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CONSPECTUS

surface plasmon is the coherent oscillation of
the conduction band electrons. When a metal
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nanoparticle is excited to produce surface plasmons, Q
incident light is both scattered and absorbed, giving o
rise to brilliant colors. One available technique for ™ }%m ™
measuring these processes, ensemble extinction e
spectroscopy, only measures the sum of scattering 55 —res { E
and absorption. Although the spectral responses of & t

these processes are dosely related, their relative o
efficiencies can differ significantly as a function of
nanoparticle size and shape. For some applications,
researchers may need techniques that can quantitatively measure absorption or scattering alone. Through advances in single
particle spectroscopy, researchers can overcome this problem, separately determining the radiative (elastic and inelastic
scattering) and nonradiative (absorption) properties of surface plasmons. Furthermore, because we can use the same sample
preparation for both single partide spectroscopy measurements and electron microscopy, this technique provides detailed
structural information and a direct correlation between optical properties and nanostructure morphology.

In this Account, we present our quantitative investigations of both radiative (scattering and one-photon luminescence) and
nonradiative (absorption) properties of the same individual plasmonic nanostructures employing different single particle
spectroscopy techniques. In particular, we have used a combined setup to study the same structure with dark-field scattering
spectroscopy, photothermal heterodyne imaging, confocal luminescence microscopy, and scanning electron microscopy. While Mie
theory thoroughly describes the overall size dependence of scattering and absorption for nanospheres, our real samples deviate
significantly from the predicted trend: their particle shape is not perfectly spherical, especially when supported on a substrate.
Because of the high excitation rate in laser based single particle measurements, we can efficiently detect one-photon luminescence
despite a low quantum yield. For gold nanopartidles, the luminescence spectrum follows the scattering response, and therefore we
assigned it to the emission of a plasmon. Due to strong near-field interactions the plasmonic response of closely spaced
nanoparticles deviates significantly from that of the constituent nanoparticles. This response arises from coupled surface plasmon
modes that combine those of the individual nanoparticles. Our correlated structural and optical imaging strategy is especially
powerful for understanding these collective modes and their dependence on the assembly geometry.
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Introduction

Localized surface plasmons, the collective oscillation of
conduction band electrons, give rise to many unique optical
phenomena in metallic nanoparticles.'* However, long
before plasmons were described theoretically by solu-
tions to Maxwell's equations® or nanopatticles could be
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visualized directly using electron microscopy,® the vibrant
color of noble metal nanoparticles attracted much attention
and led to their early application in stained glasses.
This color is due to both scattering and absorption of the
incident light."!~* Figure 1 illustrates how scattering and
absorption affect the appearance of a colloidal solution of
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FIGURE 1. Transmittance (A) and reflectance (B) images of an aqueous
solution of 70 nm AuNPs. Calculated absorption (blue) and scattering
(red) spectra of 70 nm AuNPs (C) and AuNRs (D) with two different aspect
ratios of 3 and 3.6.

70 nm spherical gold nanoparticles (AuNPs). If observed in
transmission (A), the solution has a red color because of the
absorption of green-yellow light. If instead the scattered light
is viewed (B), the solution appears green-yellow. Consistent
with the color in these images, the calculated scattering and
absorption spectra in Figure 1C show a surface plasmon
resonance (SPR) around 550 nm.

In addition to having a color that is distinctly different
from the bulk metal, changes in nanoparticle size and shape
produce vastly different plasmon modes,’® which can
furthermore be tailored through the interaction between
closely spaced nanoparticles.®'° Figure 1D shows the scat-
tering and absorption spectra of a gold nanorod (AuNR),
which exhibits a red-shifted plasmon resonance polarized
along the long AuNR axis. The maximum of this longitudinal
SPR depends sensitively on the AuNR aspect ratio, exempli-
fying the extraordinary ability to tune the color by only
varying the nanoparticle morphology without changing the
chemical composition.”®

While plasmon scattering and absorption are closely
related, their spectral profiles and cross sections are not
the same and vary with nanoparticle size and shape.”'!
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FIGURE 2. Size dependence of the scattering and absorption cross
sections of AuNPs. Correlated scattering (left), absorption (center), and SEM
(right) images of AUNPs for samples with mean diameters of 51 nm (A), 76
nm (B), 88 nm (C), 155 nm (D), and 237 nm (E). The intensity scale for the
different images is arbitrary. With the size of an individual AuNP deter-
mined by SEM, the scattering and absorption cross sections at 532 nm are
plotted as a function of AUNP diameter in (F) and (G), respectively. Trends
predicted by Mie theory are given as solid black lines. Reprinted with
permission from ref 11. Copyright 2010 American Chemical Society.

Apart from a fundamental understanding of these
radiative (scattering) and nonradiative (absorption)
properties, various applications are concerned with
optimizing either of them or both. For example, in photo-
thermal cancer therapy with metallic nanoparticles it is most
Vol. 45, No. 11 = 2012
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desirable to efficiently convert the incident radiation
into heat,'>'3 while scattering is used for high contrast
imaging.'>'* Quantifying both scattering and absorption is
therefore important for isolated as well as interacting me-
tallic nanoparticles.

Measuring scattering and absorption properties sepa-
rately is, however, not straightforward because typical
UV—vis spectroscopy determines the extinction, which re-
presents the total loss of the incident light and therefore
corresponds to the sum of scattering and absorption. Com-
bining extinction spectroscopy with other ensemble techni-
ques such as angle-resolved reflectivity measurements'> or
photoacoustic spectroscopy’® canin principle overcome this
problem. It does not address the issue of spectral broadening
though, which arises from the distribution of nanoparticle
sizes, shapes, and environments, at least in samples of
colloidal nanoparticles that are made by chemical synthesis.

Single particle spectroscopy has become an invaluable
tool for overcoming issues caused by the heterogeneity in
the morphology of nanoparticles'’ > as well as in the
spatial arrangement of assembled nanoparticles.?*~2°
Although optical microscopy is limited by diffraction and
therefore cannot resolve the structure of nanopatrticles, it is
possible to locate the same nanostructure as in an electron
microscope (Figure 2)."" Correlated electron microscopy and
optical spectroscopy is an especially powerful approach for
determining the plasmonic modes of strongly coupled me-
tallic nanoparticles.?® Furthermore, with the recent ad-
vances in measuring the absorption of single nano-
particles*® 29 and even molecules,° it has become possible
to separately determine the radiative and nonradiative
properties of individual plasmonic nanostructures. In this
Account, we highlight our recent work on absorption, scat-
tering, and luminescence of single AuNPs as well as AUNRs
and one-dimensional assemblies of AUNPs.

Individual Nanoparticles

The plasmon scattering from individual metallic nanoparti-
cles can be collected in a standard dark-field optical
microscope,'''417-2531-37 in which the nanopatticles are
excited with light incident at a larger angle while the
scattered light is collected over a range of smaller angles.
In contrast, a direct absorption measurement is difficult as it
requires detection of a small signal on top of a large back-
ground intensity.3839 Several indirect techniques have been
developed recently including photothermal heterodyne
imaging,*®~2° which has been used extensively to probe
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plasmonic nanostructures. In photothermal imaging, the
SPR absorbs energy from a heating laser. The nonradiative
decay of the plasmon oscillation causes a temperature
increase of the nanoparticle and its environment, and there-
fore also a change in the temperature dependent refractive
index of the surrounding medium. Modulating the intensity
of the heating beam creates a refractive index variation that
can be detected optically through interference with a second
probe laser beam. Lock-in detection tuned to the laser
modulation frequency makes this an extremely sensitive
technique capable of imaging single metallic nanoparticles
as small as 2 nm.?®

Using both photothermal imaging and dark-field micro-
scopy together with correlated scanning electron micro-
scopy (SEM), we investigate the scattering and absorption
cross sections of AuNPs as a function of size (Figure 2)."" Five
samples of AuUNPs with mean diameters of 51 nm (A), 76 nm
(B), 88 nm (C), 155 nm (D), and 237 nm (E) as determined
separately by transmission electron microscopy are investi-
gated at 532 nm. To be able to compare photothermal
imaging carried out with a heating laser to scattering micro-
scopy, the same laser instead of a white light lamp is coupled
into a microscope employing a standard dark-field excita-
tion and detection geometry. The images in Figure 2 demon-
strate the correlation between the AuNPs observed by SEM
(right column), absorption (middle column), and scattering
(left column). Based on the local pattern visible in the images
as well as large identification markers (not shown), the
same AuNPs are uniquely identified. For a particular AUNP
size identified in the SEM image, we therefore obtain the
corresponding scattering and absorption intensities, which
are plotted in Figures 2F and G, respectively. Each data point
in these figures represents one AuNP, which is color coded
according to the sample they originated from. In addition,
average values (red squares) are included and are derived
from distributions of scattering and absorption intensities of
several hundred AuNPs, for which correlated SEM imaging is
not carried out. The black lines are Mie theory calculations
for the scattering and absorption cross sections at 532 nm
for perfect spheres embedded in a medium with a homo-
geneous refractive index. Two important conclusions can be
drawn from this data: (1) The overall experimental trend is
well described by Mie theory and therefore validates our
approach for separating scattering and absorption by
dark-field microscopy and photothermal imaging. In parti-
cular for AuNPs smaller than ~100 nm the absorption
and scattering intensities scale as the volume and
volume squared, respectively.*® (2) For individual AuNPs,
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FIGURE 3. One-photon photoluminescence of single AuNPs and
AuNRs. (A) Unpolarized scattering (blue) and 514 nm excited lumines-
cence (red) spectra of a 45 nm diameter AuNP. The luminescence is
weakly polarized (inset) as the AuNP is likely not perfectly spherical. (B)
Unpolarized scattering (blue) and luminescence spectra excited at 514
nm (red) and 633 nm (black) for a AuNR. (C) Unpolarized scattering (blue
and cyan) and 514 nm excited luminescence (red and magenta) spectra
for a AuNR, recorded for two different refractive indices of the sur-
rounding medium (air and water). (D) Polarized luminescence spectra of
a AuNR with 514 nm excitation. The polarization dependence of the
integrated luminescence excited at 514 nm (red) and 633 nm (black)
follows the behavior for the scattering (blue) of the longitudinal plasmon
resonance. All scale bars in the SEM images correspond to 100 nm.
Reprinted with permission from ref 43. Copyright 2011 American
Chemical Society.

the deviation from Mie theory can be very significant, which
can be explained by the aspherical AUNP shape and the
symmetry breaking by the glass substrate'®3” as well as
plasmonic interactions with the substrate through image
charges.®?

In addition to elastic scattering, which is usually assumed
and we have referred to so far as well, inelastic scattering is
also an important aspect of the radiative properties of
plasmons. One- and two-photon excitation at a fixed fre-
quency leads to luminescence in metallic nanoparticles. In
particular, the origin of the weak one-photon luminescence
has been assigned to different mechanisms, including the
radiative recombination of interband electron—hole pairs
amplified by the local surface field*' or the emission of a
plasmon.*? Single particle studies on AuNPs and AuNRs
convincingly show that the luminescence arises from plas-
mon emission (Figure 3).%3 This is concluded from the match
of the scattering and luminescence spectra of single AUNPs
and AuNRs that are also imaged by SEM as shown in
Figure 3A and B. For AuNRs, emission mainly occurs from
the longitudinal SPR independent of excitation at 514 or 633
nm. Further evidence for this mechanism is provided by
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FIGURE 4. Polarization-sensitive photothermal imaging of AuNRs.
Correlated SEM (A) and photothermal (B) images recorded with circularly
polarized 675 nm excitation light. By changing the polarization direc-
tion of alinearly polarized excitation beam the polarization dependence
of plasmon absorption is obtained for the two single AuNRs (C, D) and
the dimer (E) highlighted in (A). The phase of the intensity modulation
yields the orientation of the two AuNRs. Reprinted from ref 28. Copy-
right 2010 National Academy of Sciences, USA.

examining the dependence of the one-photon lumines-
cence on the refractive index of the surrounding medium
(Figure 3Q). As the maximum of the SPR depends sensitively
on the environment, a red-shift is observed for the scattering
spectrum when the refractive index is increased by placing
water on top of the sample. The luminescence spectrum
shifts by the same amount. Finally, scattering from the
longitudinal SPR is strongly polarized along the Au NR
long axis (inset of Figure 3D). The luminescence for a
single AuNR is equally polarized along the main AuNR
axis. This is the case for both 514 and 633 nm excitation,
which implies that a fast interconversion between electron—
hole pairs and plasmons must be involved as absorption
at 514 nm is polarized perpendicular to the AuNR with
an underlying contribution of unpolarized interband
transitions.*?

The polarization dependence of the longitudinal SPR for a
AuNR is not only a characteristic signature of the dipolar
nature of this mode, but can also be used to determine the
AuNR orientation by optical methods.?®3>43 For scattering
and luminescence, this is easily achieved by placing an
analyzer in the detection path as was done for the data in
Figure 3D. Note that for ensemble measurements of colloi-
dal nanoparticle solutions, it is much harder to determine
the polarization dependence of SPRs because the nano-
particles are freely rotating in solution compared to being
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immobilized for the single particle measurements. Photother-
mal imaging can also be adapted to yield the orientation of
single AuNRs (Figure 4).® The two single AuNRs in the SEM
image in Figure 4A are orientated almost orthogonal to each
other. After identifying the same AuNRs by photothermal
imaging using circularly polarized excitation (Figure 4B), the
photothermal signal is recorded as a function of polarization of
the now linearly polarized heating beam (Figures 4C, D, E).

In contrast to dark-field scattering spectroscopy, we find
that it is possible to also determine the AuNR orientation by
exciting the transverse SPR.*® Because photothermal ima-
ging scales only with the particle volume, it is more sensitive
for smaller nanoparticles. The transverse mode, which cor-
responds to the smaller width of the AuNRs, can therefore be
detected by photothermal imaging while it is often absent in
dark-field scattering spectra. This fact is significant because it
allows one to probe the orientation of individual AuNRs
using a single laser wavelength as the transverse SPR is
mostly insensitive to changes in AuNR aspect ratio and the
dielectric constant of the surrounding medium.

One-Dimensional Nanoparticle Assemblies
Similar to how atoms combine to form molecules, plasmon
modes on different nanoparticles can hybridize to form new
collective modes.>*43'34 The strength of these near-
field plasmon interactions depends on the interparticle
distance,* while the symmetry of the nanoparticle arrange-
ment and of the fundamental modes determines if the
hybridized modes possess a dipole moment and can couple
strongly to light (bright modes) or have no dipole and remain
optically inactive (dark modes).3' Based on this concept,
plasmonic molecules have been designed both by bottom-
up assembly>? of chemically prepared nanoparticles as well
as by top-down methods.** Recent progress on this vastly
expanding field has been reviewed in ref 2. Here, we will
summatize some of the results of our work that has focused
on linear chains of nanoparticles.

For a linear chain of nanoparticles, the lowest energy
plasmon mode is polarized along the length of the chain and
initially continuously red-shifts as the number N of nano-
particles is increased.*>*® This mode is due to the in-phase
longitudinal coupling of all nanopatrticle plasmons and gives
rise to a bright super-radiant mode. Once the chain becomes
longer than ~10 nanoparticles, the red-shift starts to satu-
rate as plasmon coupling drops off as d 3, where d is
the distance.*” In contrast, plasmon coupling perpendicular
to the nanoparticle chain leads to a blue-shift because of
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FIGURE 5. Simulated scattering and absorption of finite chains

of 50 nm silver nanoparticle with varying lengths and interparticle
separations o, defined by the ratio of the center-to-center separation
and the radius. (A) Energy splitting AE between the longitudinal

L (red) and transverse T (blue) dipole modes as a function of

number of nanoparticles N for 6 = 2.1 and o = 3.0. (B) Extinction
spectra of linear chains for varying N at o = 2.1 with L and T incident
polarization. (C) L-polarized scattering and absorption spectra of
chains with N = 10 for different o. (D) Surface charge density fora 10
nanoparticle chain with o = 2.1. Standing waves of the polarization
induced charge density, indicated by the magenta lines, have wave-
lengths of 1¢/n. The super-radiant and two bright subradiant modes
for the corresponding absorption spectrum shown on

the left are characterized by n =1 and n = 3, 5. Reprinted with
permission from ref 45. Copyright 2011 Optical Society of

America.
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FIGURE 6. Scatteringand absorption of collective plasmonsin a self-assembled AuNP ring. (A) SEM image of a 4.6 um ring composed of 40 nm AuNPs.
(B) Unpolarized dark-field scattering spectra of the ring segment (cyan) marked by the cyan rectangle in (A) and a single AuNP (orange). The colored
lines indicate the excitation wavelengths used for photothermal imaging (785, 675, and 514 nm) and for wavelength selective scattering imaging
(800 =+ 20, 700 =+ 20, and 550 + 20 nm). (C) Polarization-sensitive and wavelength dependent photothermal (left) and scattering (right) images
acquired for the ring shown in (A). The excitation and detection wavelengths for absorption and scattering are displayed next to the images, while the
polarization directions are given above the images. Reprinted from ref 50. Copyright 2011 National Academy of Sciences, USA.

antibonding interactions. The resulting energy splitting AE
between the longitudinal and transverse polarized dipole
resonances of the nanoparticle chain depends on the inter-
particle distance as illustrated in Figure 5A for finite chains of
50 nm silver nanoparticles with two interparticle separations
of 0=2.1 and o= 3.0, where o is the ratio of center-to-center
distance and nanoparticle radius.*> The corresponding spec-
tra as a function of N for ¢ = 2.1 are shown in Figure 5B.
These calculations are carried out using generalized Mie
theory (GMT), considering up to 20 multipolar interactions,
which is especially important for the closest nanoparticle
separations.

In addition to the bright super-radiant mode, the closest
interparticle distances facilitate the formation of subradiant
and higher-order collective modes.*>*#4° Figure 5C shows
longitudinally polarized scattering and absorption spectra of
chains with 10 silver nanoparticles for different interparticle
separations.*> As best seen from the absorption spectrum
for o = 2.1, two subradiant modes appear as resonances
between the super-radiant mode at 2.35 eV and the quad-
rupole resonance at 3.47 eV. Figure 5D displays the corre-
sponding surface charge density at the resonance energies
of the super-radiant and these two subradiant modes.*” In
contrast to the super-radiant mode, the surface charge
density of subradiant modes forms dipolelike domains that

alternate along the chain. For all modes, a standing wave
patternis visible in the surface charge density as indicated by
the magenta line. The super-radiant mode can be assigned
to a collective dipole antenna, whose wavelength 4, is
equivalent to twice the chain length L. The subradiant modes
identified in the spectra have wavelengths that are equal to
odd integer fractions of 1o and are optically bright because
their overall dipole moment is nonzero. There are also
subradiant modes that are characterized by even integer
fractions of 1o, but they do not couple to light due to a zero
dipole moment and therefore are dark. Losses for both
bright and dark subradiant plasmon modes are minimized
because of their reduced dipole moments. This can be
exploited for energy propagation along nanoparticle chains
and we find that excitation at energies corresponding to
subradiant plasmon modes indeed yields the longest pro-
pagation distances, which can reach up to 3 um for a
perfectly ordered linear chain of 100 nm silver spheres that
are separated by 5 nm (o= 2.1).4°

As the results in Figure 5 show, strongest plasmon cou-
pling is achieved for the closest interparticle distances. To
examine this regime experimentally for a collection of many
nanoparticles, we have studied the scattering and absorp-
tion properties of nanoparticle assemblies that were pre-
pared from the bottom-up.>° Figure 6A shows an SEM image
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FIGURE 7. Scattering and absorption cross sections for a AuNP ring. (A)
Unpolarized absorption (magenta) and scattering (blue) spectra of the ring
segment marked by the cyan rectangle in Figure 6A are simulated using GMT.
For comparison, the experimental scattering spectrum (cyan) from Figure 6B
isalso incdluded. (B—D) Histograms of absorption cross sections obtained from
40 ring segments of the photothermal images for 785, 675, and 514 nm with
dircularly polarized exditation. (E—G) Histograms of scattering cross sections
obtained from 24 ring segments of the scattering images measured with
band-pass filters of 800 =+ 20, 700 + 20, and 550 + 20 nm for unpolarized
detection. Quantitative cross sections are obtained by comparison to indivi-
dual AuNPs. Electromagnetic field enhancements (longitudinal polarization)
of the same ring segment for 785 and 514 nm are given in (H) and (I).
Reprinted from ref 50. Copyright 2011 National Academy of Sciences, USA.

of a ring that is composed of 40 nm AuNPs. Because of the
large ring diameter of 4.6 um, a local ring segment, as

1942 = ACCOUNTS OF CHEMICAL RESEARCH = 1936-1945 = 2012 = Vol. 45, No. 11

illustrated by the higher magnification inset, represents a
quasi one-dimensional chain of AuNPs with interparticle
separations of only a few nanometers. The straightforward
assembly at the interface between water droplets and an
organic solvent furthermore makes such rings adequate
systems for investigating the plasmonic properties in
strongly coupled one-dimensional structures. The dark-field
scattering spectrum (cyan) of the highlighted ring segment is
displayed in Figure 6B and is acquired using a pinhole in the
detection path to isolate the signal from only this region.
Compared to the scattering spectrum of a single constituent
AuNP (orange), the collective plasmon response is character-
ized by several red-shifted modes that are highly polarized
tangential to the ring circumference and hence parallel to
the local segment. This is best seen in the wavelength and
polarization resolved scattering and absorption images in
Figure 6C. The polarization anisotropy decreases at shorter
wavelength as higher-order longitudinal as well as trans-
verse plasmon modes are excited.

The photothermal images in Figure 6C clearly demon-
strate that plasmon coupling also leads to nonradiative
modes at wavelengths red-shifted from the constituent
AuNP resonance. To better understand the spectral features
of the ring segment and to analyze the relative contributions
of scattering and absorption, the optical response is mod-
eled based on the AuNP arrangement obtained from SEM
images.>® Figure 7A displays the simulated scattering and
absorption spectra of the ring segment highlighted in
Figure 6A. The agreement with the experimental scattering
spectrum is excellent and allows us to assign the resonance
around 900 nm to the super-radiant mode. Furthermore,
consistent with the observed polarization anisotropy, the
three selected wavelength regions in Figure 6C can be
assigned as follows: (1) at 785/800 nm a combination of
the dipole mode and the first higher-order mode are excited,
(2) at 675/700 nm only higher-order longitudinal modes are
excited, and (3) at 514/550 nm both higher-order long-
itudinal as well as transverse modes are excited.

For the super-radiant plasmon mode, scattering domi-
nates over absorption as seen in Figure 7A, which is also in
agreement with the calculations shown for the silver nano-
particle chains in Figure 5C. On the other hand, at the
single AuNP plasmon resonance, absorption is larger than
scattering. To probe this trend experimentally, Figure 7B—G
compares the absorption (Figure 7B—D) and scattering
(Figure 7E—G) cross section determined along the ring from
wavelength resolved images. The intensity hot spots in
both scattering and absorption images (Figure 6C) cause a
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FIGURE 8. Simulated absorption (blue) and scattering (red) spectra of linear
AuNP chains for longitudinal incident polarization. The number of AuNPs N
is varied from 2 (A), 3 (B), 6 (O), to 10 (D). The AuNPs are 40 nm in diameter
and the surface-to-surface separation is constant at 1 nm. The effect of
disorder is evaluated in (E—G) for chains with N = 15. Compared to the
perfectly ordered linear chain (E), displacing the AuNPs in the perpendicular
direction (F) or introducing a distribution of nanoparticle sizes (G) produces
only small changes in the scattering and absorption spectra.

distribution of intensity values. Nevertheless, the overall
trend of a decreasing absorption and increasing scattering
cross section with increasing wavelength is reproduced.
Lower absorption losses at the super-radiant mode benefit
antenna-type applications that take advantage of coupling
light to nanoscale areas with strongly increased electromag-
netic field enhancements at the lowest energy resonance, as
is illustrated in the comparison of electric field maps calcu-
lated at 785 (Figure 7H) and 514 (Figure 71) nm.

We have argued that these AuNP rings are large
enough so that the plasmonic properties are essentially
described by local one-dimensional segments. As shown
for the silver nanoparticle chains, the maximum of the
super-radiant modes stops red-shifting significantly for
chains with 10 or more nanoparticles. This is also the case
for the 40 nm AuNPs that comprise the rings, as illustrated in
Figure 8A—E, which shows the longitudinally polarized
scattering and absorption spectra of perfectly linear chains
with 1 nm gaps as a function of chain length. The absorption
spectra again clearly show the appearance of a subradiant
mode on the high energy side of the super-radiant mode.
These GMT calculations furthermore allow us to address the
influence of disorder on the plasmonic response. This
is especially important for assemblies created from the
bottom up, such as the Au NP rings, because variations of
nanopatticle size, shape, and arrangement cannot be
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avoided. In Figure 8E—G, we plot the scattering and absorp-
tion spectra of a perfectly ordered linear chain made from 15
AuNPs (Figure 8E), compared to a chain where the AuNPs are
randomly displaced in the transverse direction by as much
as a nanoparticle diameter (Figure 8F), and a chain with a
random variation in nanoparticle size between 35 and
45 nm (Figure 8G) based on the experimental size distribu-
tion. The spectral shift for the super-radiant mode for these
three cases is less than 20 nm, demonstrating that for a
significantly long chain disorder in nanoparticle positioning
and size has only a small overall effect on the plasmonic
properties. This is in contrast to smaller nanoparticle assem-
blies because for those assemblies each nanoparticle carries
a proportionally larger weight to each hybridized mode. In
addition, although disorder breaks the symmetry of the
system and therefore lifts the degeneracy of the coupled
plasmon modes, the associated spectral shifts are small com-
pared to the width of each mode in large and hence retarded
assemblies, thereby effectively masking the effect of disorder
on the collective plasmon scattering and absorption.

Conclusions and Outlook

In this Account, we have discussed the radiative and non-
radiative properties of plasmonic nanoparticles and their
assemblies. Single particle spectroscopy techniques, espe-
cially when correlated with SEM imaging, allow one to
separately determine the size and shape dependent plas-
mon scattering and absorption. A combined structural ima-
ging and optical spectroscopy approach is particularly useful
for understanding the plasmonic response of strongly
coupled nanoparticle assemblies, which are prepared by
bottom-up techniques and hence are prone to disorder. As
discussed here for chains, the effect of disorder on the
collective plasmon modes decreases as the assembly grows
in size. Just as oligomers are treated as molecules, nanopar-
ticle chains can be thought of as plasmonic polymers. Our
future work is focused on fabricating well-defined linear
nanoparticle assemblies to further elucidate the depen-
dence of the optical properties of plasmonic polymers on
such variables as chain length, repeat unit, and degree of
disorder.
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