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oble metal nanoparticles have

quickly developed into an attrac-

tive probe for use in theoretical
and analytical research. Owing to their plas-
monic properties, nanoparticles can be
readily detected with a variety of imaging
techniques.'~3 By simply adjusting the size,
shape, or composition of a nanoparticle,* °
it is possible to design a nonfluorescent
probe with a well-defined surface plasmon
resonance (SPR) in the visible or near-
infrared region of the spectrum. Further-
more, nanoparticles do not suffer from
blinking or photobleaching,” and they can
be imaged with a high temporal and spatial
resolution.?? Because of the aforemen-
tioned traits, nanoparticles can be utilized
for observing either short-lived events or
lengthy processes.

An important aspect of noble metal
nanoparticles is that their optical response
can be manipulated by environmental fac-
tors. For example, the position of the SPR
can be influenced by the dielectric con-
stants of the surrounding medium or the
substrate.2” " The sensitivity to a dielectric
substrate has been shown to be dependent
on the level of contact between the par-
ticle and the substrate.’? A single particle’s
SPR can also be affected by the presence of
other nearby particles due to interparticle
coupling of the plasmons. Coupling be-
tween two or more nanoparticles is highly
dependent on the interparticle distance and
the geometry of the interacting
particles.’>1°

The technique required for observing
the optical response is often dependent on
the application. Dark field microscopy is a
popular method with high temporal resolu-
tion, and it is considered a benchmark for
other modes of optical microscopy in imag-
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ABSTRACT As noble metal nanoparticles are deployed into increasingly sophisticated environments, it is

necessary to fully develop our understanding of nanoparticle behavior and the corresponding instrument

responses. In this paper, we report on the optical response of three important gold nanorod configurations under

dark field and differential interference contrast (DIC) microscopy after first establishing their absolute geometries

with transmission electron microscopy (TEM). The observed longitudinal plasmon wavelengths of single nanorods

are located at wavelengths consistent with previously developed theory. A dimer is shown exhibiting a multipole

plasmon at wavelengths that are consistent with the dipole plasmon of single nanorods in the sample. DIC can

also distinguish a single nanorod from a pair of uncoupled nanorods with an interparticle distance below the

diffraction limit. The experimental observations are consistent with simulated DIC images using a DIC point spread

function. The findings herein are a critical step toward being able to characterize nanorods in dynamic

environments without the use of electron microscopy.

KEYWORDS: surface plasmon resonance -

gold nanorod - diffraction limit - dark
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ing nanomaterials. Dark field images of
nanoparticles resemble bright dots of light
on a black background, because the micro-
scope only collects the light that is scattered
by the sample. To prevent any illuminating
light from reaching the detector, the nu-
merical aperture (NA) of the objective must
be set smaller than the NA of the con-
denser.'? Furthermore, dark field has de-
creased sensitivity in complex systems, such
as cells, 222! because it must contend with
scattering and distortions that arise from
features along the optical path.?°
Differential interference contrast (DIC)
microscopy is a commercially available al-
ternative to dark field microscopy. In the
past, DIC has been used primarily for bio-
logical imaging, but it is gaining popularity
as a tool in single particle research. DIC uti-
lizes the principle of interferometry to pro-
duce high contrast images on a gray back-
ground. Because DIC utilizes a full NA at the
objective, it supplies a higher lateral resolu-
tion and a shallower depth of field than
dark field microscopy.? As a result, DIC is

*Address correspondence to
nfang@iastate.edu.

Received for review September 22,
2010 and accepted November 18, 2010.

Published online November 23, 2010.
10.1021/nn102500s

© 2010 American Chemical Society

 TAN K
VOL. 4 = NO.12 = 7667-7675 = 2010 A@i%{\)

7667



7668

P
Dark field

Figure 1. TEM, DIC, and dark field images of the four nanorod fea-
tures investigated in this study. P: proximate nanorods; D: dimer; N1
and N2: single, isolated nanorods. All four features give different DIC
intensity patterns.

capable of monitoring nanoparticles in complex envi-
ronments, such as cells, for long periods of time with
less interference from out-of-focus features.??~2* How-
ever, the optical response of nanoparticles under DIC
microscopy has not been correlated to the absolute
configuration of the nanoparticle(s).

To address the aforementioned concern about DIC
microscopy, we studied the optical response of three
types of gold nanorod configurations under DIC and
dark field microscopy. The optical responses were com-
pared against observations collected with transmission

TABLE 1. Characteristics of the Four Features Studied?

expected SPR
feature type dimensions aspect ratio (nm)
N1 single rod 63nm X 32nm 2.0 640
N2 single rod 78nm X 37nm 2.1 660
D dimer 3.9—-44 880—940
D-l 67nm X 32nm 2.1 660
D-r 77nm X 36nm 2.1 660
P proximate rods
P-l 48nm X23nm 2.1 660
Pr 58nm X27nm 2.2 670

o

“For the dimer and proximate nanorods, “I” and “r" refer to the individual nanorod
that appears to the left or right of the feature’s center point in the TEM images pro-
vided. The full length of the dimer was measured to be 141 nm. The center-to-
center distance of the proximate nanorods was 227 nm (180 nm tip-to-tip). The ex-
pected position of the longitudinal SPR is calculated from eq 1. A range of aspect
ratios was provided for the dimer, because the two nanorods are not aligned
tip-to-tip.
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electron microscopy (TEM). In the present study, iso-
lated nanorods are defined as single rods separated by
a distance greater than the diffraction limit, and they act
independently of one another. Proximate neighbors is
a new term used here to describe the case of two un-
coupled nanorods with an interparticle distance below
the diffraction limit. The proximate neighbors act inde-
pendently, but the microscope detects a single point of
light. Dimers consist of two interacting nanorods that
are touching or nearly touching, and they have received
much attention in recent papers. Depending on the
sizes'® and relative orientations'*? of the individual
nanorods in a given dimer, it is possible for the indi-
vidual longitudinal plasmons to couple and shift
through electric field interactions.?® In some instances,
as the dipole plasmon red shifts, multipole peaks will
emerge in the dimer’s scattering spectrum.?’ Using a
previously developed DIC point spread function,”® a
simulation was also employed to model the appear-
ance of the DIC image. The simulation is designed for
isolated nanoparticles and nanoparticles separated by
a distance greater than 20 nm.

RESULTS AND DISCUSSION

A UV—vis absorption spectrum was initially col-
lected from the original gold colloid with a Varian Cary
300 UV—uvisible spectrophotometer. Between 400 and
900 nm, two absorption peaks appeared, with centers
at 521 and 627 nm (Figure S1 in the Supporting Infor-
mation). The peak at 627 nm is associated with the lon-
gitudinal axis, while the peak at 521 nm arises from
the transverse axis. These values are reasonable for
nanorods with an aspect ratio of ~2. At larger aspect ra-
tios, the two SPR peaks are quite distinct in size, with
the peak from the longitudinal axis dominating the
spectrum.??~31 As the aspect ratio approaches unity,
the two peaks become similar in size and eventually
merge.3? However, the presence of particles of other
shapes may also contribute to the 521 nm peak.3
Sample polydispersity is also known to affect the ac-
tual peak positions, widths, and heights under UV—vis
absorption.?~3' As a result, electron microscopy must
be relied upon for a more detailed characterization of
the nanorods.

After applying an aliquot of the gold colloid to a
holey carbon substrate, a distinct group of four nano-
rod features was located and characterized with a Phil-
ips CM-30 transmission electron microscope. It was
quite fortuitous to locate these four features in one
small area. TEM, DIC, and dark field images of the four
features are shown in Figure 1, while the TEM-
determined sizes of these features are reported in Table
1. Features N1 and N2 are single, isolated nanorods.
Feature D is a nonoverlapping dimer with a total length
of 141 nm. Feature P is a pair of proximate nanorods
with a center-to-center interparticle distance of 227 nm
(180 nm tip-to-tip). At wavelengths near the expected

www.acsnano.org



longitudinal SPR (~660 nm) of feature P, the calcu-
lated diffraction limit (\/2NA) is 236 nm, a value that is
greater than the distance between P’s two individual
nanorods.

The expected dipolar longitudinal SPR wavelengths
of the four features were calculated using the follow-
ing equation:2%34

Doy = (53.71R — 42.29)¢,, + 495.14 (1)

where \max is the longitudinal SPR wavelength; R is the
aspect ratio; ey, is 2.30, the dielectric constant of the Im-
mersol 518F immersion oil from Zeiss that served as
the surrounding medium. The calculated values are pre-
sented in Table 1. For the dimer, a range is given for
the dipolar SPR wavelength, in order to reflect the dif-
ferent lengths of the two transverse axes involved.

By relying on the pattern recognition of permanent
landmarks on the substrate, the same four nanorod fea-
tures were located and inspected under dark field and
DIC microscopy using a Nikon Eclipse 80i upright micro-
scope. Once the features were located, the micro-
scope’s stage was rotated to find the angles that ex-
cited the longitudinal SPR of each feature. Under dark
field microscopy with polarized illumination, an isolated
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Figure 2. Profiles for isolated nanorod, N1. (A) Normalized dark field spectra with the longitudinal axis aligned parallel (solid line) and
perpendicular (dashed) to the polarizer. Inset: TEM image of nanorod N1. (B) DIC intensity spectra at the bright and dark wave fronts.
The mean background has a value of 1. BWF and DWF stand for bright and dark wave fronts, respectively. “Dark” and “Bright” refer to
the intensity on the dark and bright sides of the nanorod. (C) DIC intensity profiles of the dark (solid) and bright (dashed) sides during 180°
rotation in 5° increments at a wavelength of 640 nm. At 0°, 45°, and 135°, respectively, the nanorod is aligned with the polarizer, dark
wavefront, and bright wavefront. (D) DIC images at 45°, 75°, 105°, and 135° (top), and DIC simulated images at the same angles (bot-

VOL. 4 = NO.12 = 7667-7675 = 2010 ACSNJANIC)
=4

tom).

www.acsnano.org

nanorod produces its brightest intensity at the longitu-
dinal SPR when its longitudinal axis is aligned with the
polarizer; its weakest intensity occurs when the longitu-
dinal axis is oriented perpendicular to the
polarizer.'>'42535 |n comparison, DIC microscopy relies
on a set of polarizers and Nomarski prisms. Before
reaching the sample plane, the incoming light is split
into two orthogonal wave fronts (Figure S2 in the Sup-
porting Information).>¢~3° When a nanorod’s longitudi-
nal axis is aligned with the bright wavefront, the nano-
rod appears entirely white. The nanorod is completely
black in appearance when the nanorod is aligned with
the dark wavefront. At angles in between the two wave
fronts, nanorods take on a shadow-cast appearance.
Single, Isolated Nanorod. For the case of a single, iso-
lated nanorod, images were collected over the range
500 to 780 nm using a Photometrics CoolSnap ES CCD
camera. Under dark field conditions, the spectra of
nanorod N1 were collected at the angles that excited
the highest and lowest intensity at the longitudinal SPR
wavelength, in following with the prior work of other
researchers.'®'42535 |ntensity data were normalized in
relation to the nanorod’s highest observed intensity.
Nanorod N1 has a longitudinal SPR peak at 660 nm un-
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der dark field conditions (Figure 2A). This peak appears
at both particle orientations, and its intensity is greater
when the longitudinal axis is aligned with the polarizer.

A perfect dipole should exhibit no longitudinal SPR
peak when the nanorod is aligned perpendicular to
the polarizer.3%° However, the coupling between a par-
ticle and the substrate can lead to a SPR that is predomi-
nantly, but not entirely, dipolar in nature.'®% In particu-
lar, as the aspect ratio of the nanorod decreases, the
depolarization becomes more pronounced.?

Because of the shadow-cast appearance of nano-
rods at certain angles under DIC microscopy, it is pos-
sible to measure the intensity for both the bright and
the dark portions of each particle as a function of the
nanorod’s angle under the DIC microscope. The inten-
sity spectra for nanorod N1 were collected with the lon-
gitudinal axis aligned along both the bright and the
dark wave fronts. The resultant spectra are presented
in Figure 2B as they are related to the mean background
intensity, which was assigned a value of 1. When the
longitudinal axis is aligned with the bright wavefront,
the nanorod’s dark side intensity is close to the back-
ground intensity at all wavelengths, while a maximum
in the bright side intensity appears near 645 nm, as pre-
dicted in Table 1. Likewise, when the nanorod is aligned
with the dark wavefront, the bright side intensity is
close to the background intensity, and the dark side in-
tensity is significant at the longitudinal SPR. However,
due to the working principle of DIC microscopy, the de-
polarized component is not involved in the image for-
mation, and thus is not observed.>

Nanorod N1 was also observed at 640 nm, the longi-
tudinal SPR wavelength, during a 180° rotation of the
microscope’s stage in 5° steps. The intensity profiles un-
der rotation are shown in Figure 2C. At the angle 0°,
the longitudinal axis is aligned with the polarizer; at 45°,
the axis is parallel to the dark wavefront; at 135°, the
axis is parallel to the bright wavefront. Both the bright
and the dark side intensities exhibit a sinusoidal pat-
tern. As expected, the nanorod’s darkest and brightest
intensities are centered at 45° (the dark wavefront) and
135° (the bright wavefront), respectively.

Figure 2D compares the observed and simulated
DIC images that appear at 45°, 75°, 105°, and 135° for
the nanorod rotation in Figure 2C. When a nanorod is
aligned with the dark wavefront, the simulation pro-
duces a particle that is entirely black in appearance. As
nanorods are rotated away from the dark wavefront,
they take on a slowly increasing bright side component
at the expense of the dark side. Once aligned with the
bright wavefront, the dark side disappears completely,
and the particle’s appearance is completely white.
These simulated results agree well with the observed
behavior of the single nanorod, N1.

The behavior of nanorod N2 (Figure S3 in the Sup-
porting Information) was similar, but not identical, to
that of N1, as expected.* As predicted in Table 1, DIC

microscopy found that the longitudinal SPR for N2 was
red-shifted in comparison to the SPR for N1.

Proximate Nanorods. Feature P is a pair of nanorods
with an interparticle distance of 227 nm, and the angle
between the two longitudinal axes is ~120°. Images of
feature P were collected from 500 to 780 nm using the
Photometrics CoolSnap ES CCD camera. On the basis of
the sizes of the nanorods and their interparticle dis-
tance, the effects of interparticle coupling were ex-
pected to be minimal.?>#? However, because the inter-
particle distance is less than the diffraction limit, optical
microscopy detects a single, convoluted particle image.

Using dark field microscopy, the spectra were col-
lected with the interparticle axis aligned either parallel
or perpendicular to the polarizer. The spectra presented
a maximum in intensity at 660 nm for both orienta-
tions (Figure 3A). The intensity was greater in value
when the interparticle axis was aligned parallel to the
polarizer, because the longitudinal axes of both nano-
rods are well-aligned with the polarizer at this angle, as
demonstrated in the Figure 3A inset. When the interpar-
ticle axis was rotated by 90°, a longitudinal component
of each nanorod was still aligned with the two wave
fronts, and a small peak was observed in the spectrum.
The dark field spectra of the proximate nanorods thus
resembled those of a single nanorod.

In the DIC mode, spectra were collected while the in-
terparticle axis was aligned either parallel or perpen-
dicular to the polarizer. At these angles, the two nano-
rods are well-aligned with the two DIC wave fronts (see
Figure 3B,inset), and the DIC image has a significant
bright side and dark side component (Figure 3B). A
closer inspection of the spectra reveals that each pair
of bright and dark intensity profiles has slightly offset
peak positions. For example, when the interparticle axis
is aligned perpendicular to the polarizer (the solid
curves in Figure 3B), we find a bright-side intensity
maximum at 660 nm and a dark-side intensity maxi-
mum at 680 nm, clearly demonstrating the contribu-
tions from the two individual nanorods. When the inter-
particle axis is aligned parallel to the polarizer, the dark-
side maximum is now at 660 nm, and the bright-side
maximum is at 680 nm. At both angles, the peak at 660
nm is considerably stronger than the peak at 680 nm,
thus demonstrating a difference in scattering abilities.

Feature P was observed during a 360° rotation un-
der DIC microscopy at 680 nm, and it was found that
the intensity profiles were dependent on the orienta-
tion of the interparticle axis (Figure 3C). However, the
DIC rotational profile of the proximate nanorods is more
complex than the profile observed with N1. Maxima in
the contrast (the difference in intensity between the
bright and the dark sides) appear near 180° and 270°,
with minor maxima appearing near 0° and 90°. These
four angles coincide with the interparticle axis being
aligned parallel (0° and 180°) or perpendicular (90° and
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Figure 3. Profiles for proximate nanorods, P. (A) Normalized dark field spectra with the interparticle axis aligned parallel (solid) and per-
pendicular (dashed) to the polarizer. Insets: TEM image of P, and schematic of optimal nanorod alignment with the polarizer (arrow). (B)
DIC intensity spectra with the interparticle axis aligned perpendicular (90°, 1) and parallel (180°, ||) to the polarizer. Inset: Schematic of op-
timal nanorod alignment with the wave fronts under DIC microscopy. (C) DIC intensity profiles under a full 360° rotation at 680 nm. (D)
DIC images (above) and simulations (below) with the interparticle axis at angles of 15°, 45°, 135°, and 165°.

270°) to the polarizer. The profile does not have the si-
nusoidal shape that was found with N1.

On the basis of these observations, it is possible to
conjecture as to how the convoluted contrast would
change as the relative orientation of two identical nano-
rods in a proximate configuration is altered. If two proxi-
mate nanorods were aligned tip-to-tip or side-by-side,
the individual plasmons would exhibit equivalent opti-
cal behavior as they were rotated on the stage. At the
other extreme, if the two nanorods were aligned at 90°
angles to each other, a total of four distinct maxima
should appear in the bright side (and the dark side) in-
tensity profile during a full rotation of the feature. With
the latter orientation, the maximum bright side and
dark side intensities would always appear at the same
angles. As the nanorods go from a parallel to a perpen-
dicular orientation, the intensity maxima should gradu-
ally broaden and eventually split into four peaks. More-
over, at these intermediate interparticle angles, the
feature is always partially aligned with both DIC wave
fronts, regardless of the feature’s orientation angle. Be-
cause feature P includes two nanorods at different as-
pect ratios and with different scattering abilities, its ro-
tational behavior is further complicated, yet its optical
behavior remains quite distinct from that of the single
nanorod, N1.

www.acsnano.org

The DIC simulation was utilized to model the proxi-
mate nanorods, and the simulated images were com-
pared to the actual DIC images (Figure 3D). At most
angles, the dark and bright sides remain apparent si-
multaneously in both sets of images. As the interpar-
ticle axis comes into alignment with either of the wave
fronts (45°, 135°), the simulated image takes on an ap-
pearance that is almost entirely white or black, as with
the actual image.

Nanorod Dimer. To explain the observed behavior of
feature D, the dimer, it is first necessary to review some
of the other recent work in this area. As two individual
nanoparticles are brought together, their plasmons in-
teract and hybridize, resulting in a red shift in the longi-
tudinal SPR wavelength. The plasmon shift remains
negligible for a pair of parallel particles that are sepa-
rated by distances greater than 2.5 times the length of
the nanorod'’s transverse axis.*> For other nanorod ori-
entations, the reach of the plasmon interaction is highly
variable.

When a pair of nanorods interact and couple at rela-
tively long interparticle distances (d), their plasmons be-
have as classical dipoles and shift according to 1/d?
while at relatively short distances, the plasmon shift de-
pends on 1/d.'®%* More recently, dimer plasmons have
been studied at extremely short interparticle distances,
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Figure 4. Profiles for the dimer, D. (A) Normalized dark field spectra with the interparticle axis aligned parallel and perpendicular to the
polarizer. Inset: TEM image of feature D. (B) DIC intensity spectra with the interparticle axis aligned parallel to the bright and dark wave
fronts. (C) DIC intensity profiles from 180° rotation in 5° increments at 680 nm.

where the separation to rod length ratios are below
0.09.'%2744 |n this near-contact regime, shifting of the di-
pole plasmon does not follow the aforementioned
theory. Instead, the geometry of the junction between
the two particles becomes critical in the extent of the
plasmon shift.”

As two particles approach each other toward a
single point of contact within the near-contact regime,
the dipole peak becomes narrower and undergoes en-
hanced red shifting.'”?”4 To compensate for the de-
creased scattering by the dipole, additional peaks
emerge at shorter wavelengths through the interac-
tions of multipoles. As the interparticle distance is fur-
ther decreased, the dimer’s multipole peaks will also red
shift and gradually decrease in size, while the dipole
peak can disappear completely.?’

According to the calculation used in Table 1, the
dimer was expected to have a longitudinal SPR located
between 880 and 940 nm. In the TEM image (Figure
4A inset), the surfaces of the two nanorods appear to
be within 1 nm of each other. The presence of surfac-
tant molecules at the surface of the two nanorods could
easily prevent the two gold surfaces from making ac-
tual contact. Assuming the nanorods are not touching,
the dimer fits in the near-contact region, because it has
a separation to rod length ratio below 0.015.

Feature D was initially examined from 500 to 780
nm with the Photometrics CoolSnap ES CCD camera,
because of its high resolution. At longer wavelengths,
the data was collected with a Photometrics Evolve CCD
camera, since the Evolve has higher quantum effi-
ciency in this region than the CoolSnap ES. Dark field
spectra were collected with the interparticle axis
aligned both parallel to and perpendicular to the polar-
izer. Dark field microscopy detected a strong SPR peak
between 640 and 720 nm, as shown in Figure 4A. The
peak here was broader than that of the single nanorods,
and the intensity at shorter wavelengths (540—620
nm) was also increased. At wavelengths longer than
750 nm, the observed intensity was weak at both par-
ticle orientations.

The full DIC spectra collected for the dimer are pre-
sented in Figure 4B. Broad regions of resonance occur

\\&) VOL.4 = NO. 12 = STENDER ET AL

between 620 and 720 nm, with a maximum at 680 nm.
The expected dipole longitudinal SPR near 900 nm was
not observed. On the basis of the prior work of other re-
search groups,'®* we believe that the dipole SPR was
either red-shifted beyond 900 nm, or more likely, it
disappeared as a result of the near-contact coupling.
The peak at 680 nm should be from a multipolar
resonance.

Figure 4B reveals that the dimer is entirely white in
appearance from 620 to 740 nm when the dimer is
aligned with the bright wavefront, and it is completely
black over the same region when aligned with the dark
wavefront. Figure 4C displays the DIC rotational pro-
files collected for the dimer’'s multipole at 680 nm. The
data reveal that the darkest and brightest intensities are
centered around 45° and 135°. The rotational profile ex-
hibits a pattern similar to that of the single nanorod,
N1.

To summarize, we have reported on the optical re-
sponse of three gold nanorod configurations under
DIC microscopy after obtaining a precise characteriza-
tion of the nanorods with TEM. Such fundamental work
is of importance to the basic understanding of nano-
rod behavior, particularly for single-particle tracking ex-
periments and other dynamic environments where
electron microscopy cannot be applied. Because of the
presence of two wave fronts in DIC microscopy, DIC
provides an added dimension to the observation of
gold nanorods in comparison to dark field microscopy.
This added dimension is especially influential when
looking at the dimer and the proximate nanorod
configurations.

The results herein also suggest that single particles
cannot always be distinguished from other configura-
tions by simply inspecting the sample at a single wave-
length or at a single observation angle. Multipoles from
dimers can prove problematic, because they can ap-
pear at or near the wavelengths where a single nano-
rod’s dipole SPR is expected. Proximate nanorods can
be likewise troublesome. DIC's added dimensionality
was able to reveal the presence of two nanorods for the
proximate configuration encountered here, and DIC mi-
croscopy should be able to distinguish most proxi-
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mate nanorod configurations from a single nanorod,
unlike dark field microscopy. The results here also stress

MATERIALS AND METHODS

Materials and Sample Preparation. The hemispherically capped
gold nanoparticles used in this study were purchased from
Nanopartz as a colloidal suspension (Salt Lake City, UT). Before
applying gold nanoparticles to the substrate, 50 pL of the gold
colloid were centrifuged at 5500 rpm for 10 min, resuspended in
15 L of Milli-Q water, and sonicated for 20 min. This process re-
moved excess surfactant from the solution. The substrate was a
TEM grid made of holey carbon and backed by a 200-mesh cop-
per grid (SPI Supplies, West Chester, PA). This substrate was se-
lected, because holey carbon is known for its stability under an
electron beam. Holey carbon is known to be dielectric, but the
exact dielectric constant of the substrates used in this study is
unknown. The circular substrate had an outer diameter of 3.05
mm, and each grid square was 97 pm X 97 wm. After setting the
substrate on Whatman filter paper, 5 pL of the gold colloid were
applied to the substrate and allowed to dry.

After the sample was first analyzed by TEM, the substrate
was prepared for optical microscopy. The substrate was placed
on 25 X 75 X 1 mm? precleaned microscope slide from Fisher
Scientific (Pittsburgh, PA). Next, the substrate was suspended in
Carl Zeiss Immersol 518F immersion oil (Thornwood, NY), which
has a refractive index of 1.518. The sample was immediately cov-
ered with a No. 1 coverslip from Corning (Corning, NY). Single-
sided and double-sided tapes were utilized to hold the coverslip
in place.

Transmission Electron Microscopy. A Philips CM-30 transmission
electron microscope operating at 200 kV was used for collect-
ing the TEM data. Images were collected with a Gatan Orius SC
1000 CCD camera at an 11 Megapixel (4008 X 2672) resolution
using Gatan DigitalMicrograph. ImageJ was used to determine
the size and orientation of the nanorods observed. All measure-
ments were collected multiple times, and the mean values were
reported herein.

Optical Microscopy. All optical microscopy was completed with
a Nikon Eclipse 80i upright microscope equipped with a 12
V—100 W halogen lamp. A Photometrics CoolSnap ES CCD cam-
era (1392 X 1040 pixel imaging array) was utilized forimages col-
lected between 500 and 780 nm due to its high resolution capa-
bilities. Above 780 nm, a Photometrics Evolve CCD camera (512
X 512 pixel imaging array) was employed due to its greater
quantum efficiency at longer wavelengths. At intermediate
wavelengths (600—800 nm), the two cameras yielded similar
particle spectra. In both the dark field and DIC modes, the micro-
scope’s zoom knob was set to 1.6, and a 100X objective was
used.

To collect data at specified wavelengths, a set of bandpass fil-
ters from Thorlabs, Inc. (Newton, NJ) were employed. Each filter
had a central wavelength in the range of 500—900 nm and a full
width at half-maximum (fwhm) bandpass region equivalent to
10 nm. Filters were placed between the condenser and the
sample slide. The sample slide was supported by a rotating
stage, and the actual orientation of the slide was determined
by focusing the microscope on the copper grid. The nanorods
of interest were readily found after each rotation of the stage
through the use of permanent and easily identifiable landmarks
on the substrate. All data were analyzed with ImageJ.

In dark field mode, the microscope utilized a Nikon Plan
Fluor 100X 0.5—1.3 oil iris objective with its numerical aperture
(NA) set to 0.7 and a Nikon dark field condenser with a 1.43—1.20
NA in oil. A polarizer was placed between the condenser and
the bandpass filter. To excite the brightest intensity of a single
nanorod, the longitudinal axis was aligned parallel to the polar-
izer. The darkest intensity was examined by orienting the longi-
tudinal axis perpendicular to the polarizer. For the dimer and for
spaced nanorods, the two modes were studied by aligning the
interparticle axis either parallel or perpendicular to the polarizer.
In image analysis, a circular area immediately adjacent to each
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the importance of investigating additional nanorod
configurations with DIC microscopy.

feature was chosen for the background readings for both DIC
and dark field microscopies.

The differential interference contrast (DIC) mode required a
Nomarski prism and polarizer on either side of the sample plane,
as well as a Nikon 100X 1.40 NA Plan Apo VC oil immersion ob-
jective and a 1.40 NA Nikon oil immersion condenser.3*~38 Be-
cause the prism is oriented at a 45° angle to the polarizer, the
two wave fronts are oriented at 45° and 135° to the polarizer. The
bright and dark modes of a nanorod are examined by aligning
the nanorod’s longitudinal axis along one of the wave fronts, not
the polarizer. After the wave fronts pass through the sample
plane, they are recombined by the second Nomarski prism (ori-
ented at 135° to the polarizer) before exiting through the ana-
lyzer (oriented perpendicular to the polarizer). By combining the
two wave fronts, an interference pattern is generated, and ob-
jects such as nanoparticles take on a 3-dimensional shadow ap-
pearance with a bright side and a dark side. Thus, DIC can be
used to collect either intensity or contrast data.

DIC Simulation. A home-written C+ + computer program us-
ing an established DIC point spread function? was utilized to
simulate a single nanoparticle or a pair of nanoparticles sepa-
rated by at least 20 nm. The simulation represents the expected
2D DIC image at the longitudinal SPR wavelength. The shape,
size, location, and orientation of the nanoparticle(s) were read
into the program before running each simulation. DIC images of
the nanoparticle(s) were output as a T pm X 1 wm matrix with
grid spacing of 10 nm.

The DIC point spread function is a function of the shear dis-
tance, the phase bias applied on the two illumination beams,
and the point spread function for the transmitted light optics un-
der coherent illumination of the microscope.?® In the simula-
tion, the shear distance was assumed to be 100 nm. The phase
bias was assumed to be 90°. The phase delays of the ordinary and
the extraordinary illumination beams caused by the nanorod
were assumed to be 0° and 30°, respectively. A 2D Gaussian ap-
proximation was utilized to model the point spread function of
the transmission microscope. With our microscope, single subdif-
fraction limit particles have an apparent diameter of ~600 nm
at a wavelength of 660 nm. Assuming the particle image repre-
sents the 99% confidence limits for the true central position of
the particle, the image has a width of 6o. As a result, o is approxi-
mately 100 nm. This value agreed well with the equation for
the paraxial point spread function of a wide-field fluorescence
microscope that imposes peak matching, ¢ = 0.21\/NA.% For
the case of A\ = 660 nm and NA = 1.40, o is equivalent to 99 nm.
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