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ABSTRACT: This article provides a review of our recent studies of

single metal nanoparticles and single nanoparticle clusters aimed at

correlating the structural and plasmonic properties of the same entity.

The correlation between the structure and the optical properties

arising from the localized surface plasmon resonance (LSPR) on

single nanoparticles from various samples is described. Nanoparticles

of different materials (Ag and Au) and shapes (spheres, cubes,

triangles) are considered. Experiments were carried out using trans-

mission electron microscopy (TEM), dark-field spectroscopy, and

surface-enhanced Raman spectroscopy (SERS). Results of those measurements were compared with electrodynamics calculations
to provide insight into the interpretation and physical meaning of the experimental results. We examine correlated studies of
triangular nanoparticle arrays to highlight the significance of single entity measurements over ensemble-averaged measurements.
Furthermore, we show how an examination of statistics on large data sets helps draw quantitative structure—LSPR relationships. We
also show that implementing SERS in correlated measurements improves the understanding of factors important in determining
SERS enhancements. Finally, we extend the scope of correlated measurements to the tracking and controlled manipulation of single
nanoparticles, thus paving the way for in vivo diagnostics using nanomaterials.

I. INTRODUCTION

Nanoparticles have been the subject of intense research over
the last two decades. A large variety of shapes (from “spheres” to
complex anisotropic particles), sizes (from a few to > 100 nm),
and materials (metals, semiconductors) can now be synthesized,
thus broadening the range of the physical properties accessible,
which can significantly differ from their bulk counterparts." > In
particular, metal nanoparticles have attracted special attention
from synthetic and physical chemists. Numerous chemical and
physical methods for the synthesis and fabrication of nanopar-
ticles of controlled shape and size have been reported.* !> At the
same time, experimental and theoretical investigations of the
physical (such as optical and magnetic) properties of nanopar-
ticles have highlighted how they relate to the structure."”"*~”

Materials such as Ag, Cu, Au, and Al with a negative real and
small positive imaginary dielectric constant over a range of
wavelengths are capable of supporting a surface plasmon reso-
nance (SPR) when driven with UV—visible—NIR electromag-
netic radiation. The SPR can be propagating or localized.
Propagating surface plasmons are observed on thin metallic
films, whereas localized surface plasmons are observed on
nanoscale structures. Such materials are designated as plasmonic.
In the case of metal nanoparticles smaller than the wavelength of
visible light, the surface plasmon resonance is localized. The
physical origin of this lies in the conduction electrons that
oscillate coherently with the frequency of the applied radiat-
ion field. A theoretical description of linear optical properties like
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extinction and scattering of a small spherical particle was
proposed by Mie'® in 1908 for spherical particles. The extinction
(absorption plus scattering) of a sphere of radius a with dimen-
sions smaller than the wavelength of light can be expressed as

(1+ X)ZSJIZNa38iétZ &(2)
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with &, and ¢; being the real and imaginary parts of the metal
dielectric function, respectively, and y a shape factor whose value
is 2. Gans extended this work to Au'® and Ag*® spheroidal
particles; in this case, % > 2 and a is the equatorial radius.®! It is
important to note that an analytical expression for the extinction
is only known for spherical and spheroidal particles, so extinction
must be determined numerically for other nanoparticle shapes.
Note also that the localized surface plasmon resonance (LSPR) is
sensitive to the surrounding medium through the external di-
electric constant &, (and thus the refractive index, rq as €qye =
out”). As a consequence, the LSPR can be used to probe changes
in the refractive index (RI) and thus monitor the external
environment, e.g., adsorbates, of the plasmonic particle. Mea-
surements of RI changes have been successfully in;glemented in
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high-resolution biosensors™ "~ and gas sensors.””
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Figure 1. Nanoparticle array fabrication by NSL. (A) Metal is deposited at a specific angle, 0° here, onto drop-cast nanospheres. (B) Spheres are
removed to yield a PPA (AFM image shown). (C) By changing sphere diameter, a, deposited metal thickness, b, or nanoparticle shape, the LSPR 4,5,
can be tuned throughout the visible spectrum. (Adapted and reproduced from ref 7).

Another important feature of the LSPR is the intense electro-
magnetic field arising at the surface which assists surface-
enhanced spectroscopies.”* >° The intensity of the Raman
scattering of molecules lying at a particle surface is dramatically
increased compared to the one usually observed in solution by
Raman spectroscopy. The ratio of the surface-enhanced Raman
scattering (SERS) intensity per adsorbed molecule to the normal
Raman scattering intensity per bulk molecule is defined as the
enhancement factor (EF) and quantifies the enhancing capability
of a SERS-active structure.””

Correlating structure and function is a powerful method for
understanding the chemical and physical properties of an entity.
While measuring the function—or property—of identical mol-
ecules in solution is representative of the sample, ensemble
measurements may not reflect the properties of individual
components when the individual components show significant
dispersion. This is especially true of metal nanoparticle samples
where the structure affects the optical properties and small
structural inhomogeneities in the synthesized nanoparticle po-
pulation have significant consequences. Indeed, we can expect
that an ensemble measurement of nanoparticle optical properties
does not reflect the spectrum of an individual entity, so structu-
rally correlated single nanoparticle spectroscopy is an essential
tool to understand the plasmonic properties of nanoparticles. To
get single particle (or cluster) data one needs both single particle
optical detection and single particle structural information.

Optical dark-field microscopy was developed at the beginn-
ing of the 20th century for the observation (count and size
estimation) of metal colloids by Zsigmondy,>" who received
the 1925 Nobel Prize in Chemistry for the development of
the ultramicroscope and his studies of metal and other
colloids. About ten years ago, the groups of Feldmann*>** and
Schultz**** independently performed the first spectroscopic
studies of single metal nanoparticles. Mock et al. reported the
correlation of structure to the LSPR spectrum of single nano-
particles when they performed dark-field spectroscopy and
transmission electron microscopy (TEM) on Ag particles with
various shapes.® This method has been demonstrated to be
extremely powerful in probing the distribution of optical proper-
ties within a nanoparticle sample, and correlating structure and
SERS activity of the same nanoparticle cluster has been crucial to
modeling SERS, e?ecially for understanding single molecule
SERS (SMSERS).?

In the present Feature Article, we describe correlated
structural —optical —spectroscopic property studies performed
on various plasmonic nanoparticle samples utilizing TEM, LSPR,

and SERS. This review is organized as follows: First, we describe
in Section II macroscopic spatially correlated measurements of
structure and LSPR on 2D periodic arrays of triangular particles.
In Section III, we specifically address the correlation of structure
and LSPR for single metal nanoparticles. Section IV is a discus-
sion of the information that can be obtained from a statistical
analysis of a large sample size. In Section V we present recent
results from correlated TEM/LSPR/SERS studies on single
SERS-active nanoparticle clusters. Finally, we define the limita-
tions and discuss some applications offered by correlated studies
of single metal nanoparticles.

Il. BULK/ENSEMBLE CORRELATION METHODS

Getting accurate structural—optical property relationships
from bulk measurements requires exquisite reproducibility of
the individual plasmonic nanoparticles across a sample and from
one sample to another. In the following section, we describe the
fabrication of nearly identical structures over large areas and
discuss the variations in LSPR spectra across these samples.
Additionally, we review experiments on nanoparticle arrays to
indirectly correlate structure and extinction measurements as well
as to directly correlate extinction and SERS measurements.

a. Periodic Particle Arrays Fabrication by Nanosphere
Lithography. Nanosphere lithography (NSL) is a proven litho-
graphic method for fabricating nanoparticle arrays in an inexpen-
sive and massively parallel way. The principle of the method is
simple: first, spheres are self-assembled on a surface to serve as a
mask; material is deposited through the sphere mask; finally, after
removing the sphere mask (by sonication in solution), only a
periodic particle array (PPA) remains on the substrate. The four
experimental variables in NSL are: (i) the mask (i.e., sphere size
and number of sphere layers),*”** (ii) the deposition conditions”
(deposition time and rate to control the thickness, angle of
deposition with respect to the surface, number of deposition
steps), (iii) the substrate properties, and (iv) the deposited
material (Figure 1A). While the first two parameters control
the structure of the fabricated particles through the shape
(triangular prisms, elongated particles, dots, and others’)
(Figure 1B), lateral dimension, interparticle spacing, and thick-
ness, the last two parameters allow the dielectric constant of the
support (glass, mica, indium tin oxide, SF-10)"***" and the
materials (Ag, Au, Cu, and Al)*”*'~* to be tuned. Ultimately,
the combination of tunable parameters considerably expands the
structural variety and LSPR tunability of the structures fabricated
by NSL (Figure 1C), and the LSPR A,,,, position can be tuned
over the visible spectrum to the mid-IR.
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Figure 2. (A) Representative UV—vis extinction spectrum of a Ag nanoparticle array fabricated by NSL. Image maps are shown depicting the spectral
variation across a S X S mm NSL area corresponding to the variation in E ., (B), Aoy (C), and T’ (D). (Reproduced from ref 50.)

The structural reproducibility within the array is limited by
two factors: (i) the ability to organize the spheres homoge-
neously in a hexagonal close-packed array over the surface and
(ii) the size dispersion of the spheres used for the mask. The
use of nonfunctionalized silica or polystyrene nanospheres
(~200—1000 nm in diameter) with a low dispersity in size
(5—10%) ensures that areas as large as S00 um?” are uniformly
covered, permitting studies of plasmonic properties with microp-
robes. To get larger defect-free areas, i.e., to minimize the number
of inherent defects such as dislocations and holes, deposition via
convective self-assembly has been successfully demonstrated.**
Stability issues such as a solvent-induced shape change from
triangular to disk-like particles** can be tackled by using atomic
layer deposition as a strategy to provide chemical** and
mechanical*® protection of the metal nanoparticle arrays even at
high temperatures (up to 300 °C) with minimal effects on the
optical and spectroscopic properties.

b. Correlated Structural—Optical Studies of NSL Fabri-
cated Triangle Arrays. The LSPR properties of nanoparticle
arrays made by NSL are routinely characterized by extinction
spectroscopy. Fiber optic microprobes allow probing and collect-
ing the extinction spectrum of areas as small as 2 mm in diameter.
The small size of the interrogated areas compared to the
substrate (~2 cm in diameter) allows the extinction to be probed
over multiple areas and thus provides insight on the quality of the
PPA over the substrate. In particular, extinction spectroscopy
and atomic force microscopy (AFM) have been extensively used
for indirect sg)atially correlated studies on NSL-fabricated
structures, 293738454748

An interesting illustration of the structure—LSPR correlation
has been reported by Zhang et al.*” who performed macroscale
UV—visible extinction and AFM measurements. To modify the
structure of Ag triangles made by NSL in a controllable manner

Figure 3. Spatially correlated study of NSL arrays. (A) Spatially
correlated LSPR (extinction) and (B) SER spectra of the substrate
dosed with benzenethiol. (C) Plasmon-sampled surface-enhanced ex-
citation Raman spectrum for the 1575 cm™ " band with a A, = 632.8 nm
excitation wavelength (solid line); the dashed line represents the Stokes
frequency shift, 4,4, (Adapted and reproduced from ref 40.)

and monitor the corresponding spectroscopic changes, the
authors performed chronocoulometric experiments on Ag par-
ticles fabricated on a transparent and conductive substrate
(indium tin oxide). They were able to monitor the shape
evolution from triangular prisms to disks and identify the steps
of the transformation mechanism. Under electrochemical oxida-
tion, the extinction maximum exhibits a blue shift, as expected
based on earlier measurements (Figure 1C).

To quantify the variations in the extinction spectrum of Ag par-
ticles over an entire substrate in a systematic way, Ormonde et al.*°
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performed scanning UV—visible extinction spectroscopy on
NSL fabricated triangle arrays. By scanning the substrate in
two dimensions to measure the extinction on small areas
(0.5 x 0.5 mm), the extinction maximum intensity (Ep.),
position (A, and full-width at half-maximum (I'y,,,) of each
area were measured. A typical spectrum for triangles using
400 nm diameter spheres and color maps for E, .., Amao and
I'\ax are presented in Figure 2. By defining a color scale for each
parameter range of values (E .0 Amaw a0d [y ), every measured
0.5 x 0.5 mm area was attributed a color based on the deviation
of the spectroscopic parameter from the expected spectrum for
the fabricated triangles. Overall, scanning extinction UV—visible
spectroscopy is a valuable tool to assess qualitatively the defects
and quantitatively the LSPR properties of a metal nanoparticle
array.

A further step in correlated studies of nanoparticle arrays has
been achieved by Haynes and Van Duyne.** They carried out
experiments to spatially correlate the optical (LSPR) and SERS
properties on multiple Ag triangular particle arrays (Figure 3).
The versatility of the experimental setup allowed the extinction
(Figure 3A) and the SERS signal (Figure 3B) of the same region
of the sample to be measured by interchanging the light and
detection sources without moving the sample. Therefore this
work investigated the fundamentals of the SERS electromagnetic
effect by probing the SERS intensity, and thus the SERS EF, at
different excitation wavelengths and tuning the LSPR of the
substrate to the excitation wavelength (Figure 3C). The LSPR
Amax distribution from domain to domain on the substrate was
determined to vary with a Gaussian distribution having a
standard deviation of ~10 nm. To identify the factor(s) account-
ing for this distribution, the structural variation of the triangular
nanoparticles was carefully characterized by measuring their
dimensions (lateral size and height) by AFM at different loca-
tions on the substrates. It was determined that the structures
varied by ~6%. Although this structural variation contributed to
the LSPR Ay, distribution as expected, it is clearly not the only
factor to be considered. The comparison of two substrates
differing in their hydrophilicity revealed that inhomogeneities
in the local dielectric environment created by water adsorption
were another factor accounting for the LSPR A,,,,, variation. The
optical and spectroscopic characterization through systematic
measurement of the SERS EF, the LSPR A,,,., as a function of the
excitation wavelength A, and the molecular resonance wave-
length Ay, of the SERS target molecule permitted Haynes and
Van Duyne (i) to show that NSL-fabricated substrates were
SERS active and (ii) to establish some trends regarding the
LSPR—SERS relationship. The plasmon-sampled SERS spectra
clearly demonstrated that the maximum SERS EF occurs when
the LSPR A, lies between A, and the Stokes frequency shift.
These optimization conditions have been shown to be molecu-
larly general by performing the same plasmon-sampled SERS
experiments with different resonant molecules.

In summary, spatially correlated ensemble measurements of
the extinction and the structure of nanoparticle arrays have
demonstrated that not only the variations in structural para-
meters but also the presence of adsorbates in very small
quantities have an effect on the LSPR spectrum. This correlation
provides useful information for both synthesis and ensemble
measurements. It should be noted that NSL-fabricated nanopar-
ticles are identical on a relatively coarse scale, and the details
of internal grain structure as well as corner rounding and other
nanoscale structural elements vary across the sample. To further

elucidate the relationship between structure and LSPR spectrum
features (A,,,, and line width), single nanoparticle measurements
are necessary.

Ill. SINGLE NANOPARTICLE STUDIES

Single nanoparticle measurements have multiple advantages
over ensemble-averaged measurements. First, single nanoparti-
cles are easily implemented in multiplexed detection schemes
since each unique nanoparticle possesses a distinguishable LSPR
maximum. An additional advantage is that the absolute detection
limit (number of analyte molecules per nanoparticle) is signifi-
cantly reduced, leading us to the ultimate sensing limit: the single
molecule.*® A third advantage of single nanoparticle spectros-
copy is the ability to measure the LSPR spectrum of indiv-
idual particles with a high signal-to-noise ratio.>" Finally, single
nanoparticle spectroscopy allows us to examine exactly which
structure gives rise to which spectral properties. We can thus
address some fundamental questions: Which structure is the
most sensitive to local RI? How does the structure affect the
plasmon frequency? Which structural parameters affect the
plasmon width? By examining single nanoparticle spectra, these
questions can begin to be addressed. Here, we describe the initial
single nanoparticle spectroscopy experiments that provided the
groundwork for single nanoparticle correlated studies.

A significant advantage of single nanoparticle spectroscopy is
the ability to understand nanoparticle properties that are normally
hidden in ensemble measurements. For example, the sensitivity of
nanoparticles to the surrounding RI is essential for sensing
experiments. Typically, this property had been exploited using
nanoparticle arrays, and the RI sensitivity was averaged over
hundreds of nanoparticles. Mock et al. were the first to investigate
the sensitivity of the LSPR scattering spectrum of single nanopar-
ticles by exposing them to different RI oils.>> However, the
strength of LSPR sensing lies in the ability to detect adsorbates
on nanolparticles. In 2003, Raschke et al.>* and McFarland and Van
Duyne® independently reported the first single nanoparticle
sensing experiments to examine the sensitivity to molecular
adsorbates. Raschke et al. focused on single Au nanoparticles
functionalized with biotin and the specific interaction with
streptavidin,>® whereas McFarland and Van Duyne examined
the formation of self-assembled monolayers (SAMs) on single
Ag nanoparticles as well as the bulk RI sensitivity of Ag
nanoparticles.>'

McFarland and Van Duyne utilized dark-field microscopy
coupled with a spectrometer for optical analysis, a common
technique for single nanoparticle spectroscopy, depicted in
Figure 4A. Briefly, white light sent through a high numerical
aperture (NA) dark-field condenser is used to illuminate the
single nanoparticles. The NA is defined as NA = n sin 0, where n
is the RI of the medium and 6 is the half-angle of the maximum
cone of light (Figure 4B). The dark-field condenser is equipped
with a circular block at the lens such that a hollow cone of light is
transmitted and focused at the sample to excite the nanoparticle
plasmons. The nanoparticle scattered light is collected through a
variable NA objective (set to a lower NA than the dark-field
condenser) and sent to a CCD coupled to a spectrometer. The
light illuminated through the condenser is at an angle higher
than that prescribed by the NA of the objective. The illumination
light is thus not collected by the low NA objective—only the
light scattered by the nanoparticle; therefore, this is a “dark-
field” configuration. To ensure single nanoparticle spectroscopy,
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Figure 4. Single nanoparticle spectroscopy apparatus. (A) White light is brought in through a dark-field condenser to excite the LSPR of the single
nanoparticles, and only the scattered light is collected by an oil immersion objective. The scattered light is sent either to a camera for imaging or through a slit
to an imaging spectrograph. The slit ensures that light from only a single nanoparticle is sent through the spectrometer grating to yield a single nanoparticle
scattering spectrum. The field of view of the dark-field image shown is ~ 20 #m x ~22 um. (B) Closeup of the dark-field condenser and objective.

a single nanoparticle is isolated in the center of the slit of the
spectrometer such that no other nanoparticles are in the field of
view. This process is repeated for each subsequent nanoparticle
of interest.

Single Ag colloidal nanoparticles were used to determine the
RI response to both solvent environment and adsorbates. For
example, three different single Ag nanoparticles demonstrated RI
sensitivities varying by a factor of ~1.5 when exposed to different
solvents. On the basis of 5prior work examining single nanopar-
ticle scattering spectra,” it was inferred that the particles
exhibiting RI sensitivities of 161 nm/RIU, 197 nm/RIU, and
235 nm/RIU were spherical, triangular, and rodlike, respectively.
That is, the particle with the highest aspect ratio exhibited the
highest RI sensitivity, consistent with Mie Theory."® In an
ensemble measurement, such observations are not possible
because only the average RI sensitivity is measured.

To investigate the sensitivity of single nanoparticles to ad-
sorbate molecules, the formation of an octanethiol monolayer
was observed in real-time by monitoring the shift in A, of the
scattering spectrum. The A, response exhibited first-order
kinetics with a rate constant of 0.0167 s~ '. When Ag nanopar-
ticles were incubated in a hexadecanethiol solution, the A,,,, red-
shifted by 40.7 nm, corresponding to <60 000 adsorbate mol-
ecules on the surface, demonstrating zeptomole sensitivity.>'
Finally, a linear relationship between the LSPR response and the
SAM alkyl chain length was observed for multiple single Ag
nanoparticles that had a similar plasmon frequency, and it was
concluded that the RI sensitivity was consistent with that of
platelets or disks. This work demonstrates that the same types of
sensing experiments performed on plasmonic arrays can be
performed on single plasmonic nanoparticles. Additionally,
because the spectra are not part of ensemble measurements,
structural information can be inferred from the single nanopar-
ticle spectra. Sensing experiments like those by McFarland and
Van Duyne helped clarify the relationship between structure and
spectrum without correlated data. The size and shape variation in
a citrate-reduced Ag colloid synthesis is beneficial to examine the
wide range of structures available. However, by focusing on a

more monodisperse nanoparticle sample, a clearer picture of
structural and spectral correlation can be drawn.

Work by Sherry et al. focused on the single nanoparticle
spectroscopy of nanocubes>* and triangular nanoprisms.>> The
authors demonstrated that although similar shapes were present
in a single sample, as observed by TEM measurements, a variety
of single nanoparticle LSPR scattering spectra were measured,
further emphasizing the significance of single nanoparticle spec-
troscopy. The RI sensitivity was determined for multiple single
nanoparticles, revealing additional structural details of the nano-
particles, like corner rounding.

While comparing the ensemble LSPR spectrum of Ag nano-
cubes (in water) to that of a single Ag nanocube on a glass
substrate (submersed in water), a striking difference was ob-
served: the single particle spectrum consisted of two discrete
peaks, whereas the ensemble spectrum consisted of primarily a
single peak (a small peak around 350 nm was attributed to
residual particles in solution). To clearly understand the physical
origin of those peaks, finite difference time domain (FDTD)
calculations were performed for a cube in a variety of media. The
FDTD results for cubes immersed in water or laying on a
dielectric substrate both gave rise to a spectrum containing two
peaks, indicating the multimodal resonance origin of the peaks.
The high-energy peak is a quadrupolar resonance that becomes
prominent when a Ag cube is in a relatively high RI medium, i.e.,
aslow as 1.33 (water). Considering the fact that the configuration
of a cube lying on a surface is a nonsymmetric environment, the
resonance is not a true quadrupole, just as the dipole is not a true
dipole. Figure S shows a simulated spectrum of a single nanocube
on a dielectric substrate. The higher-energy peak (quadrupolar in
origin), designated as peak A (distal) in Figure S, has strong
correlations with enhanced electric fields away from the surface,
whereas the lower-energy peak (dipolar in origin), peak B
(proximal) in Figure S, correlates with fields toward the sub-
strate. Clearly, single particle studies on metal nanoparticles
(as Ag cubes,** Ag triangular particles,® Au rods,* and Au
nanoshells*®) have considerably facilitated the discrimination of
the factors affecting the LSPR spectrum, in particular effects

dx.doi.org/10.1021/jp2010309 |J. Phys. Chem. C XXXX, XXX, 000-000



The Journal of Physical Chemistry C

FEATURE ARTICLE

Figure 5. FDTD modeling showing the scattering spectrum of a single nanocube (face-to-face distance: 78 nm) on a n = 1.5 substrate. The field
intensities for the distal (A) and the proximal (B) peak. (Reproduced from ref 72.)

Figure 6. Triangular nanoprism LSPR spectra. (A) Ensemble (black) extinction spectrum of single triangular nanoprisms overlaying four single
triangular nanoprism scattering spectra (color), both in an aqueous environment. The inset is a representative TEM image of the triangular nanoprisms.
(B) Experimental (black) and DDA modeled (red) single nanoparticle scattering spectra. The DDA modeled spectrum used a 111 nm edge length,
15 nm tip sharpness, and 10 nm height for calculations. (Reproduced from ref 55.)

related to high RI environments such as the presence of a
substrate.

As mentioned previously, an additional measurable parameter
characterizing nanoparticles is the RI sensitivity. The single Ag
nanocubes on a substrate provide an interesting example due to
the presence of two plasmon peaks. It is expected that the higher-
energy peak (peak A in Figure S) would have a higher RI
sensitivity than the lower-energy peak (peak B in Figure S) since
peak A has most of its electric field probing the bulk material.
This occurs even though this resonance has quadrupolar char-
acter, which due to the shorter range of quadrupole fields has an
intrinsically lower RI sensitivity. Although the results agreed
qualitatively with what was expected, peak A shifted less than
predicted by theory. It was hypothesized that the cube corners
immersed in the bulk environment were “annealed” by the
solvents utilized in the RI study more than the corners touch-
ing the substrate. This explanation is consistent with prior work®">’
that demonstrated particle corners with larger radii of curvature
are less sensitive to changes in the RI. The unexpected observa-
tion of lessened RI sensitivity offered insight into the structural
nuances of single nanoparticles, which would be otherwise
obscured by ensemble measurements.

In the triangular nanoprism study by Sherry et al,*® Ag
nanoprisms were synthesized using the procedure pioneered
by the Mirkin group in which small spheroidal seed particles are
converted into triangular nanoprisms through a photomediated
mechanism.® TEM measurements depicted largely triangularly
shaped nanoprisms, albeit with varied sizes. Figure 6A illustrates
single nanoparticle spectra of multiple nanoprisms in comparison

to the ensemble spectrum. It is observed that the single nanopr-
ism spectra are narrower than the ensemble spectrum, as
expected from inhomogeneous broadening, and that the single
nanoprism spectra cover a range of wavelengths. The different
spectra are presumably from triangle-like nanoparticles with
different sizes. To further understand the effect of structure on
the scattering spectrum, discrete dipole approximation (DDA)
modeling was used. A triangular nanoprism which had a 4,,,,, ~
620 nm was matched to a modeled triangular nanoprism with an
edge length = 111 nm, tip sharpness (corner truncation) =
15 nm, and height = 10 nm (Figure 6B). The combination of
theory and experiment helped elucidate the structural—spectral
relationship. Although the nanoprism shapes are largely trian-
gular, there is significant variation in nanoparticle size and tip
sharpness. It was concluded that these variations give rise to
different scattering spectra. Although these studies were per-
formed on single triangular nanoprisms in a known size range,
the dimensions of each particle in these measurements were
not known.

To fully elucidate the origin of fine spectral details such as the
plasmon width and frequency, single particle correlated structural—
optical characterization is necessary. In particular, there is a
need to spatially correlate optical and structural measurements
on single plasmonic nanoparticles in parallel and in real-time. A
novel method utilizing through-the-objective white light total
internal reflection (TIR) for LSPR and AFM measurements was
achieved by Stiles and Willets et al.>® This method is analogous to
the TIR fluorescence (TIRF) microscopy technique using
laser excitation.””* A schematic is depicted in Figure 7A. Briefly,
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Figure 7. (A) Schematic of the through-the-objective white light TIR
apparatus for single nanoparticle spectroscopy and AFM. White light
from a tungsten-halogen lamp is directed through a lens (L) to a beam
splitter (BS) and through a TIRF objective. A metal beam stop (S) is
used to block the 50% of the TIR light that is transmitted through the
beam splitter. Dark-field single nanoparticle scattering images when the
AFM tip is in contact with the sample using (B) a traditional dark-field
configuration (see Figure 4) and (C) the through-the-objective TIR
approach. (D) Single nanoparticle scattering spectra comparing the
traditional dark-field method (DF) in red and the TIR method in blue.

white light is sent through a high NA objective off-axis such that
the light is bent at high enough angle to achieve TIR. The
nanoparticle LSPR excitation occurs by an evanescent wave
generated at the air—sample interface, and the scattered light is
collected by the same objective. The through-the-objective
approach is necessary for these spatially correlated measure-
ments using AFM. When traditional dark-field geometries are
utilized (dark-field condenser as described earlier in this section),
the AFM tip scatters so intensely that the diffraction-limited
spots from the nanoparticles are obscured (Figure 7B). However,
using the through-the-objective white light TIR configuration,
clear dark-field scattering images are obtained, even when the
AFM tip is in contact with the sample (Figure 7C). This is the
result of an evanescent wave that exponentially decays in
intensity in the z-direction, allowing the AFM tip to be in contact
with the sample and no background scattering from the canti-
lever. This through-the-objective white light TIR technique
allows a single nanoparticle scattering spectrum to be mea-
sured, while the AFM tip is in contact with the nanoparticle
(Figure 7D). This novel method using through-the-objective white
light TIR not only correlated structural and optical measurements of
single triangular nanoprisms but also elucidated the effect of certain
tip—nanoparticle interactions on the optical properties. For example,
it was determined that a water meniscus was forming between the
AFM tip and the nanoparticle, mechanistic principle mechanism of
dip-pen nanolithography (DPN).°"** This work demonstrated a
novel method to spatially correlate optical and structural measure-
ments, offering insight into the structural—spectral relationship as
well as tip—particle interactions.

In summary, dark-field spectroscopy offers the technical ability
to measure scattering from a single nanoparticle. As a result,
optical information that is otherwise being hindered by the

ensemble in extinction measurements is now measurable. Sub-
strate and RI effects on metal nanoparticles can now been studied
with unprecedented sensitivity. An alternative method, the
through-the-objective white light TIR technique, enables the
direct correlation of structure (measured by AFM) and LSPR.

IV.SINGLE NANOPARTICLE STUDIES: STATISTICS OVER
LARGE POPULATIONS

Single particle correlated measurements are paramount to
unraveling structure—function relationships, as described thus
far. Electron microscopy techniques have been used to perform
such experiments. While scanning electron microscopy (SEM)
can be used as a structural characterization tool (e.g., for
trianglesé3 and decahedra®>®**) the resolution is generally no
better than 1 nm, and TEM yields micrographs of much higher
resolution. Experimental challenges related to this approach are
surmounted by using TEM grids as substrates for the dark-field
microscopy scattering measurements,”%® allowing transfer of
the sample into a transmission electron microscope, in which
subnanometer resolution images can be routinely acquired.
Additionally, the asymmetric center of the grid used provides
an origin to establish a coordinate system for easy positioning.
Using this technique, the scattering spectrum and structure of a
single Ag nanocube were obtained,”® confirming previous
results>* which indicated the presence of two plasmon modes.
Precise measurements of the face-to-face distances and corner
rounding from TEM images could be used in FDTD calculations,
yielding an impressive theory-experiment match. Additional
FDTD calculations predicted a redshift of the plasmon for
increasing size and decreasing corner rounding.

a. Au and Ag Nanocubes. Quantification of structure—
function relationships is critical to the advancement of plasmo-
nics, as structure provides a powerful handle on optical proper-
ties. Predictive rules would allow quick, hassle-free decision on
parameters required to get any specific plasmon resonance
frequency, for applications in optics and sensing. A way to fully
elucidate this relationship is to take a statistical approach to
correlated spectral and structural measurements. Previous
experimental results concentrated on one up to tens of
particles®>**% and heavily relied on calculations to give clues
on factors contributing to the plasmonic properties of nanopar-
ticles, such as size, shape, and dielectric environment. With
sufficient data, it is possible to experimentally assess such factors
and get results at a level unachievable by calculations. In addition,
new trends or insight can be serendipitously discovered. Sets of
correlated single particle data have recently emerged for Au
decahedra,®” Au spheroids,68 Ag triangular plates,ég’70 and
Ag—Au cages.”' The high throughput achievable with the
correlated LSPR/TEM technique described earlier allows acqui-
sition of large data sets with exceptional spectral and structural
precision: margins of errors on both the plasmon peak and
nanoparticle size are of the order of 0.5 nm.

Using correlated LSPR/TEM, the effect of size, corner round-
ing, composition, and substrate dielectric medium on the plas-
mon resonance of nanocubes was experimentally addressed.”>
Figure 8A presents LSPR frequency as a function of side length
for Ag and Au nanocubes with aspect ratio 0.9—1.11 on either a
polymer (polyvinyl formal, RI n = 1.5) or a semiconductor
(Si3Ny, n~2) substrate. For the nanocubes, the sharp, quadru-
pole-like high-energy peak is labeled distal, whereas the bro-

ader, dipole-like peak is referred to as proximal because of the
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Figure 8. Statistical approach to correlated LSPR/TEM measurements on Ag and Au nanocubes on polyvinyl formal (n = 1.5) and Si;Ny4 (n ~ 2).
(A) LSPR energy for the single proximal mode of Au and the proximal and distal modes of Ag. (B), (C) Examples of single particle spectral and structural
data, respectively, for a Ag cube. (D) Results from analysis of covariance (ANOCOVA). The standard deviations are shown in parentheses.

Figure 9. (A) Wide-field LSPR imaging experimental apparatus. Scattered light from the nanoparticles is sent through an LCTF, where only the
specified wavelength of light is transmitted (535 nm shown here) to the CCD. (B), (C) Plasmon peak energy (Aax) distribution for Ag colloids and Ag

nanoprisms, respectively. (Reproduced from ref 76.)

symmetry of the field profiles, as illustrated in Figure S for a Ag
cube. The first trend obvious in Figure 8A is the redshift of the
plasmon with increasing size, which can be explained by retarda-
tion effects. Simply put, the plasmon resonance frequency changes
with dimension because the electron oscillation has to accommo-
date the difference in electromagnetic phase between one end of
the particle and the other (i.e., radiative depolarization effects).”®

Out of the 175 nanocubes analyzed, several statistically
significant trends emerged. First, the composition (Ag or Au)
not only influences the position of the plasmon for a given
particle dimension but also dictates the LSPR frequency depen-
dence on size and dielectric environment. This is due to the
difference between various aspects of the dielectric functions of
Ag and Au. Indeed, the shift for a given size is due to the
magnitude of &, according to Mie theory;'® the composition-
specific dependence on size is due to the electric scattering
coefficient (a function of both the real and imaginary parts of the
dielectric function);”* and the different dependence on environ-
ment is due to the real part of the dielectric function and its
derivative.”* It is interesting to note that in this study the

substrate has no statistically significant effect on the size depen-
dence of the LSPR energy for the three LSPR modes studied (Ag
distal, Ag proximal, and Au proximal; vide supra). An effect,
although small, is predicted from the explicit dependence of the
electric scattering coefficient on the dielectric constant of the
surrounding medium.”® Another trend observed is the different
size dependence of the energy of the proximal and distal modes
for Ag nanocubes. The slope of the proximal resonance is
approximately twice that of the distal one, as expected for dipolar
and quadrupolar resonances. The Ag plasmonic modes also have
disparate sensitivities to the RI of the substrate. Quadrupole
modes tend to be less affected by the medium around them, and
more importantly, the fields for the high-energy modes sample
much less of the substrate than the fields for the lower-energy
mode (Figure S).

Not only can these trends be observed but also with the
statistical approach to correlated LSPR (Figure 8B)/TEM
(Figure 8C) they can be quantified at a level never achieved
before and tested for statistical significance. Results of analysis of
covariance (ANOCOVA) are presented in Figure 8D. Note that
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Figure 10. (A) Correlated TEM image, (B) LSPR scattering spectrum, (C) SER spectrum of rhoadamine 6G on a sphere—rod dimer presented in panel
(A), and (D) electric field contour map of a sphere—rod dimer modeled using DDA. (Reproduced from ref 79.)

the p-value is related to the probability that the difference
between two groups is the result of chance, which goes from
zero (not likely or, in other words, a real effect) to one (extremely
likely). The size dependence of the LSPR energy was thus found
to not be statistically different for a given peak on either substrate,
despite previously discussed predictions. The small standard
deviations on these results suggest that they are at a level where
they can challenge and help improve theory. It can be seen that
the dependence of the LSPR position on nanocube size is
greatest for the Ag proximal LSPR, followed by Ag distal, and
then by Au proximal. Perhaps the most novel result to come out
of this statistical approach to LSPR/TEM measurements is that
the quantitative nature of it can be used to predict LSPR
positions of nanocubes over a large range of sizes and of different
compositions (Au or Ag), as well as on different substrates
(polyvinyl formal or SizN,).

b. Plasmon Distribution. All experimental results presented
thus far have been obtained by collecting the scattering spectrum
of one particle at a time, centering the individual particle on the
detector slit, a method arguably time-consuming and of limited
applicability. Recently, Louit et al.”® acquired spectra of metal
nanoparticles diffusing in live cells by using a translation stage to
compensate for the motion of the nanoparticles, paving the way for
a new approach to dark-field microscopy. We have adapted a
similar method to our needs by coupling an inverted microscope,
equipped with a dark-field condenser (NA = 0.80—0.95) and a
variable NA objective (NA = 0.5—1.3, set at NA = 0.5), with a
liquid crystal tunable filter (LCTF) and a LN,-cooled CCD
detector’®”” (Figure 9A). In this configuration, the scattered light
from all the particles in a ~20 um X ~50 um area can be collected
one wavelength at a time by scanning the LCTF. The scattering
intensity of each diffraction-limited spot can then be integrated as
a function of wavelength to construct single nanoparticle spectra.

The inherently high throughput of this wide-field LSPR
imaging instrument allows unbiased sampling of nanoparticle
scattering spectra. We have used this capability to study the
plasmon peak distribution of two different reaction products, Ag

colloids and Ag nanoprisms, which were synthesized accordjn%
to the procedure developed by Lee and Meisel”® and Jin et al,
respectively. From TEM observations, we know that there is a
variation in size and shape in the Ag colloids, and their plasmon
peak distribution (Figure 9B) indeed reflects this inhomogeneity.
Although TEM has shown the triangular nanoprisms to be relatively
monodisperse, significant variation is observed in the scatterings
spectra, seen in the corresponding plasmon distribution (Figure 9C).
Such histograms were the first demonstration of the high throughput
capabilities of the new wide-field LSPR imaging setup, which is a
promising new experimental approach.

V. CORRELATED SINGLE NANOPARTICLE SPECTROS-
COPY FOR SERS

The LSPR excitation of metallic nanostructures produces an
electromagnetic field at the surface of the particle, capable of
enhancing (>10°) the Raman scattering of molecules located in
the vicinity of the surface, i.e., at an electromagnetic hotspot.”"”
SERS, which relies on this phenomenon discovered more than 30
years ago,”® combines the selectivity of Raman spectroscopy
(based on unique vibrational features of the molecule) with high
sensitivity. Indeed, signals from single molecules have been
detected.*>®! Although the fundamentals of the electromagnetic
mechanisms are relatively well-known,””*** some uncertainty
has remained on the exact structure of the electromagnetic
“hotspot” giving rise to the very high enhancements exploited
in SMSERS. Not surprisingly, correlating structure and SERS
activity has been of great interest in the SERS community.

Brus and co-workers have shed some light on this subject by
performing correlated AFM and dark-field spectroscopy studies
to measure LSPR and SERS on the same nanostructures, namely,
Ag nanoparticles aggregated on a surface.*”* They made several
key observations. First, SERS signal is only measured from
aggregates, (ie., at least two particles), thus likely arising from
the junction of nanoparticles. The resolution achieved by AFM
images, though, was not sufficient to provide insights into the
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Figure 11. Correlated structural and optical characterization of indivi-
dual SERS nanoparticle clusters (“nanoantennas”). (A) TEM images of
a Au—SiO, core—shell dimer and trimer nanoantennas functionalized
with Raman-active target molecules. (B) LSPR scattering spectrum of
the dimer (black line) and the trimer (red line) in panel (A). (C)
Average EF as a function of the aggregation state in nanoantennas. (D)
Average electromagnetic enhancement from FEM calculations for
different gap distances of the cores in a trimer, as a function of the
wavelength. (Adapted and reproduced from ref 87.)

structure of the junctions. Second, they observed no correlation
between the LSPR maximum position, A,,,,, and the SERS EF. In
the following, we describe our recent results from the correlation
of (SM)SERS, LSPR, and TEM at the single particle level.

a. SMSERS—LSPR—TEM Correlation. To identify with preci-
sion the structure of the hotspots capable of enhancing SERS-active
single molecules, Camden et al.” performed correlated high-resolu-
tion TEM/LSPR/SMSERS experiments on aggregated Ag colloids.
By starting with the experimental setup used for single particle
correlated experiments (Figure 4), they incorporated instrumentation
(laser, optics, spectrometer)gl to perform SERS on single nanopar-
ticles and thus to perform TEM (Figure 10A), LSPR spectroscopy
(Figure 10B), and SERS (Figure 10C) on the same Ag colloid
aggregates incubated with rhodamine 6G. Also, by using the experi-
mental dimensions as input for electrodynamics calculations (DDA),
they were able to get the contour plot of the electric field map, which
clearly indicated that the hotspot was located on each side of the
junction when the two particles were touching (Figure 10D). Note
that the scattering spectrum that is presented in Figure 10B probably
has some contributions from nanoparticle aggregates located in the
diffraction-limited spot centered on the dimer of interest. From this
correlated TEM/LSPR/SERS study and DDA calculations, it appears
that the wavelength of the LSPR maximum is not correlated to the
SMSERS excitation wavelength and that multiple aggregate structures
are suitable to observe SMSERS. Very recent results from Kleinman
et al® using similar correlated measurements with another Raman
chromophore (Crystal Violet) confirmed those conclusions while
expanding the generality of SMSERS.

b. Single Particle SERS—LSPR—TEM Correlation. Reprodu-
cible and rational structures that can be studied by LSPR spectroscopy
and SERS at the single nanoparticle/nanoaggregate level provide
insight into the structure—plasmon—SERS intensity relationships. By
using the same experimental method as Camden et al,”” Wustholz
et al*’” have performed correlated TEM—LSPR—SERS studies on

controlled SERS-active nanoparticle clusters. This study utilized
aggregated spherical Au cores (~100 nm in diameter) on which
Raman active target molecules were adsorbed (submonolayer cover-
age) (Figure 11A). The whole structure was then encapsulated in a
SiO, shell (~50 nm thick) that provided (i) chemical and structural
stability and (ii) the possibility to functionalize the surface with
molecules for biologically related applications.®® The diversity in
nanoparticle clusters (number of cores per cluster and relative
geometry of the cores)® allowed the exploration of fundamental
questions such as: How does the number of cores affect LSPR
maximum position and SERS activity? What is the most enhancing
structure? How do LSPR maximum and SERS EF activity relate?
What is the fine structure of the hotspot? The Wustholz et al. studies
demonstrated experimentally that no specific type of nanoparticle
cluster (dimers, trimers...) exhibited unique features in this particular
population of clusters. In other words, two dimers can have very
different spectra, whereas one dimer and a trimer can have very similar
spectra (Figure 11B). Finite element method (FEM) calculations
have greatly helped in addressing the dramatic effect of very small
(—0.5 to 2 nm) intercore distances on the LSPR spectrum and the
EF (Figure 11D). As for how LSPR and SERS EFs relate, this work
confirmed that the LSPR maximum wavelength and the EF are not
correlated, as earlier reported by Brus and co-workers.** The average
SERS EF (averaged over the entire nanoparticle cluster aggregate, not
only the supposed hotspots) was remarkably constant relative to the
number of cores within the cluster (Figure 11C). Also, the range of
experimentally measured maximum EFs was relatively low (factor of
70 from maximum to minimum) and is in very good agreement with
the range predicted by FEM calculations at this excitation wavelength.
The theoretical results identified the regions of high electromagnetic
field in dimers and trimers.*”*° In the case of a trimer, the two
hotspots were the regions located around each intercore junction.*’”
To gain insight into the structure of the hotspot, diverse nanoparticle
clusters were observed using HRTEM within the same sample. Two
types of structures were identified, depending on whether the cores
were isolated (ie., separated by 0.4—1 nm) or slightly fused. In both
cases, the dimensions measured are in the range predicted by theory
to still provide enhancements in the 10° range. Such correlated
measurements of SERS, LSPR, and structure have allowed us to
understand the detailed structure—activity relationship in hotspot
containing nanoparticle clusters. The structure of the intercore region
was shown experimentally and theoretically to have dramatic effects
on the LSPR but only very moderate effects on the EF, for which the
highest value measured was 4 x 10°.

By incorporating SERS measurements to spatially correlated
structural —optical measurements at the single particle (here, single
nanoparticle aggregate) level, new insights into fundamental ques-
tions relating LSPR and SERS as well as the structure of the hotspot
have been obtained.

VI. CORRELATED STUDIES: APPLICATIONS AND
LIMITATIONS

a. Single Particle Tracking. With emerging techniques and
abilities to optically and structurally correlate hundreds of single
nanoparticles, questions regarding utility and practicality arise. It
is important to know exactly how minute structural parameters
affect spectral properties, like plasmon frequency and width.
With thorough characterization, these relationships can begin
to be uncovered. This is extremely important on a fundamental
level, but also for sensing applications. Continuing single
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Figure 12. Characterization of three moving single nanoparticles. (A) Normalized scattering spectra of particles 1, 2, and 3 which have 4,,,,, of 524, 627,
and 689 nm, respectively. The spectra were obtained, while the nanoparticles were moving according to the trajectories in panel B. (B) Single particle
trajectories of particles 1,2, and 3. (C) Plots of the mean square displacement <r*>, which were calculated from the single particle trajectories in panel B,

as a function of time lag, t. (Reproduced from ref 76.)

nanoparticle studies will further elucidate the relationship be-
tween structure and sensing capability.

A particular advantage of single nanoparticle studies is that they
are not restricted to surface-bound geometries; that is, single
nanoparticles can be investigated while they move. This is particu-
larly significant for the biological community because single particle
tracking provides new information on cell membrane organization,
biomolecule movement on the cell surface, and the effects of the
external cell environment.”'~*” Single particle tracking is used to
determine the diffusion coefficients of individual particles, allowing
for modes of motion inside cells to be characterized. This technique
has been utilized for single fluorophores, quantum dots, and
plasmonic particles; however, it has been a challenge to measure
the optical properties of a single particle simultaneously with its
movement. Recently, Bingham et al’® utilized the wide-field
imaging method described in Section IV to address this challenge.

The wide-field imaging technique utilizes dark-field microscopy
with an LCTF to measure the resonant Rayleigh scattered light
from multiple nanoparticles (vide supra). The intensity is inte-
grated over multiple frames to build the scattering spectrum of
many single nanoparticles simultaneously. Not only does each
intensity frame have wavelength information but also it has time
information, since the LCTF was scanned with a specific time
interval. This feature made it possible to measure moving particles
because the location of each particle at a given time in the wide-field
image was known, allowing diffusional dynamics of moving
particles to be characterized (Figure 12). The LSPR scattering
spectra and the single particle trajectories of three single nanopar-
ticles are displayed in Figure 12A and 12B, respectively. The mean
square displacement (<r*>) was calculated from the nanoparticle
trajectories and plotted as a function of time lag, t (Figure 12C),
demonstrating a linear relationship (slope 4D, where D is the
diffusion coefficient), indicative of Brownian diffusion. From the
linear fit in Figure 12C, particles 1, 2, and 3 were determined to
have diffusion coefficients of 1.33 x 10~ '°,8.75 x 10~ ", and 5.73
x 10" cm®/s, respectively. Using the Stokes—Einstein relation-
ship, the nanoparticles were found to have sizes within a factor of
~2—3 of the actual nanoparticle size of 80—100 nm.®

Due to camera limitations, a viscous environment (supersaturated
aqueous glucose solution) was necessary for these single particle
tracking experiments.”® However, with an electron-multiplying
(EM) CCD, single particle tracking was possible in water due to
the decrease in required acquisition time. This improved the

technique such that a larger range of biologically relevant time scales
are accessible. Two single nanoparticles with 4,,,,, ~ 570 and 621 nm
were tracked in water and were determined to have diffusion
coefficients of 9.0 x 10~* cm*/s (corresponding to 24 nm radius)
and 63 x 10~° cm®/s (corresponding to 34 nm radius), respec-
tively.”® These sizes are well within the range of sizes typically present
in the nanoparticle sample.®

These single particle tracking experiments expand the realm of
single nanoparticle spectroscopy to moving particles. Using the
Stokes—Einstein relationship, nanoparticle sizes can be ex-
tracted. Although the frictional coefficient for a sphere was
utilized as a first approximation in these experiments, including
more complex frictional coeflicients for other shapes will im-
prove the size calculations. Ultimately, the measured diffusion
coeflicient should allow us to determine accurate size and shape
parameters of the nanoparticles of interest. This method pro-
vides a unique approach for correlating structure and function.

b. “On-the-Fly” Lithography. Measuring nanoparticle diffu-
sion simultaneously with the LSPR spectrum in solution allows
us to move to more complex environments, like cells. However,
the nanoparticle movement is not controlled. It is important to
be able to not only measure optical properties of single nano-
particles but also control the nanoparticle position. While utiliz-
ing the through-the-objective white light TIR geometry to
spatially correlate optical and structural properties, Stiles and
Willets et al.>® demonstrated the ability to manipulate the
position of a single nanoparticle by pushing it controllably with
the AFM tip. Figure 13 depicts the controlled movement. In each
frame, the AFM tip is visible among diffraction-limited spots
(nanoparticles). The nanoparticle manipulation described here is
an important development for “on-the-fly” lithography and is a
significant tool to be able to move nanoparticles controllably. In
contrast to scanning tunneling microscopy that requires ultra-
high vacuum, this on-the-fly lithography technique occurs in
ambient conditions. Additionally, unlike e-beam lithography
that fabricates fixed structures, these structures are dynamic.
Although it is still at the early stages of development, this
technique has a variety of potential applications for fabricating
plasmonic structures with a range of shapes and sizes.

c. Limitations. Single nanoparticle spectroscopy coupled with
structural analysis has been shown throughout this paper to be an
invaluable tool for systematic nanoparticle characterization. How-
ever, this technique is not without limitations. The first intrinsic
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Figure 13. Series of images showing AFM tip—nanoparticle move-
ment. (A) The tip is to the left of the nanoparticle. (B) The tip moves
over the nanoparticle. (C) The tip and nanoparticle move. (D) The tip
and nanoparticle are stopped at a certain position. (E) The tip moves
away from the nanoparticle. The nanoparticle has moved from its
original position in panel A. (Reproduced from ref 58.)

limitation from measuring the scattering of a plasmonic nanoparticle
by dark-field microscopy comes from the size of the nanoparticle
itself. As particles get smaller, the absorption becomes more
important than the scattering since the scattering cross-section of a
nanoparticle of radius a varies as a®, whereas its absorption varies as
a*.'® Methods for correlating the absorption® and the extinction'®
of nanoparticles as small as S nm have been recently developed.

Second, the large surface to volume ratio for nanoparticles leads
to some structural instability under an electron beam.'”" As a
consequence, nanoparticles may undergo crystallographic rearran-
gement accompanied by a change of shape (for single particles) and
coalescence (for nanoparticle aggregates). For structural character-
ization techniques utilizing SEM or TEM, the optical properties
must be measured before the nanoparticles are in contact with the
electron beam. It has been observed that the LSPR changes before
and after TEM imaging (Figure 14). Additionally, SERS is not
observed after TEM imaging of nanostructures that previously
exhibited it,*” likely due to radiolytic damage'®*'®* of the Raman-
active molecules. Structural and optical characterization of nano-
particles is a useful technique; however, based on the experimental
observations exemplified in Figure 14, the nanoparticle samples can
be probed only once by TEM. Ultimately, there is a need to protect
the nanoparticle from environmental influences, like solvents, heat,
electron beams, and oxidation, while maintaining its structural and
functional integrity. There have been many recent advances in
TEM instrumentation, including optical correctors, reduction of
the beam voltage, as well as improvements in sample holders, which
may be able to overcome these limitations.

Vil. SUMMARY AND OUTLOOK
Throughout this article, we have described some of the methods

and instrumentation developments that enable one to correlate the

Figure 14. Scattering spectra of the same Au nanoparticle (decahedron)
before (blue curve) and after (red curve) performing TEM, illustrating the
effect of electron beam exposure. The red shift was observed reproducibly for
Au nanoparticles.

structural and optical properties of metal nanoparticles, specifically Ag
and Au. However, recent work has demonstrated the plasmonic
activity of other metals, like Cu*, AI*® Ptand Pd,'**'% expanding the
realm of possibilities for chemists and materials scientists. Although
ensemble measurements might be representative of structural differ-
ences between nanoparticle samples, only single nanoparticle mea-
surements can reflect the optical dispersion in a sample. Recent
progress in the instrumentation based on dark-field spectroscopy
has allowed the study of nano-objects ranging from carbon
nanotubes'*'"” to metallic nanoparticles. One example of application
is the tracking of the diffusion of metallic nanoparticles, opening the
road to in vivo LSPR sensing. Overall, the recent progress presented
here paves the way for the use of nanoparticles as individual sensors.
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