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ABSTRACT: Spherical colloidal superclusters, composed from
sub-100 nm plasmonic nanoparticles, have been proposed to
possess collective plasmonic modes imbued with large field
enhancements and tunable spectral response extending from the
visible to infrared regions. Here, we report the experimental
verification of collective near-IR plasmonic modes inside single
superclusters, with dimensions ranging from 0.77 ym up to 2 ym.
Raman reporters, coated onto the nanoparticle building blocks,
were used as local probes of the electric field enhancement inside
the metamaterial. By performing diffraction-limited 3D Raman
tomography we were able to build up the electric field intensity
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distribution within the superclusters. We demonstrate that

plasmonic responses of superclusters vary according to their size and excitation wavelength, in accordance with theoretical
predictions of their tunable optical properties. The existence of three-dimensional internal collective modes in these superclusters
enables the excitation of a large number of electromagnetic hot-spots, validating these self-assembled structures as promising

candidates for molecular spectroscopy.
KEYWORDS: self-assembly, nanoparticles, SERS, collective plasmon

S elf-assembly of nanoscale building blocks into hierarchical
superstructures is quickly becoming one of the most
pursued topics in nanomaterials science.' > The possibilities
obtainable when individual components arrange themselves
into an ordered assembly are limitless and of great interest, as
has been demonstrated with biological self-assembled structures
such as DNA, opals, and proteins.*”® An extensive amount of
literature exists on different strategies for the synthesis of self-
assembled structures;”® however, complications arise when a
high degree of control is sought over the process. For example,
controlled 3D self-assembly of nanoparticles (NPs) is possible
utilizing templates with specificity to certain types of particles,
such as those achieved by DNA-origami techniques, among
others.”™"* However, advanced techniques such as these restrict
the surface functionalization of the NPs, thereby negating one
of the most important benefits that these structures offer: the
ability to control the functionality of the building blocks."
Moreover, such particle-by-particle self-assembly methods limit
the amount of constituents forming the superstructures to only
a few of them, i.e,, in the range of 10’s. Recently, the generation
of spherical colloidal crystals with functionalizable building
blocks has been demonstrated using a novel self-assembly
process based on emulsion formation in the nanoparticle
solution."” The introduction of plasmonic materials as building
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blocks of a spherical colloidal cluster is easily achievable,
facilitating the engineering of materials with complex optical
properties and revealing exciting new directions in sensing and
metamaterials research.'*~"¢

Spherical colloidal clusters, built from plasmonic building
blocks, have been proposed to possess remarkable collective
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supermodes with large local field enhancements
spectral response extending from the near-infrared to deep into
the mid-infrared region.11 As such, these superstructures hold
great promise as a sensing platform that is capable of addressing
the whole spectral domain of vibrational molecular finger-
prints,””>" while simultaneously exploiting the advantages of
their plasmonic constituents. Previously, dark-field spectra of
plasmonic superclusters™ indicated the existence of collective
plasmonic modes in these structures; however, no direct
experimental verification has been obtained to date. This ability
to access thousands of hot-spots upon the excitation of a
collective mode inside the supercluster enables high signal-to-
noise ratios, something that is of great significance in sensing

applications.
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Figure 1. Fabrication and characterization of spherical metallic superclusters. (a) Schematic representation of the functionalization and self-assembly
of metallic nanoparticles into superclusters (see Methods section for methodology details). (b) SEM image of the superclusters and typical size
dispersion observable after drop-casting. The inset shows a zoomed-in area of one supercluster, with the small gold NPs tightly packed and separated
by a distance dictated by the size of the ligands on the NPs’ surfaces. (c) Schematic representation of 3D mapping of the plasmonic mode using the
SERS signal from the 4-MBA Raman marker. The spherical supercluster is excited from the top at different wavelengths, and the signal from a
specific XY plane is recorded using a confocal microscope setup. A series of equally spaced 2D XY planes in the Z direction is used to completely
map the plasmonic mode of the cluster. (d) SERS signal for the 4-MBA Raman marker measured on semi-isolated 40 nm gold nanoparticles (blue
line) and on 40 nm gold particles assembled into a spherical supercluster of 770 nm diameter (red line). The signal of the 4-MBA Raman marker is

characterized by peaks at 1100 cm™ (A) and at 1590 cm™ (B).

Different techniques have been employed in the past to
visualize the near fields of simple plasmonic structures;” **
however, obtaining similar field maps of complex three-
dimensional (3D) plasmonic materials™ > still remains very
challenging. One possibility that has been exploited in the past
is photoluminescence microscopy,”®*’ which relies on
detecting the fluorescence of dye molecules next to plasmonic
structures. However, in the case of colloidal plasmonic
superclusters, the compactness of the array of nanoparticles
would result in a strongly quenched fluorescence of the dye
molecules.'”***! Other techniques utilized for this purpose are
electron energy loss spectroscopy (EELS),*” cathodolumines-
cence,”” and near-field scanning optical microscopy
(SNOM).>**® However, these methods are limited to the
surface of the plasmonic structures, making it difficult to inspect
collective modes inside the superclusters. In contrast,
techniques relying on surface-enhanced scattering, such as
SERS (surface-enhanced Raman spectroscopy)’’ > and sur-
face-enhanced infrared spectroscopy,’”*" are perfectly suited to
3D inspection of electric field distribution inside complex
structures. Indeed, SERS signals give a direct and extremely
sensitive measure of the near-field intensity enhancement,”~*
due to fourth power dependency on the (local) electric field.

Furthermore, Raman scattering is an optical property that is not
afflicted by quenching issues and, thus, is easily adaptable to 3D
inspection of complex structures.

Here we present an approach to performing 3D tomography
of near-field intensity inside a supercluster by exploiting the
SERS signal of a molecular probe (4-mercaptobenzoic acid, 4-
MBA). Specifically, we extract plane-by-plane intensity maps of
the local plasmonic near field by measuring the Raman spectra
of our probe molecule with a confocal microscope. In this way,
we successfully map collective modes inside supercluster
structures of various dimensions, providing experimental
proof of their existence.

B RESULTS AND DISCUSSION

The spherical colloidal superclusters were fabricated by self-
assembly following the procedure outlined by Turek et al."’
Our only deviation from this fabrication procedure was the
prefunctionalization of 40 nm gold nanoparticles with the 4-
MBA molecular probe prior to the assembly process (Figure
la), as outlined in the Methods section. 4-MBA was chosen, as
it is one of the most widely used Raman probes for evaluating
SERS in plasmonic structures over a large range of wave-
lengths.*® Tts popularity is based on an easy and uniform self-
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Figure 2. Experimental Raman tomography mapping of a 1.6 ym diameter supercluster. (a) XY Raman maps following the intensity of the B peak of
the 4-MBA molecular probe, when excited with a 785 nm CW laser. The 2D planes are taken at different Z values, with Z being the axis along the
height of the spherical cluster and Z = 0 being slightly lower than the expected center of the supercluster. (b) 3D reconstruction of the plasmonic
mode excited in the spherical supercluster by staking all the 2D Raman map along the Z axis. (c) Scanning electron microscope image of the

spherical supercluster (1.61 ym diameter).
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Figure 3. Generation of a mode inside a spherical supercluster as the size of the cluster is reduced from 1.6 ym to 0.77 ym. In the first column,
experimental XY Raman maps are presented for different supercluster sizes (1.61, 1.11, and 0.77 ym). Raman maps were obtained by following the
intensity of the B peak of 4-MBA when excited with a 785 nm CW laser and through the center of each cluster. The last column shows the
corresponding XZ maps obtained from FDTD simulations of the magnetic field enhancements. The middle column compares the experimental
(scatter points) and theoretical (solid lines) cross sections of the electric field enhancement maps through the center and along the X direction of the

clusters.

assembly on Ag and Au surfaces (due to its thiol group),
ensuring the presence of the Raman probe inside the extremely
small gaps of superclusters. Furthermore, it has a high Raman
cross-section in the IR and mid-IR,*"*® ie, in the spectral
regions where the superclusters are expected to have optical

resonances.

The presence of 4-MBA on the nanoparticle surface was
confirmed by measuring Raman scattering from a layer of
nanoparticles drop-casted on a glass substrate. The blue curve
in Figure 1d shows a Raman spectrum typical for 4-MBA,
characterized by two strong distinctive peaks at 1100 cm™
(peak A) and at 1590 cm™ (peak B), corresponding to the vy,
and vy, aromatic ring vibrations, respectively.*’™>"
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Figure 4. Internalization of modes in a 0.77 pm supercluster with increasing excitation wavelength. Top and bottom rows correspond to 633 and 786
nm excitation, respectively. The first column shows the experimentally obtained Raman maps in the XZ plane. The other two columns compare
these results to FDTD simulations: the calculated electric field enhancements (E/E,) and magnetic field enhancements (H/H,) are shown in the

second and third columns, respectively.

Next, the prefunctionalized building blocks were self-
assembled into spherical colloidal clusters using the previously
mentioned methods. A large drop containing clusters with sizes
between 0.5 and 3 um was then drop-casted onto a glass slide,
patterned with a grid to aid their localization throughout the
characterization process (see Methods for further details). The
red curve in Figure 1d shows a representative SERS spectra
from an assembled superstructure, exhibiting no significant
changes in spectral features with respect to the nonassembled
particles. We should note that, although the SERS intensity in
the case of the supercluster is higher, no direct comparison of
the enhancement values can be made, as the number of gold
nanoparticles in our focal volumes for the two cases is different
(due to the three-dimensionality of the cluster).

Plasmonic near-fields of single superclusters were mapped by
scanning the X—Y plane and then repeating these measure-
ments at different Z-positions across the height of the cluster.
The resolution in the X, Y, and Z direction for our
measurement was diffraction limited as for an optimized
confocal setup (280 nm for 633 nm excitation wavelength and
340 nm for 785 nm excitation wavelength).

2D Raman intensity maps were then extracted from the
scattering spectra by integrating the SERS signal across peak B
of 4-MBA, using a digital filter extending from 1561 to 1621
cm™" (as shown in green in Figure 1d). Figure 2a shows some
of the resulting maps obtained for a 1.6 ym supercluster at 785
nm excitation. These series of 2D maps were then joined using
Matlab to create a 3D tomographic image of the enhanced
SERS signal (Figure 2b) for this cluster. The diameter (1.6 ym)
and, more importantly, the position of the cluster were
confirmed by Scanning electron microscopy (SEM) (Figure
2c), with the latter being used to correct for any drifts of the
scanner during data acquisition. As the Raman process for a
molecule next to a plasmonic structure benefits from both the
emission and excitation enhancements,”” the SERS intensity
can be approximated to be IEIZ IEIZ, ~ I|El&gs (see
Supplementary Figure 6 for further discussion of this
approximation). This fourth power dependency outlines that
the intensity of SERS (ie, a molecule in a plasmonic
environment) is a very sensitive parameter of the strength of
the local field. Given this relation between SERS signal and

plasmonic enhancements,”**™>° the 3D tomography is a

reliable representation of the plasmonic mode excited in the
spherical cluster.

Figure 2a,b outline the enhancement of the Raman signal in
the 1.6 pum supercluster at 785 nm excitation. The strongest
signal is present on the edges and on top of the cluster, while
only a weak signal is present inside. This suggests that, at 785
nm, a cluster of this dimension is mainly scattering light and
not absorbing it, resulting in a shallow excitation of the electric
field inside the structure and an enhanced signal present only
on the surface.

In order to investigate the preliminary results obtained by
SERS mapping, finite-difference time domain (FDTD)
simulations where performed,56 allowing us to assess both the
spectral and near-field properties of the structures. The
numerical simulations substantiated the experimental results
obtained in Figure 2b, where no collective mode was observed
in the infrared for a supercluster with a diameter of 1.6 ym
(first row, third column Figure 3).

Following this finding, we expanded the theoretical studies in
order to understand when the excitation of a collective mode
inside the supercluster was possible. In Supplementary Figure
2a we show the normalized absorption cross section when the
diameter of the cluster is varied between 1.6 and 0.7 ym. We
found that, in the mid-IR, the absorption of the cluster varies
strongly with the diameter and coherent collective modes
appear at 785 nm only when the diameter of the cluster is less
than 1 pm. This suggests that, as the diameter of the
supercluster is reduced, the excited collective mode starts to
internalize, and, as the size is reduced further, this process
becomes more efficient. This stipulation was supported by the
results of FDTD simulations of the near-field intensities inside
superclusters of varying diameters (1.6, 1.1, and 0.7 um),
excited at 785 nm (see last column of Figure 3 and
Supplementary Figure 4). It should be noted that the
simulations of the near-field intensities hold also when the
structure simulated is not perfectly crystalline (Supplementary
Figures 8 and 9).

To confirm these theoretical expectations, we perform
Raman tomography on similarly sized superclusters. The first
column of Figure 3 presents large-area 2D Raman scans of the
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three different superclusters excited at 785 nm, taken exactly
through the vertical center of each (SEM images of the three
clusters can be found in Supplementary Figure 3). From the
SERS map we can clearly observe that as the diameter of the
cluster is reduced, an internal collective mode starts to be
excited. This can be seen more clearly in the second column of
Figure 3, where the integrated Raman intensity of the B peak of
4-MBA is plotted across the supercluster center. As the cluster
dimension reaches 1.1 ym in diameter, an internal collective
mode is excited, and all the pixels across the center of the
particle show a coherent field enhancement. Moreover, as the
size of the supercluster is reduced even further (to 0.77 um),
the field enhancement from the central pixel of the spherical
cluster likewise increases further. Such behavior is consistent
with the simulations presented in the last column of the same
figure, where similar observations can be made about the
magnetic field distribution inside the different clusters.

Finally, the near-field distribution for the smallest spherical
cluster was evaluated (0.77 um, SEM image of this cluster can
be found in Supplementary Figure la) for different excitation
wavelengths. In particular, in Figure 4, we compare the
mapping by SERS and the FDTD simulations when the cluster
with a diameter of 0.77 ym is excited at 633 nm and 785 nm.
The first column of Figure 4 presents the two SERS maps of
the plasmonic mode visualized on the X—Z plane at the center
of the cluster, as extrapolated by the 3D reconstruction. The
dark gray circle represents the expected position of the particle
with respect to the grid structure around it, as determined from
SEM microscopy images (Supplementary Figure 1a).

From the SERS maps it can be seen that when the spherical
cluster is excited at 633 nm, the electric field enhancement is
present only on the edges of the particles with no seepage
inside and a signal enhancement is spatially defined only by our
laser penetration depth (similar to what is observed in a
supercrystal system with normal SERS measurements”’). This
is corroborated by the electric field FDTD simulations
presented in the second column of Figure 4. Indeed, from
the calculations, it can be seen that the field is scattered from
the spherical cluster toward the excitation direction, and electric
field enhancement is present only on the outer layer of particles
forming the cluster. On the other hand, when the excitation
wavelength is switched to 785 nm, a completely different profile
is obtained. From the Raman maps we observe the presence of
field enhancement over the entirety of the cluster with a
stronger field localized at the center; in other terms, the
collective plasmonic mode is excited inside the cluster. The
presence of an internal collective mode can also be seen from
the field enhancement simulations, where for 785 nm we
observed strong field enhancements in almost all the inside
gaps of the spherical cluster.

This observation can become even clearer by looking at the
magnetic field distribution whose variations are less abrupt. In
the third column of Figure 4 we show the magnetic field
distributions inside the 0.77 pum cluster for the two excitation
wavelengths. While at 633 nm the magnetic field distribution
clearly shows that no plasmonic collective mode is excited
inside the supercluster, at 785 nm we start to see the field
distribution of a mode similar to what can be found in a
transparent cylinder'”° and the beginning of an internal
collective mode. Indeed, if not for the presence of a collective
mode, the internal excitation of the structure would not be
possible, as the localized surface plasmon resonance of the
single nanoparticles is centered at 530 nm with a negligible

extinction contribution at 785 nm. This internalization of a
mode was found to be consistent for clusters of comparable
size, despite small variations in cluster geometry due to
different sizes and packing imperfections (see Supplementary
Figures S and 8).

These optical modes can be extremely useful, as the field
enhancements are localized in each gap between the NPs. This
is relevant to spectroscopy because large hot-spot densities lead
to larger interactions with the field and therefore improved
detection.”® Furthermore, the porous structure of the super-
cluster outlines its ability to take up and host a huge number of
molecules and exploits this large hot-spot density.”” To prove
superclusters possess these characteristics, we performed pH-
sensing measurements, taking advantage of the previously
characterized collective mode at 785 nm.

The pH sensitivity in our measurement comes from the
changes in the Raman spectrum of 4-MBA due to protonation/
deprotonation® of its carboxylic acid end group. Indeed, as
previously reported,”’ when 4-MBA is deprotonated (i.e., when
pH > pK,), a new vibrational mode appears at 1430 cm™’,
representing the stretching (vg,) of a deprotonated group
(COO-). This can be clearly observed in Figure Sa, where
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Figure S. pH sensing with a single 0.75 ym diameter supercluster
excited at 785 nm. (a) Raman spectra for clusters exposed to solutions
of three different pH values. As the pH was increased, a peak at 1430
cm™" appeared, corresponding to the stretching mode of MBA after
deprotonation of its carboxyl group. (b) 2D Raman maps on the same
supercluster for the different pH values show that the signal from the
stretching mode is originating from the entirety of the supercluster. (c)
Increase of the intensity of the pH-sensitive stretching mode of 4-MBA
relative to the pH-insensitive mode at 1590 cm™, when exposing the
supercluster to progressively higher pH solutions.

three Raman spectra are presented for the center of the same
cluster that has been exposed to three different pH solutions: as
the pH value is increased, the appearance of the new vibrational
mode at 1430 cm™! becomes clearer.

In order to confirm that the Raman signal from the new
vibrational mode originated from the entirety of the super-
cluster structure, we also obtained 2D Raman maps (Figure Sb)
for clusters exposed to different pH values. Tracking the vy,
(COO-) mode progressively confirmed the diffusion of the
protons inside the clusters, since the signal was coming from
the very center of the supercluster and its distribution was
consistent with the previously reported mode at 785 nm. This
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experiment, as well as the observation of coherent collective
modes inside a cluster functionalized with 4-MBA after the
process of self-assembly (Supplementary Figure S), proves the
ability of this system to host small molecules in its porous
structure.

Finally, we quantitatively evaluated the response of the
supercluster to pH variations by measuring the ratio of
intensities of the pH-dependent vg, (COO—) peak at 1430
cm™" and the internal standard vibrational mode at 1590 cm™.
Figure Sc shows that, unlike the previously reported measure-
ments involving single gold nanoparticles,”’ the deviation of
our pH sensing measurements was statistically insignificant
compared to the change in the qualitative response of clusters.
Thus, superclusters are capable of increasing the pH sensitivity
of the constituent gold nanoparticles by presenting a coherent
ensemble of hot-spots, thus representing a valuable resource for
high-sensitivity SERS measurements.

Bl CONCLUSIONS

In summary, this study builds on our understanding of the self-
assembled colloidal structures, by providing the first direct
experimental proof for the existence of their collective
supermodes in the visible and near IR. It also establishes
SERS tomography as an invaluable technique for mapping out
plasmonic modes of three-dimensional structures characterized
by extremely small gaps. Moreover, as SERS allows sensitive
detection of molecules, the remarkable and tunable modes
excitable inside the spherical colloidal clusters provide an
efficient platform for ultrasensitive molecular spectroscopy. To
this end, we presented proof-of-principle implementation of the
superclusters as an efficient platform for pH sensing of the
surrounding medium.

B METHODS

Nanoparticle Formation. The 42 nm gold nanoparticles
were synthesized via a seed-mediated growth approach based
on the work of Brown et al®* First, 16 nm seed gold
nanoparticles were synthesized by the Turkevich—Frens
method.®>** Briefly, a 500 mL solution of 0.1 w/v % gold
chloride was brought to reflux under stirring; then 10 mL of 1
w/v % sodium citrate was added. The reaction was allowed to
proceed over 30 min, cooled to room temperature, and filtered
through a 0.2 m mixed cellulose ester membrane (Advantec).
For seeded growth of the 42 nm gold nanoparticles, 60 mL of
seed was added to 540 mL of water. Under vigorous stirring, 6
mL of 1 M hydroxylamine hydrochloride solution was added.
The solution was allowed to mix for 1 min; then 5 mL of a 1%
gold chloride solution was added and left to stir for 3 min. The
surface of the nanoparticles was modified with a thiol ligand by
first adjusting the pH of the solution to 7 by the addition of
1.65 mL of 1 M sodium hydroxide then adding 612 uL of a 10
mM 4-MBA solution in ethanol to a final 4-MBA concentration
of 10 yM. The nanoparticles were allowed to sit for at least 24
h before use and stored in the dark at 4 °C.

Cluster Formation. The gold nanoparticle clusters were
formed using an established method in our group.'**® First, an
ultraconcentrated solution of gold nanoparticles was obtained
by centrifuging 1 mL of the gold nanoparticles with 100 uL of
an immiscible solvent, dichloroethane, in a 2 mL polypropylene
centrifuge tube. The gold nanoparticles pass into the
dichloroethane phase during centrifugation, resulting in a
small aqueous pellet of ultraconcentrated nanoparticles sitting

at the bottom of the centrifuge tube. The aqueous phase is
pipetted off to leave the dichloroethane and the ultra-
concentrated nanoparticle pellet, which is then sonicated for
10 s. The sonication forms a microemulsion, grouping the
nanoparticles into solid spherical clusters. The clusters were
pipetted onto glass substrates and allowed to dry. The dried
substrates were then soaked for a minimum of 24 h in a fresh
solution of dichloroethene to remove residual contaminants
that arose from the contact of dichloroethane with the
polypropylene centrifuge tube. After soaking, the substrates
were dried under nitrogen and stored for later analysis (see
Supplementary Figure 7 for comments on the cluster size
distribution).

Grid Patterning of the Glass Substrate. The glass slide
was patterned with a grid covering its most central part in order
to precisely localize the cluster during the series of consecutive
measurements and derive its precise position during the Raman
scan. The grid system (16 by 16 with a pitch of 10 ym), shown
in Supplementary Figure la, was fabricated with a direct laser
writing lithography technique® followed by the deposition of
40 nm of indium tin oxide by sputtering (Q1S0T S sputter
system). SEM images were used to confirm the spacing and
correct fabrication of the grid and also to determine the sizes of
the spherical colloidal superclusters casted on the sample
(Supplementary Figures 1 and 3).

Raman Tomography. A confocal Raman microscope
(WIiTEC) and a bright field objective (Zeiss 100X NA 0.9)
were both used to provide the incident linearly polarized
illumination and to collect the scattered light from our colloidal
spherical cluster. First, Raman scattering spectra were acquired
by scanning the laser focus in the X—Y plane, and these
measurements were repeated at different Z-position across the
height of the cluster, allowing us to acquire Raman scattering
spectra from the entire structure. The Z-resolution of our
measurement was limited by the precision of our piezoelectric
motor at 300 nm, while the resolution in the X and Y direction
was diffraction limited as for an optimized confocal setup (260
nm for 633 nm excitation wavelength and 320 nm for the 785
nm excitation wavelength). Excitation was provided either by
HeNe (633 nm) or diode (785 nm) lasers, with an average
power of 0.2 mW for the 633 nm excitation laser line and 2.5
mW for the 785 nm one.

FDTD Simulations. Due to the high number of gold
nanoparticles and the finesse of structural composition,
cylindrical geometries were used with Lumerical FDTD
software; the electromagnetic properties of spheres can be
approximated by cylinders when the polarization is properly
considered."® Spectra and near-field maps were calculated for a
cylindrical cluster made of gold nanoparticles with a diameter of
40 nm and spaced by a 2 nm gap, when excited by an
electromagnetic wave coming from the top (same conditions as
in the experimental studies). To further prove the robustness of
our simulation to map the mode inside supercluster
metamaterials, we also simulated clusters containing some
defects (see Supplementary Figures 8 and 9).
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