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Optical Response of Metallic Nanoparticle
Heteroaggregates with Subnanometric Gaps

Christos Tserkezis, Richard W. Taylor, Jan Beitner, Rubén Esteban,

Jeremy J. Baumberg, and Javier Aizpurua*

The optical response of metallic nanoparticle heteroaggregates with well-
defined, subnanometric interparticle gaps is studied both theoretically and
experimentally for clusters formed by nanoparticles of different size and/or
different material (Au and Ag). The optical spectra of the aggregates can be
understood in terms of excitation of chain-like plasmon modes, which are
associated with short and long linear chains that constitute the cluster inter-
nally. The dependence of the optical properties of the aggregates on the size
of the metallic nanoparticles, the interparticle gaps, and the dielectric envi-
ronment is revealed in model electromagnetic calculations. A rigid molecular
linker, cucurbit[S]uril, is used to experimentally form Au heteroaggregates of
different sized particles, as well as heteroaggregates of silver and gold. It is
shown that in both types of heteroaggregates, the ratio of the two different

the interparticle gap, can be generated.!!?
Additionally, such systems trigger non-
linear phenomenal'¥l and are character-
ized by increased sensitivity to the local
environment.'™ Finally, dimers or small
clusters of metallic nanoparticles are also
used as plasmonic nanometric rulers, ]
while the in-gap field localization has been
exploited in nanophotonics, in the design
of subwavelength optical waveguides.!'®l
Interaction between metallic nanoparti-
cles in an aggregate is controlled to a great
extent by the size of the interparticle gap.
Therefore, a method to obtain metallic
nanoparticle clusters with well-defined,

nanoparticles provides a versatile and easily controllable way to tailor the
dominant long-wavelength chain mode. Experimental tracing of the optical
response of such heteroaggregates in time during aggregation supports the
formation of long-wavelength modes, which can be attributed to excitation of

long chains inside the clusters.

1. Introduction

Aggregates of metallic nanoparticles in close proximity are
very attractive building blocks in nanophotonics because they
produce enhanced local electromagnetic (EM) fields, highly
confined in the interparticle gap (hot spot), with intensities dra-
matically exceeding those around the corresponding single nan-
oparticle units.' These unique properties lead to enhanced
Raman scattering!®® and fluorescence,’”! thus making clus-
ters® or arrays!'®!!l of metallic nanoparticles ideal for spec-
troscopy and sensing applications. Moreover, it has been shown
that large optical forces, which may trap atoms or molecules in
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reproducible gaps is highly desirable.
While good control of distances in general
can be achieved for large gaps (>10 nm)
with lithographic techniques,*'7 fabri-
cating subnanometric gaps can be particu-
larly challenging. Self-assembly provides
a much easier, cost-efficient means to
achieve such small interparticle distances.
However, colloid aggregates often suffer from poor reproduc-
ibility of the gaps, and a series of linking molecules, such as
DNA,"8 biotin-streptavidin,! or multivalent thiols,?”! have
been used. In reality, such rigid linkers restrict access to the
EM hot spots, while the size of the interparticle gaps is still not
very accurately defined. A class of molecules that have been
proven efficient in providing well-controlled subnanometric
gaps are cucurbit[njurils (CB[n]s).?"?!] These are rigid, barrel-
shaped macrocyclic molecules, which bind to the metallic sur-
face through the carbonyl groups at the portals,?3! thus fixing
the separation of metallic nanoparticles at precisely 0.9 nm. In
addition, the internal cavity within the CB[n] can act as a host,
allowing the placing of a target molecule at the exact center of
the linked interparticle gap, where the highest field intensity is
typically produced.

The far- and near-field optical properties of 3D CBJ[n]-linked
assemblies of gold nanoparticles were recently studied theoreti-
cally by means of rigorous full-electrodynamic calculations,?¥
and very good agreement with optical experimental characteri-
zation was obtained.?!! It was shown that the optical response
of such aggregates can be interpreted in terms of excitation of
modes associated with i) short and ii) long linear and quasi-
linear chains that extend within the 3D clusters, which are
resonant at different wavelengths. Moreover, it has been shown
that the long-wavelength far-field properties of such clusters
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can be well reproduced by an effective optical model, in which
the dominant linear chains are described by means of a macro-
scopic effective dipole model.[*!

Here, we present a detailed study of the dependence of the
optical response of metallic nanoparticle chains and clusters on
the different parameters that govern their morphology. We first
study the role of parameters that are fixed in a typical exper-
imental realization of the clusters due to the use of the rigid
CB[n] linkers, such as the dielectric environment and the inter-
particle gap itself. We then introduce new degrees of freedom
in the design of plasmonic aggregates by mixing metallic nano-
particles of different sizes, as well as particles made of different
materials, and explore the tunability possibilities offered by
such size- and material-heteroaggregates. We focus particularly
on gold-silver (Au—Ag) heteroaggregates, which are not yet
completely understood. First, we explain the origin of the most
prominent features in the spectra of linear chains of different
size. We then study more complex, disordered chains and
large, dendritic-like 3D clusters, which we compare to the cor-
responding gold clusters in order to identify whether the modal
analysis based on chains within the cluster applies also to the
case of heteroaggregates.

2. Chains of Identical Gold Nanoparticles

We begin by considering linear chains of gold spherical nano-
particles with radius @ = 20 nm, separated by the 0.9-nm-
wide gaps defined by CB[n]s, in water (for which we assume
a dielectric constant € = 1.77), illuminated
by a plane wave with electric field amplitude
Ey, and polarized along the chain axis. This
particular particle size will be used in most 12
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Ares = 820 nm, as shown in Figure 1c. For example, the differ-
ence in A, between a 15- and a 16-nanoparticle chain is less
than 2 nm. For this reason, in what follows we will be focusing
our analysis on chains built of 16 nanoparticles, for which it
can be assumed that saturation of the long-chain modes has
occurred. Interestingly, the largest normalized extinction cross
section, and the maximum electric field enhancement at a gap,
Enax/ Eo, are obtained for shorter chains, consisting of four to
six nanoparticles, as observed in Figure 1b. We should note
here that, throughout the paper, by E,,,, we refer to the value of
the electric field at the middle of the gap for which the largest
field is obtained in each case. Higher-energy modes, which have
been studied in detail and are described as bright sub-radiant
modes,/?”] appear as shoulders in the extinction cross sections
of longer chains, and manifest themselves more clearly in the
spectra showing the maximum near-field enhancement. On the
other hand, the mode at about 540 nm, which remains almost
independent of the chain length, presents a much smaller near-
field enhancement and can be understood as a hybridized mode
originating from the interaction between higher-order modes of
the individual gold nanoparticles. This hybridization is possible
due to the very strong interaction between the particles at these
small particle separations. 2l

Before exploring potential ways to tailor the optical response
of chains of metallic nanoparticles by introducing additional
degrees of freedom, it is useful to examine the effect of modi-
fying the parameters that are fixed in the synthesis of CB[n]-
assisted self-assemblies, i.e., the interparticle gap and, to a
lesser extent, the dielectric constant (., of the environment.

))) DE

of the paper for reasons that will become
clear later. In Figure 1a, we present the wave-

length (1) dependence of the extinction cross ' & 8
section, Oy, normalized to the geometrical §
cross section obtained as Nma?, where N is ~u
. . . . %
the number of particles in a chain, for linear b° 4

chains consisting of 2-16 nanoparticles, as
shown schematically in the figure. Similar
chains have been recently studied by others
as well.>2%l The spectra of field enhancement
at the gap for the same number of particles
are shown in Figure 1b. As the number of
nanoparticles increases, the long-wavelength,
dipole-like chain mode originating from the
interaction among the dipole plasmon modes
of all the nanoparticles that constitute the
chain gradually redshifts.21?4 The electric
field enhancement distribution around the
particles for this low-energy mode in chains
of two, four, eight, and 16 particles, shown in
Figure 1d, indeed demonstrates the build-up
of the whole dipole built from the interacting
ensemble of gap plasmon modes. For chains
consisting of about 12-16 nanoparticles, the
resonance shift of this mode saturates, and
its wavelength remains almost constant, at

0
400 600 8001000
A(nm)

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

c)"""I

800 | .

Ies

700 .

0 600 Lottt
400 600 8001000 0 4 81216

A(nm) N

Figure 1. a) Normalized extinction cross section and b) maximum field enhancement at the
gaps, for linear chains of N gold spherical nanoparticles (shown schematically on top) with
radius a = 20 nm, separated by 0.9-nm-wide gaps, in water, calculated for incident light polar-
ized along the chain axis. c) Dependence of the chain-mode wavelength, 4., on the number
of particles comprising the chain. d) Electric field enhancement for chains consisting of two,
four, eight, and 16 nanoparticles, at the chain-mode wavelength for each case (4. = 644, 716,
784, and 820 nm, respectively).
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would be simply employing nanoparticles
of different sizes. The dependence of the
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plasmon resonances of gold nanoparticles on
size has been studied extensively,?! and it is
well known that the optical response shifts
to longer wavelengths as the particle radius
increases. In our chains of strongly inter-
acting metallic particles, the plasmon modes
of the individual particles form long-chain

200 |

modes, which broaden and redshift drasti-
cally as the size of the particles increases, as
shown in Figure 2e for chains consisting of
16 nanoparticles with radii ranging between
10 and 35 nm. However, for these long
chains, the largest field enhancement (shown

A(nm) A(nm)

Figure 2. a) Extinction cross sections and b) maximum field enhancement for linear chains
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in Figure 2f) is obtained for particles of
radius 15-25 nm. For this reason, throughout
the rest of the paper, we will mostly consider
clusters built of nanoparticles of radii equal
to 20 nm.

A(nm)

consisting of 16 gold spherical nanoparticles (a = 20 nm), in water, calculated for interpar-
ticle gaps decreasing from 2.5 to 0.5 nm. c) Extinction cross sections and d) maximum field

enhancement for linear chains consisting of 16 gold nanoparticles (a = 20 nm), with interpar-
ticle gaps equal to 0.9 nm, in dielectric environments with 1 < g,,,, < 2. e) Extinction cross sec-
tions and f) maximum field enhancement for linear chains consisting of 16 gold nanoparticles

3. Heteroaggregates of Different
Particle Sizes

with radii increasing from 10 to 35 nm by steps of 5 nm, separated by 0.9-nm-wide gaps, in

water. In all cases, the incident plane wave is polarized along the chain axis.

In Figure 2a,b, we present extinction spectra and maximum
near-field enhancements, respectively, for linear chains con-
sisting of 16 gold nanoparticles with radius ¢ = 20 nm and
interparticle gaps decreasing from 2.5 to 0.5 nm (which is about
the smallest gap that can be treated within classical EM theory
without quantum mechanical effects becoming relevant.?*30
Clearly, the chain mode undergoes large redshifts, of more than
200 nm, as the nanoparticles are brought closer to each other
(Figure 2a), while the maximum field enhancement at a gap
(the gap for which the largest field value is obtained in each
case) becomes nearly 10 times larger (Figure 2b). This behavior
stresses the importance of having control of the interparticle
gaps in plasmonic clusters, as provided here for instance by the
CB[n]s.

Another factor that can be significant in defining the optical
response of metallic nanoparticle aggregates is the dielectric
environment, as shown in the extinction spectra of Figure 2c
for different values of &,,. For example, preparing such aggre-
gates in aqueous solutions and then drop-casting them could
lead to strong blueshifts of the modes. Modification of the
dielectric constant of the ambient medium from values of 1-2
leads to a redshift of the chain mode of the order of 200 nm,
about twice as large as that in the case of a gold nanoparticle
dimer, thus demonstrating the increased refractive index sen-
sitivity provided by nanoparticle chains. It is also worth noting
that modifying the dielectric constant of the ambient medium
does not significantly affect the maximum near-field enhance-
ment, as shown in Figure 2d.
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Once the dependence of the modes with par-

ticle size has been discussed, it is interesting

to examine heteroaggregates composed
of particles of different sizes. We will focus on the specific
case of mixing gold spherical nanoparticles of two different
radii, 20 and 10 nm. In order to understand how the modes
in such aggregates evolve, we will use as a starting point the
linear 16-nanoparticle chain studied in Section 2 and gradu-
ally substitute some of the 20-nm (large) particles with 10-nm
(small) ones. The calculated extinction spectra are shown
in Figure 3a, with the exact size distribution in the heteroag-
gregates shown to the right of the figure. As the number of
small particles increases, the dominant chain mode blueshifts,
while higher-order modes become less and less discernible, as
expected. This blueshift indicates that the nanoparticle chains
behave as effectively shorter dipoles, though ascribing an effec-
tive length to a chain is not straightforward, since the chains
do not behave as typical optical half-wave antennas. We note
that the dipole plasmon resonance of a 10-nm gold particle in
water is at 521 nm, while for a 20-nm particle it is at 524 nm.
The shift of a 16-particle chain, on the other hand, as we gradu-
ally proceed from a case composed only of small particles (blue
curve) to a case containing only large particles (red curve), is
approximately 150 nm, highlighting the collective character of
the chain modes.

In Figure 3b, we present the corresponding near-field
spectra. It can be seen that, in all of the cases, very large elec-
tric field enhancements are obtained at the gaps, regardless of
the ratio of small-to-large particles in each case. It is therefore
interesting to examine the effect of the order of small and large
particles in a chain on its far- and near-field properties. This is
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Figure 3. a) Extinction cross sections and b) maximum field enhancement for 16-particle linear
chains consisting of gold spherical nanoparticles with radii equal to 20 nm (large) and 10 nm
(small), calculated for varying ratios of small to large particles, as shown schematically on the
right-hand side. Next to the schematics, we represent the near-field enhancement with a color
code at every gap for a specific chain configuration, the one marked with the green dot, at the
two wavelengths (681 and 775 nm) marked in b) by the vertical dashed lines. c) Extinction cross
sections and d) maximum field enhancements for 16-particle linear chains with constant ratio
of small to large particles at 1:1, for the different spatial configurations of the particles shown
on the right-hand side. Next to the schematics, we represent the near-field enhancement with
a color code at every gap for a specific chain configuration, the one marked with the light-blue
dot, at the two wavelengths (664 and 729 nm) marked in d) by the vertical dashed lines. In all
graphs, the interparticle gaps are 0.9 nm wide and the incident plane wave is polarized along
the chain axis.
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done in Figure 3c,d, where we keep the ratio
of small-to-large particles constant at 1:1 and
modify their arrangement inside the chain.
When large and small individual particles or
dimers are alternated in the chain, both the
extinction spectra shown in Figure 3c and
the near-field spectra of Figure 3d remain
nearly identical (blue and green curves).
On the other hand, when larger contiguous
blocks of particles of equal sizes can be
found within the chain (red curve), differ-

ences in the extinction spectra become more
pronounced, and larger maximum field
enhancements are obtained. Most notably,
when the 16-particle chain consists of a
sequence of two smaller chains, one made
of 10-nm particles and one made of 20-nm
particles, two discrete peaks are discernible
in the extinction spectrum. These peaks
can be associated with the chain-modes of
the two constituent smaller chains: the first

o [(a.u.)

peak appears at 665 nm, close to the chain
resonance of a chain consisting of eight
10-nm particles, and the second at 785 nm,

A(nm)

O
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In order to experimentally explore the
trends of the modes with varying compo-
sition of the clusters, we synthesized and
studied the optical response of large CB[5]-
assisted heteroaggregates composed of nano-
particles of two different sizes. We note that
the synthesized aggregates are not straight
chains, but can present more complex mor-
phology. However, their optical response can
be connected to that of chains by analyzing
the clusters in terms of long-chain modes and
localized dimer modes.?124l In Figure 4a, we
show a scanning electron microscopy (SEM)
image for such a heteroaggregate, formed
by mixing solutions of 10- and 30-nm gold
nanoparticles at a 20:1 particle number ratio.
Additional details of the synthesis procedure
can be found in the Experimental Section.
The image verifies the well mixed nature of
such heteroaggregates and confirms that
the composition ratios in the aggregate are
similar to those in the initial solutions. We
note that the nanoparticle sizes in Figure 4a
are slightly larger than in the simulations in
order to better visualize the mixing of the
two different components in the aggregates.
In Figure 4b, we show an enlarged view
of Figure 4a, which verifies that regions of
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close to the chain resonance of a chain con-
sisting of eight 20-nm particles. The larger
electric fields obtained in these cases can be
understood by the presence of larger blocks,
consisting of four to eight 20-nm particles,
which, as already discussed in Figure 1b,
produce the largest field enhancements.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 4. a) SEM image of CB[5]-assisted heteroaggregates consisting of small (g = 10 nm)
and large (a = 30 nm) gold nanoparticles, mixed at a 20:1 particle number ratio respectively,
and b) an enlarged view of Figure 4a in the region marked by the box. c) Time resolved extinc-
tion spectra experimentally obtained for a CB[5]-assisted aggregation of small (a = 10 nm) and
large (a = 20 nm) gold nanoparticles (with small-to-large particle ratio equal to 8:1) in water.
The spectra are acquired at 10 s intervals for 10 min. d) Experimental extinction spectra of het-
eroaggregates of CB[5]-linked small and large gold nanoparticles in water, for the small-to-large
particle ratios shown on the right-hand side.

Part. Part. Syst. Charact. 2013,
DOI: 10.1002/ppsc.201300287
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within the clusters.
Experimental extinction spectra obtained
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during aggregation of a cluster comprising ™
10- and 20-nm gold particles mixed at a ratio E
of 8:1 respectively (to provide matched colli- c
sion cross sections that build mixed aggre- =
gates) are presented in Figure 4c. Clearly,

over time, the plasmon resonance associ- ©
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ated with the individual nanoparticles rap- 0
idly decreases and broadens, while a second
broad resonance, arising from aggregation,

appears and gradually redshifts. This reso- 4
nance resembles strongly the corresponding <
long-wavelength resonance in gold homo- E
aggregates studied in Taylor et al,l?!) sup- c
porting the assumption of the excitation of =
chain modes that comprise both types of
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nanoparticles in the chain. This behavior is b
consistent with the response found for the
linear chains of particles of two different
sizes studied in Figure 3a,c. In Figure 4d, we
present the experimental extinction spectra
for clusters created with different proportion
of small-to-large particles, ranging from 0:1
to 1:0. Similarly to the case of linear chains
shown in Figure 3a, the long-wavelength
chain mode undergoes a blueshift of more
than 100 nm as the number of small parti-
cles increases, which practically implies that
the position of the long-chain mode can be
easily controlled by the ratio of the two particle sizes mixed to
synthesize the aggregate. We should also note here that the dif-
ferent extinction spectra shown in Figure 4d are obtained for
solutions containing different total numbers of particles, which
explains why larger extinction values are obtained for clusters
with greater small-to-large particle ratios.

4. Heteroaggragates of Gold and Silver
Nanoparticles

So far, we have studied clusters consisting exclusively of gold
nanoparticles, and explored the possibility of tuning their
optical response by modifying the geometrical properties (gaps
and size) and the dielectric environment of the clusters. Most
of these parameters, however, are usually well defined in the
CBJn]-assisted self-assembly procedure, and provide moderate
aprioristic flexibility. We will now focus on Au-Ag heteroaggre-
gates, and show how the admixture of two different materials
offers an easy alternative way to control the wavelength of the
modes. Au-Ag heteroaggregates have attracted less interest
compared to homogeneous aggregates, with most of the studies
being limited only to dimers.??3* In Figure 5a, we show how
the extinction spectra of Au-Ag dimers in water evolve as the
interparticle gap decreases, when the incident light is polar-
ized along the dimer’s axis. For relatively large separations
(larger than 2-3 nm), the two resonances at about 410 nm and
545 nm can be identified as originating from the individual

Part. Part. Syst. Charact. 2013,
DOI: 10.1002/ppsc.201300287
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Figure 5. a) Extinction cross sections calculated for Au-Ag dimers with gaps equal to 5, 3,
1.4, 0.9, and 0.5 nm. b) Near-field plots at the resonances of the 5-nm-gap (upper plots) and
the 0.5-nm-gap (lower plots) cases. The wavelength of each field plot is denoted by a capital
letter (A, B, C, D, E) mapping each resonance in the corresponding extinction spectrum in a).
c) Extinction cross sections for the Au—-Ag trimers shown schematically on the right-hand side
(with gaps equal to 0.9 nm), and d) near-field plots corresponding to the longer wavelength
resonance in each case. In all graphs, the particles have a radius of 20 nm, the ambient medium
is water, and the incident plane wave is polarized along the dimer/trimer axis.

silver and gold nanoparticles, respectively (see for example
resonances A and B in Figure 5a for the case of a 5-nm-wide
gap). They are hybridized modes, but they shift only slightly
in wavelength with respect to the corresponding resonances
of the individual particles.??) The modal patterns can be veri-
fied by the corresponding electric field distributions shown in
Figure 5b for each resonance, where it is clearly shown that the
field is more localized around one of the two particles, either
the silver particle (plot A of Figure 5b) or the gold one (plot
B in Figure 5b), depending on the wavelength. As the inter-
particle gap becomes smaller, the interaction between the two
nanoparticles becomes stronger, leading to a large redshift and
increased strength of the bonding dipole mode, and the elec-
tric field is now more smoothly distributed around the whole
dimer (mode E in Figure 5a,b).?%3 In addition, a hybridized
quadrupole-like mode evolves at about 540 nm (D), and its
position remains almost unaffected by the width of the gap.
Finally, the broad peak at about 410 nm (C) has been described
as a Fano resonance originating from the interaction between
the sharp hybridized antibonding mode of the dimer, close to
the resonance of a single Ag particle, and the continuum of
the Au interband transitions.?? It is worth noting that, while
at first this mode redshifts as the gap width decreases, from
409 nm for a 5-nm-wide gap to 415 nm for a 3-nm-wide gap
(blue and light blue lines in Figure 5a, respectively), for even
smaller gaps (and thus stronger interactions) it finally starts to
blueshift, to about 400 nm for the 0.5-nm-wide gap (red line in
Figure 5a).
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To analyze the evolution of the optical E{
response in material heteroaggregates as a = ___ sssee™ile 7?-.7--""' w50
function of the number of particles, we add NE 2 : -
a third particle to the dimer structures under a [ i i
consideration. In Figure 5c, we show the & 1 i ¢ P
extinction spectra for all the possible arrange- b” ¢t ;g
ments in a linear trimer of gold and silver 0
particles with gaps equal to 0.9 nm. Silver 2 L L (Ii) o ...42?3.-‘5‘7‘ = .
nanoparticle trimers with more complex &_ | : i HE =
spatial configurations (e.g., triangles) were é 1 T |
recently studied in relation to their enhanced =~ =, B A [P
Raman scattering and optical activity?  ® oMY L ~7/ ., i g

When two particles of the same material
are placed next to each other, the extinction
spectrum retains many of the characteristics
of the corresponding dimer, with some addi-
tional peaks due to the presence of the third
particle and its interaction with that dimer.
This is better demonstrated in Figure 5c in
the case of a trimer containing two neigh-
boring silver particles, where all of the reso-
nances of a silver dimer (black line) are
reproduced in the extinction spectrum of the
trimer (blue line). On the other hand, inter-
estingly, when gold and silver particles in
the trimer appear with alternating order, the
position, strength, and lineshape of the long-
wavelength bonding dipole mode remain very stable, regardless
of whether the trimer contains two gold or two silver particles,
and the differences in their extinction spectra (green and light
blue line in Figure 5c) are practically indiscernible. This indi-
cates that in the long-wavelength regime the type of metallic
material each nanoparticle is made of plays a smaller role in
defining the optical response of a cluster, as can be also veri-
fied by the striking similarity of the corresponding near-field
distributions calculated in Figure 5d for the longer wavelength
resonance. At long enough wavelengths, both metals are very
similar, Drude-like metals and the differences in their optical
response become less important. For shorter wavelengths, the
individual core-electron structure of the two metals prevails,
higher-order modes are efficiently excited and distinguishable
in the extinction spectra and their position is determined by the
exact spatial configuration of the particles in the trimer.

We shall now focus on larger linear chains containing both
types of material. In order to directly compare with the case of
aggregates formed exclusively of gold, as those studied in Sec-
tion 2, we show in Figure 6 linear chains comprising 16 nano-
particles with radii equal to 20 nm, in water. In the upper panel
(Figure 6a,b), where we change the material of the particles, the
ratio of Au:Ag is modified gradually from 0:1 to 1:0 in arrange-
ments shown schematically on the right-hand side of the figure.
In the lower panel, the Au:Ag ratio is kept constant at 1:1, and
the relative positions of the particles within the chain are then
modified. From both extinction diagrams (Figure 6a,c), it is evi-
dent that the similar, large negative values of the permittivity of
the two metals prevail at longer wavelengths, in analogy to the
lightning-rod effect in the infrared,'” determining the modal
position very robustly. As the number of silver nanoparticles
increases, the far-field response of the chain shifts gradually

400 600 8001000
A(nm)

Figure 6. a) Extinction cross sections and b) maximum near-field enhancement calculated for
Au-Ag nanoparticle chains with different Au:Ag ratios, as shown schematically on the right-
hand side. Next to the schematics, we represent the near-field enhancement with a color code
at every gap for a specific chain configuration, the one marked with the orange dot, at the two
wavelengths (423 and 797 nm) marked in b) by the vertical dashed lines. c) Extinction cross
sections and d) maximum near-field enhancements for the different arrangements of Au-Ag
clusters (Au:Ag ratio equal to 1:1) shown on the right-hand side. Next to the schematics, we
represent the near-field enhancement with a color code at every gap for a specific chain configu-
ration, the one marked with the green dot, at the two wavelengths (425 and 776 nm) marked
in b) by the vertical dashed lines. In all graphs, the chains consist of 16 nanoparticles with
radius a = 20 nm and interparticle gaps equal to 0.9 nm, in water, and the incident plane wave
is polarized along the chain axis.
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towards that of a chain made exclusively of silver nanoparti-
cles. For other intermediate ratios, the chain mode behaves
as that of a linear chain of 16 metallic nanoparticles made by
some metal with an intermediate plasma frequency. Moreover,
it is worth noting that this mode is weakly affected by the rela-
tive positions of gold and silver nanoparticles in the aggregate.
However, this is not the case for the near-field properties of the
chains, where the presence of shorter silver particle blocks (and
to a lesser extent gold ones) manifests itself by significant field
enhancements in relatively narrow wavelength regions around
400-450 nm, as can be verified by the field schematics on the
right-hand side of Figure 6. The field enhancements achieved
in those cases are even larger than those associated with the
broad low-energy mode (Figure 6d).

Having explored the far- and near-field optical response of
linear chains of gold and silver nanoparticles, we will now study
the realistic case of kinked chains, which are commonly found
in self-assembled 3D clusters. In Esteban et al.,?*l it was shown
that the optical response of kinked chains of gold nanoparti-
cles is quite robust with respect to disorder in the chain, with
their chain modes experiencing small blueshifts as disorder
increases, until a chain with its axis parallel to the incident elec-
tric field can no longer be found in the cluster. This behavior
is reproduced in the left-hand side spectra of Figure 7, where
the optical extinction (Figure 7a) and the near-field at the gap
(Figure 7c) are obtained for different disordered configurations
of a chain of homoaggregates. The spectra can be compared to
the extinction spectra and near-field enhancements of the cor-
responding Au—Ag heteroaggregates, shown in Figure 7b,d. In
all of the Au—Ag chains, the ratio Au:Ag is kept constant at 1:1
and the relative positions of the individual gold and silver par-
ticles in the aggregate are also maintained, as shown in the top
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Figure 7. a,b) Extinction cross sections and ¢,d) maximum near-field enhancements calculated
for the Au (left) and Au—Ag (right) disordered chains shown schematically on top. ) Near-field
plots at the wavelength of the chain mode for three of the Au-Ag chains under study. In all
graphs, the particles have a radius of 20 nm, the interparticle gaps are 0.9 nm wide, the ambient
medium is water, and the incident light is polarized as shown schematically in the figure.

schematics of Figure 7. In the long-wavelength regime, both
near- and far-field diagrams are very similar in modal shape and
intensity, with the main difference being the small blueshift of
the modes in the Au-Ag heteroaggregates, already expected
from the results for linear chains in Figure 6. Additional extinc-
tion peaks and significant near-field enhancements appear for
higher energies. These are associated mostly with the presence
of silver dimers, as can be verified by their corresponding near-
field distributions (not shown here). The formation of modes
extending along long chains, similar to those shown in Esteban
et al.,” as a result of gap-plasmon coupling, is better demon-
strated in the near-field distributions shown in Figure 7e for
three disordered configurations of Au-Ag heteroaggregates. We
note that even for very disordered chains, large field enhance-
ments, greater than 100, are obtained in all of the gaps in the
chains, although, naturally, the absolute values depend on the
orientation of each part of the chains with respect to the inci-
dent electric field.

In Figure 8, we explore the effect of varying the ratio of Au:Ag
in more realistic, disordered 3D heteroaggregates. We calculate
the response of clusters consisting of thirty 20-nm nanoparti-
cles, modifying gradually the Au:Ag ratio from 0:1 to 1:0. The
exact geometry of the clusters is shown on the right-hand side
of the figure. This geometry is fixed in all cases, and only the
material of the constituent nanoparticles is modified according
to the ratio desired. The spectra are vertically shifted for clarity.
As the Au:Ag ratio changes, the modes show a behavior similar
to that of the linear chains studied in Figure 6: the main, long-
wavelength mode redshifts as the number of Au nanoparticles
in the cluster increases, while modes around 400 nm progres-
sively appear as the number of Ag nanoparticles increases.
Many additional extinction peaks can also be observed at inter-
mediate wavelengths. These peaks can be associated with the
excitation of shorter chains within the clusters. As the cluster

Part. Part. Syst. Charact. 2013,
DOI: 10.1002/ppsc.201300287

B zE 1
0 50 <100

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Particle Systems Characterization

www.particle-journal.com

size increases, more chains with similar reso-
nance wavelengths are expected to be excited,
smoothing the spectra, with fewer, broader
peaks.

Finally, in Figure 9, we experimentally
study the optical response of large 3D CBJ[5]-
assisted Au-Ag self-assemblies. In Figure 9a,
we present a SEM image of Au-Ag hetero-
aggregates, which confirms the formation
of dendritic-like clusters containing long,
almost linear chains of nanoparticles. We
note that the nanoparticles in Figure 9a have
a radius equal to 30 nm in order to appreciate
better the position of the particles within the
cluster. While we believe that the mixing of
the two components is very good (see Experi-
mental Section), it is difficult to distinguish
Au and Ag, as can be also verified by trans-
mission electron microscopy (TEM) images
obtained during aggregation, as shown in
Figure 9b.

In Figure 9c, we show experimental time-
resolved extinction spectra for a specific
Au:Ag ratio, 15:1. Initially, two extinction
peaks, at about 405 and 525 nm, associated
with the individual silver and gold nanoparticles, respectively,
can be observed. As time elapses and aggregation proceeds,
these two extinction peaks become less pronounced, while a
broad resonance at longer wavelengths is formed. In view of
our previous discussion about the similarity of the two metallic
materials in the long-wavelength regime, this resonance can be
directly attributed to the excitation of long Au-Ag chains, sup-
porting the validity of the chain modal analysis also for the case
of heteroaggregates of two different materials. In Figure 9d, we
explore the effect of modifying the Au:Ag ratio in an experiment
of 3D self-assembled heteroaggregates. Clearly, the low-energy
mode undergoes large blueshifts, of the order of 150 nm, as
the Au:Ag ratio is gradually modified from 1:0 to 0:1. Such
shifts are in good agreement with those obtained theoretically
in Figure 8, and consistent with the tendencies found for the
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Figure 8. Extinction spectra for 3D Au-Ag heteroaggregates consisting
of a total number of 30 nanoparticles (a = 20 nm), in water, for the Au:Ag
ratios shown to the right of the spectra. Extinction spectra are shifted
by 5 x 10* nm? for clarity. On the right-hand side, we show the exact
geometry of the Au:Ag heteroaggregates used in these calculations. The
specific case of Au:Ag ratio equal to 1:1 is shown.
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showed that in the case of Au—Ag heteroag-
&7 gregates such an analysis is possible because

in the long-wavelength regime, where the

chain modes appear, both metals behave very
similarly, like good Drude-like metals. On the
other hand, for shorter wavelengths, the indi-
vidual plasmonic characteristics of the two
metals lead to much richer spectra, compared
to the corresponding homoaggregates. Our

100 nm

D: D theoretical results are supported by experi-
e 0:1 ments of the optical response of heteroag-
2:1 gregates formed by particles of different size
e 151 and material, thus introducing new possibili-
: 6?(1) ties to tailor the optical response of complex

optical networks.

6. Experimental Section

Y
400 600 800 1000
A(nm)

Figure 9. a) SEM image of CB[5]-assisted Au—-Ag heteroaggregates (a = 30 nm) and b) a
TEM image obtained during aggregation. c) Time-resolved extinction spectra experimentally
obtained for CB[5]-assisted aggregation of Au—Ag nanoparticle (a = 20 nm) clusters (Au:Ag
ratio equal to 15:1) in water. The spectra are acquired at 10 s intervals for 10 min. d) Experi-
mental extinction spectra of CB[5]-linked Au—Ag nanoparticle aggregates in water, for the Au:Ag

ratios shown on the right-hand side.

simpler case of linear chains studied in Figure 6a. This indi-
cates that a simple variation of the Au:Ag ratio, which is easily
controlled in the laboratory, indeed provides the ability to tune
the chain modes at will. Such modes are mixed modes com-
bining the Drude response of the constituent metals with an
effective metamaterial response directing the plasmonic chain
modes.

5. Conclusions

We have presented a detailed computational and experimental
study of straight and disordered chains and 3D clusters of
metallic nanoparticles with fixed interparticle gaps, and analyzed
the dependence of their optical response on the geometrical
parameters and materials making the cluster. In particular, we
have shown that the wavelengths of the chain modes for such
clusters depend strongly on the nanoparticle size, distance, and
dielectric environment, highlighting the significance of having a
way to keep these parameters fixed in a self-assembly procedure
utilizing wet chemistry. We have also studied two-component
heteroaggregates of different nanoparticle sizes or materials and
showed that the ratio of the two components provides a versa-
tile pathway for tuning the long-wavelength chain modes. We
discussed the physical origin of the modes appearing in small
Au-Ag clusters, such as dimers and trimers, where the strong
interaction due to the subnanometric gaps, and the different
relative positions of the particles, may lead to excitation of addi-
tional higher-energy modes. Finally, we discussed the validity of
the modal analysis of large clusters in terms of chains within
the cluster for the case of heteroaggregates. Most notably, we

400 600‘800 1000
A(nm)
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Calculations: Al of the theoretical results
are obtained by rigorous, full-electrodynamic
numerical simulations using the Multiple
Multipole Method OpenMaX.l For the dielectric
function of gold and silver, we use the experimental
data from Johnson and Christy,?® size-corrected
according to:1*%

_ o o
&(w) = ge(w) — olo+iy) | o(oriy,) (1)

where @ is the angular frequency, gc is the experimentally measured
values of the dielectric function, @, is the plasma frequency of the
metal, and ¥, is the intrinsic damping of the conduction-band electrons,
which accounts for dissipative losses. The size correction is described
by an additional damping factor, y. = v¢/a where v; is the Fermi velocity
of the metal and a the radius of the particles. We use @, = 9.056 eV,
Y, = 0.0708 eV for gold, and w, = 9.14 eV, y, = 0.0206 eV for silver, values
obtained by fitting the experlmental values of Johnson and ChristyP¥l to
the Drude model, and take ve = 1.4 x 10 m s and v = 1.39 x 10 m s~
for gold and silver, respectively.“%

Experimental Methods: CB[5] was fabricated using the methods
described in Lee and Scherman.[*!l Gold and silver nanoparticles were
purchased from British Biocell International and used as supplied,
where nanoparticle sizes correspond to nominal diameters reported
from the manufacturer. The nanoparticle ratios quoted in text for
the bidisperse heteroaggregates correspond to appropriately diluted
nanoparticle solutions which, when combined, give a total mixed
volume of 1T mL. The nanoparticle concentrations used to determine
the particle ratios are additionally quoted from the manufacturer. In
all cases, the unaggregated heteronanoparticle solution was sonicated
(=5 min) to ensure good particle mixing. Aggregation of the nanoparticle
solution was induced with an aliquot (=10 pL) of CB[5] solution within
measurement cuvette. CB[5] was dissolved in MilliQ water to produce
an aqueous solution at 1 x 10 m concentration and sonicated. The
concentration of CB[5] for the given nanoparticle volumes ensured that
the aggregation kinetics were in the diffusion-limited regime.?']

Extinction spectroscopy was performed in real time during the
aggregation phase. Extinction spectra were recorded with an Ocean
Optics spectrometer with a 3 ms integration time.
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