes of Au@Ag Cuboids. With an
experimental control of the overgrowth process it is possible
to fabricate tailored plasmonic Au@Ag cuboid modes. Figure
7a shows resonance frequencies of all dominant plasmonic
modes during the overgrowth process and the corresponding
changes in aspect ratio. Furthermore, we compared the
plasmonic modes from the overgrowth process with a pure
silver cuboid to emphasize the influence of the gold core.
Figure 7b shows the surface charge distributions relative to
their excited wavelength. The gold nanorod exhibits two dipolar
modes, which are defined as zeroth-order modes (subscript 0)
with respect to their exciting polarization (superscript L/T).
The identical mode signatures are present for the pure silver
cuboid of zeroth order. Because of sharper edges in comparison
to the nanorod, we observe two further, higher dipolar modes
(subscript 1—2). These so-called cubic plasmonic modes are
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Figure 7. (a) Plasmonic modes evaluated from simulated extinction
spectra for increasing aspect ratios for gold nanorod overgrowth with
silver (solid lines) and pure silver cuboid (intersected lines). (b)
Plasmonic modes (surface charge distribution) of the gold nanorod,
Au@Ag cuboid, and pure silver cuboid relative to their excitation
wavelength. (c) Electric field distribution of transversal modes of the
Au@Ag cuboid. The edge rounding was fixed to 8%.

well-known and described in more detail elsewhere.*** As
expected from the overgrowth process, the silver cuboid modes
are dominating the gold nanorod mode, which results in a
significant blue-shift of the gold nanorod mode. However, the
resulting Au@Ag cuboid modes are different to the cuboid

modes without gold core in respect to their excited polarization
and wavelength. The longitudinal Au@Ag cuboid mode
exhibits the same charge distribution at the gold nanorod
core and the silver cuboid shell (in-phase charges). In contrast,
all transversal Au@Ag cuboid modes exhibit opposite charges at
the core in respect to the shell (mirror charges).

These induced mirror charges at the gold nanorod core in
respect to the silver cuboid shell are correlated with the
complex permittivity (¢ = &' + ie”) of the used materials (see
Figure S10). The induced mirror charges of the transversal
Au@Ag cuboid modes occur between the band overlap of the
intraband of silver (326 nm) and the interband of gold (515
nm). At this wavelength range the damping of gold is
significantly higher compared to silver (¢”), whereas the
polarizability follows the same trend (¢&’). It is important to
note that in the interband region of gold the real part of
permittivity is at the limit for surface plasmon resonances
(nonradiative condition) as described by Raether.®® Briefly, for
a non-radiative condition the real part of the metal must be
negative and smaller as the permittivity of the environment (&’
< —€medium) i OUT case water (&1, = 1.77). In the interband of

gold the permittivity falls below the non-radiative condition
with increasing energy (see Figure S10). Consequently, the
induced mirror charges are getting stronger at lower wavelength
(Figure 7b,c). More details of the transversal modes could be
found in the Supporting Information (Figures S11—13 and
Text S1). This significant difference in damping and polar-
izability at the overlap region renders the gold core a retarded
plasmonic element compared to the silver shell. If this finding is
transferred to an antenna-receiver model, the silver shell can be
described as antenna, which transmits its electromagnetic field
to the gold core (receiver). To the best of our knowledge, this
antenna effect at the metal/metal interface of core/shell
particles has not been reported in the literature so far.
Following the plasmonic mode (2) during the overgrowth
process reveals that the induced mirror charges already occur at
a very thin silver layer (see Figure 8). These two modes at 474
nm (in-phase charged) and 397 nm (mirror charged) are also
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Figure 8. Evolution of plasmonic mode (2) during the tailored overgrowth process to emphasize the nature of in-phase and mirror charges. The
mirror charges occur exclusively in the overlap region of interband and intraband of gold and silver, respectively. Surface charge distribution plots of
(a) the gold nanorod core and (b—e) Au@Ag cuboids of different dimensions [width/length] and shell thicknesses (side/end). All units are in

nanometers.
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recognizable as peaks in the extinction cross section. With a
turther shell overgrowth only the mirror charged mode is visible
in the extinction cross section (Figure 8c—e). To excite the in-
phase charge distribution (Figure 8e), the core must be excited
at its resonance wavelength (502 nm) with a small bandwidth
33 THz (28 nm). The antenna effect has the same signature as
the bonding and antibonding mode described by the
hybridization model from Prodan et al*® Comparing the
Au@Ag cuboid mirror charges with a hybridization model
observed for stacked double crescents reveals two advantages:>
All modes are in the optical visible spectrum, and the energetic
difference between the modes is about a factor of 3 smaller.
Consequently, with full control during the overgrowth the
silver shell could be fine-tuned to the wavelength of interest.
These building blocks with intrinsic metamaterial properties
have potential for application in metamaterials, if self-assembled
to clusters (trimer and heptamer assemblies) or modified by
facet-selective etching to break the symmetry and form split-
ring-resonator-like structures. This paves the road for new
strategies to develop cost-efficient syntheses of nanophotonic
structures, which exhibit strong mirror-charge responses or
Fano-like resonances, similar to metal/dielectric cluster
assemblies.*®

H CONCLUSION

The close correlation of transient morphological and optical
changes during overgrowth of gold nanorods with a cuboidal
silver shell is a straightforward approach to thoroughly explain
in situ kinetics recorded with UV/vis/NIR spectroscopy. This
approach enabled us to compare two different surfactants
namely CTAC and BDAC with respect to their impact on
nanoparticle growth behavior. Static experiments revealed
almost no differences in nanoparticle quality for both
surfactants since the overall growth mechanism and the final
shape is dictated by the counterion chloride in combination
with the Au to Ag ratio. Selective stabilization of {100} facets
lead to nanoparticle overgrowth into Au@Ag cuboids as
reported elsewhere.*>”" However, the surfactants show
significant differences in their overgrowth kinetics. The
overgrowth rate of BDAC is about an order of magnitude
lower compared to CTAC. This can be directly related to the
headgroup structure as aromatics strongly influence the kinetics
of nanoparticle syntheses. Detailed investigation revealed that
the overgrowth kinetics can be divided in three stages: (I)
accelerated growth, (II) constant growth rate, and (III)
deceleration going along with edge sharpening. Furthermore,
we found that edge rounding is a good indicator for quality of
the performed synthesis. These results will help to further
increase understanding of nanoparticle syntheses and over-
growth processes. In addition, this knowledge offers the
possibility to fine-tune and enhance control for nanoparticle
synthesis and overgrowth reactions. Investigation of the
plasmonic modes revealed that the presence of the gold
nanorod core inside the silver cuboid alters the resulting
resonances. These Au@Ag cuboid modes feature in-phase and
mirror-charged plasmonic modes. The latter might be of
particular interest for metamaterial design due to their induced
mirror charge nature, which is a prerequisite for negative

permeability.
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