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Abstract
Diffraction patterns observed in surface plasmon resonance imaging (SPRI) microscopy
measurements of single gold nanorods (AuNRs) exhibit a complex behavior at wavelengths near
the longitudinal plasmonic resonance band. SPRI microscopy measurements at 814 nm from
AuNRs in three samples with resonance extinction maxima at 670, 816 and 980 nm reveal a
variety of diffraction patterns with central peaks that are either positive, negative or biphasic. A
unitless ratio parameter M (-1 < Mg < 1) is created to describe the distribution of diffraction
patterns. A purely negative (Mr = -1) central peak is observed for 30%, 57% and 98% of the
diffraction patterns in the 670, 816 and 980 nm samples, respectively. These results along with
theoretical modeling of the diffraction patterns with an anisotropic complex scattering coefficient
suggests that this behavior only occurs for AuNRs when the laser wavelength used in SPRI
experiments is shorter than the AuNR plasmonic resonance maxima, i.e., in the anomalous

dispersion region.
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Owing to their unique physical, optical, and chemical properties, plasmonic (e.g., gold
and silver) nanorods have attracted significant attention in the areas of biomedical research,!-?
energy-related science,>* environmental applications,>® etc. For example, gold nanorods
(AuNRs) have been utilized in a wide range of applications including biosensing, biomedical
imaging, and photothermal therapy.?’~ AuNRs are easily chemically modified via alkanethiol-
based attachment chemistries, and exhibit both a transverse and a longitudinal localized plasmon
resonance that can be used for biosensing or thermal excitation. The longitudinal plasmon
resonance extinction (both absorption and scattering) band is very strong and can be tuned from
visible to the infrared wavelengths by varying the size and length:width aspect ratio of the
nanorod. A thorough understanding of the relationship between the structural and optical
properties of AuNRs is essential for better design of these nanomaterials, and thus it is
fundamentally important to develop multiple methods of characterizing single isolated AuNRs

without ensemble averaging.

In this paper, we carefully analyze the plasmonic elastic scattering properties of
individual AuNRs through the use of single nanoparticle surface plasmon resonance imaging
(SPRI) microscopy. SPRI microscopy measurements at 814 nm of single AuNRs in three
samples with average longitudinal plasmonic resonance maxima at 670, 816 and 980 nm reveal a
variety of diffraction patterns that we can classify with an Mz value based on the intensity and
sign of the central peaks in the diffraction image. Mp value histograms for the three samples are
quite different, and a unique negative scattering signature is observed from single nanorods when
the wavelength of the elastic scattered light is in the anomalous dispersion region, i.e., at
wavelengths shorter than the peak wavelength of the longitudinal plasmonic resonance

maximum.

The TEM images and aspect ratio distribution histograms of three different commercially
available AuNR samples are shown in Figure 1. TEM data was used to determine that three
AuNR samples have average aspect ratios (length in nm:width in nm = ratio + std dev.) of
50.5:19.0=2.7+0.5,44.9:10.7=4.2+ 0.9, and 55.8:9.8 = 5.7 = 1.2. The UV-visible extinction

spectra of the three samples are shown in Figure 2; each spectrum exhibits a strong longitudinal



localized plasmonic resonance band with a maximum at 670 nm, 816 nm, and 980 nm,

respectively.
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Figure 1. Histograms of aspect ratio distributions of three different AuNR samples (AuNR670,
AuNRS816, and AuNR980). The dashed lines indicate average aspect ratio values. The insets show the

corresponding TEM images of the AuNRs. Scale bars represent 50 nm.
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Figure 2. UV-visible extinction spectra of the three AuNR samples. The average longitudinal plasmonic
maxima are located at 670 nm, 816 nm, and 980 nm, respectively. The vertical dashed line at 814 nm

indicates the wavelength of the laser used in all of the SPRI microscopy experiments.

The optical absorption and scattering spectra of gold nanorods with different aspect ratios
have been calculated previously by Link et al.!°, Eustis et al.!! and other authors.!>!3 The
absorption coefficient is calculated using Gans extension of Mie scattering theory!# along with

the known complex frequency dependent dielectric constant of gold, e(®) = &' () + ie” (®)."



For the longitudinal (long axis) resonance of the gold nanorod, the extinction coefficient y is

proportional to:
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and the resonance condition for the extinction coefficient is:

where em is the dielectric constant of the surrounding medium and P is a shape factor that
depends on the aspect ratio of the nanorod. Using this equation, the wavelength of the plasmon
resonance maximum was found to vary linearly with aspect ratio.’****? This linear relationship
between the average aspect ratios and wavelength of the longitudinal plasmon resonance maxima

is also observed experimentally for the three gold nanorod samples used in this paper.

Additionally, Eustis and El Sayed'* have shown that the observed longitudinal plasmonic
resonance bands for a nanorod sample can be thought of as a set of inhomogeneously broadened
bands from individual nanoparticles with different aspect ratios. The single nanoparticle SPRI

microscopy measurements described in this paper employed a wavelength A, of 814 nm. Thus,

SPRI
in the SPRI microscopy measurements: (i) for the 670 nm AuNR sample, most of the nanorods

will have a longitudinal surface plasmon resonance maximum at a wavelength above A, ., (ii)

for the 980 nm AuNR sample, most of the nanorods will have a resonance maximum at a

wavelength below A and (iii) for the 816 nm AuNR sample there will be roughly equal

SPRI’

numbers of nanorods with resonance maxima above and below the XSPRI.

SPRI microscopy has become an extremely useful spectroscopic method for detection
and characterization of the adsorption of single polymeric and metal nanoparticles onto gold thin

film surfaces in real time. As described previously!® and shown schematically in Figure 3a, SPRI



differential reflectivity images of gold thin films are captured using a high numerical aperture

objective in a total internal reflectance geometry with an off-axis laser source (A,,, = 814 nm)

SPRI
set to deliver an incident angle (0in) that is typically just below the resonant SPR angle (Osp).!”
The surface plasmon polaritons (SPPs) traveling along the gold surface diffract off of the
adsorbed nanoparticles; diffraction of SPPs into other SPPs traveling in different directions is
coupled back out of the prism and combined with the SPR reflected light to create the SPRI
diffraction image.'® 2! Single nanoparticle microscopy has been used in a wide variety of
applications: the detection of viruses and metallic nanoparticles,?> >> measurements of the
hybridization adsorption of DNA-modified gold nanoparticles (AuNPs),** monitoring the uptake
of peptides and proteins into porous polymeric nanoparticles,?®?” detecting quantum tunneling
between AuNPs and the gold thin film,?® the detection of single exosomes and liposomes,?®*°

and the detection of single proteins.3!-3
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Figure 3. SPRI microscopy measurements of single AuNRs. (a) Schematic diagram of the objective-
coupled SPRI microscope. (b) A representative differential SPRI image of 670 nm AuNRs sample. The

scale bar represents 10 pm.

SPRI microscopy experiments are used in this paper to monitor the irreversible
electrostatic adsorption of AuNRs onto chemically modified gold thin films. As described
previously,' a series of 200 SPRI differential images were obtained in ten minutes (3 seconds
per frame - each differential SPRI images was created by the difference between two sequential
SPRI images) as AuNRs were adsorbed from a ten microliter aqueous solution containing either

670 nm, 816 nm, or 980 nm AuNR samples onto a gold thin film. The gold surface was



functionalized with an amine-terminated alkanethiol (MUAM) to create a positively charged
surface to adsorb the negatively charged AuNRs.***2 Each adsorbed AuNR created a diffraction
spot that could be counted and quantified. As an example, Figure S1 in the Supporting
Information plots the number of adsorbed AuNRs from the 670 nm AuNR sample as a function

of time over the course of an SPRI microscopy experiment.

Figure 3b plots a representative three-second AuNR differential SPRI image in which
five nanorods from the 670 nm AuNR sample have adsorbed onto the gold surface and created
diffraction spots. The direction of plasmon propagation in the SPRI images is from the right to
the left. For each nanorod, a large (on the order of tens of microns in length) diffraction pattern
with high intensity central area and two parabolic patterns extending to both left and right side
with alternating bright and dark tails was observed. However, it is important to note that in this
single image there are several qualitatively different types of AuNR diffraction patterns. Some
have a bright positive spot at the center of the diffraction pattern, some have a dark spot, and
some have both. In general, the diffraction pattern and intensity can depend on the shape, size,
orientation, and material composition of a nanosized object. The fact that a variety of diffraction
patterns can be observed in a single image from different nanorods in the 670 nm AuNR sample
is significant and suggests that there is a distribution of AuNRs each with a different

characteristic SPRI response.

To further explore the origins of this distributed SPRI response from the AuNRs we must
carefully quantitate the types of SPRI diffraction spots observed in each of the SPRI images.
Figure 4a is an expanded area view of a AuNR diffraction pattern taken from the 670 nm AuNR
sample; and Figure 4b is a horizontal line profile taken through the center of the diffraction
pattern (the horizontal yellow dashed line shown in Figure 4a). The horizontal cut is 16.6 um
(256 pixels) in length. For this AuNR diffraction spot, the horizontal intensity profile contains
both a positive-going peak located at approximately the center of the line, and a negative-going
peak to the immediate right of the positive peak. The pixel intensities in this paper are reported in
units of A%R, which correspond to the percent reflectivity change. We have observed that each

AuNR diffraction pattern has a unique horizontal intensity profile. In order to quantify the



characteristics of the intensity profiles, we introduce a unitless ratio parameter My defined as in

eq 3:

M, — M,
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where M and M, are the amplitudes of the positive and negative peaks as described in Figure 4b.
A positive M value indicates that the magnitude of the positive-going peak is greater than that
of the negative-going peak and vice versa. The Mz value has a total range of {1 to-1}: Mz =1
when there is only a positive peak (M> = 0), to Mg = -1 when there is only a negative peak

present (M = 0).
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Figure 4. (a) An expanded area view of a AuNR diffraction pattern taken from the 670 nm AuNR sample.
The scale bar represents 5 pm. (b) Horizontal intensity profile taken through the center of the diffraction
pattern (indicated by the yellow horizontal dashed line) in (a). M and M- are the amplitudes of the

positive and negative peaks.

Histograms showing the distribution of Mz values observed for diffraction patterns from
each of the three AuNR samples were calculated; Figure 5 shows the M value histogram for the
670 nm AuNR samples. As seen in Figure 5, 30% of all observed diffraction spots were
classified as Mg = -1 for the 670 nm AuNR sample. The first inset in Figure 5 shows the average
horizontal profile for the Mr = -1 diffraction spots: a single negative peak at the M> position in
horizontal intensity profile. The other insets in the figure show some of the other types of

horizontal profiles obtained for diffraction patterns with Mz =-0.4, 0.3, and 1. Approximately



50% of the diffraction spots had an Mz > 0, with a median value of Mz = 0.5. Only around 10%

had an Mz =1 value.
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Figure 5. My value distribution histogram obtained from the SPRI diffraction patterns of 670 nm AuNRs.
A total number of 236 AuNRs were analyzed. The insets show the average horizontal profiles for

diffraction spots with various My values.

Figure 6 shows the My value histograms for the 816 nm and 980 nm AuNR samples and
Table 1 tabulates the Mz values taken from the histograms for the three AuNR samples. For the
816 nm AuNR sample, 57% of the diffraction spots have an Mz value of -1; for the 980 nm
AuNR sample, 98% of the diffraction spots have an Mz value of -1.
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Figure 6. M value distribution histograms obtained from the SPRI diffraction patterns from (a) the 816
nm AuNR sample and (b) the 980 nm AuNR sample. N is the total number of AuNRs analyzed for each

sample.



Table 1. Mg value distribution for the 670 nm, 816 nm, and 980 nm AulNR samples

My Value 670 nm AuNR 816 nm AuNR 980 nm AuNR

-1 30% 57% 98%
0=>My>-1 16% 26% 2%
1>Mr>0 45% 14% 0%

+1 9% 3% 0%

The large diversity of Mz ratios observed from the AuNR samples differs from that seen
in SPRI microscopy experiments from other nanoparticles. For polymer (e.g., polystyrene, latex)
nanoparticles, only Mz = 1 values have been observed,”**? whereas for AuNPs a biphasic
behavior with Mz = +0.2 has been observed.?® (Please see Figure S2 in the Supporting

Information for an example).

Only the AuNRs exhibit this unique Mr = -1 behavior with a single negative peak at the
M location. However, it is important to note that slightly different types of negative point
diffraction patterns have been observed previously in SPRI microscopy experiments. For
example, negative point diffraction patterns have been observed from gas-containing
nanoparticles due to a decrease in the local refractive index created by the replacement of
aqueous solution.* Negative point diffraction patterns have also been observed when a particle
desorbs from a surface after adsorption. In both of these cases, the negative peak occurs at the M
location. Moreover, for adsorption-desorption pairs, there is always a positive peak diffraction
pattern due to the adsorption of the nanoparticle that appears prior to the negative diffraction

peak.

A very important observation about the Mz = -1 diffraction peaks comes to light when
comparing the three AuNR samples. The percentage of Mz = -1 values follows the trend:
30%:57%:98% for 670 nm:816 nm:980 nm AuNR samples (Table 1). This trend is in agreement
with the earlier discussion on the correlation of the number of nanorods in an AuNR sample with
the position of the plasmon resonance band wavelength maximum relative to the laser
wavelength used in the SPRI microscopy experiments. For example, the 814 nm wavelength of

the laser used in the SPRI microscopy experiments is almost exactly equal to the maximum of



the plasmonic resonance band at 816 nm observed in Figure 2; for this case, 57% of the AuNRs
have a diffraction pattern with an Mz = -1. The plasmon band at 816 nm is due to a strong
resonant increase in the imaginary part of the complex dielectric constant of the sample; as
shown using Kramers—Kronig relations,** concomitant with this increase there is a differential
change in the real part of the complex dielectric constant, where it decreases at photon energies
above (and thus at wavelengths shorter than) the resonance band. This wavelength region is
called the anomalous dispersion region due to the well-known decrease in the refractive index
(which is the square of the dielectric constant) at these wavelengths.?> This suggests that the
negative diffraction spots are due to AuNRs with plasmonic resonances that place the 814 nm in
the anomalous dispersion region. For the 980 nm AuNR sample, the 814 nm laser wavelength is
significantly above the average plasmonic resonance extinction maximum, and thus virtually all
(98%) of the Mz values for the 980 nm AuNR sample are equal to -1. In contrast, the reverse is
observed for the 670 nm AuNR sample, where only 30% of the M values are equal to -1 since
the average plasmonic resonance extinction maximum wavelength is shorter than the 814 nm

laser wavelength.

To fit the biphasic gold nanorod diffraction data in our SPRI microscopy measurements,
we use an extension of the plasmonic scattering model proposed by Hui and Yu.'*?° In this

model, the differential SPRI image I§(x,y) is created from the interference of the partially

reflected field and scattered plasmonic field in the direction of reflection:

Id(x'y) = IEr+E5C|2 - IETIZ (4)
where E; is the reflected wave obtained from incident wave Ej, at angle 6, and E is the light

that is scattered off the nanorod into the surface plasmon channel and then coupled back out

through the gold thin film and prism at the SPR resonance angle esp‘ The magnitude and phase
of E; is related to Ej, via the complex Fresnel coefficient p from a three phase (BK7/gold thin

film/water) Fresnel reflectance calculation:

E, = ryEet in® k= kg sin 6, )

where k7 is the wavevector of the 814 nm light in the prism.
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The scattered light Eg has been previously modeled as a convolution of a two-

dimensional gaussian point spread function (O) with an isotropic point scattering function (/)
which includes a complex scattering coefficient (). To fit the biphasic gold nanorod data, we
expand this definition to include an anisotropic point scattering function that is different in the

forward (x<0) and reverse (x>0) scattering directions:

B0 ©
h = E%q e kaimg=tkspa” x<0 (7)
h= anze—kdzrerszr x>0 (8)

where EY is the driving surface plasmon field created by the incident wave at the location of the
nanorod, kqjand kqp are decay constants of surface plasmons, kgp1and kgp) are wavevectors of
surface plasmons, and r is the distance to the scatterer. The anisotropic scattering function 4 now
includes different complex scattering coefficients, 1 and @, in the forward and reverse

directions, respectively. We define a1 and o as:

|aty | (cos ¢ + isin ¢y) )

a, = a; + iaf

a, = a; + ia;

la|(cos ¢, + isin ¢) (10)

where @1 and ¢ are the phases of a1 and a» in polar coordinates. Using this model, we can
calculate the diffraction images and the center line plots used to determine the M value for a
diffraction spot. Figure 7 shows theoretical calculations (red lines) of the center line intensity
plots along with the experimental data for diffraction spots with three typical Mg values: -1, +0.3,
and +1. The positive, biphasic, and negative central diffraction peaks can be successfully
simulated and the excellent agreement between the theoretical fits and the experimental results
validates our model employing anisotropic scattering coefficients. Table 2 lists the ¢1 and ¢
values used in our calculations and the signs of the real and imaginary parts of a1 and az2. A
complete list of the actual parameter values used in the theoretical fits is given in Table S1 in the
Supporting Information. From Table 2 it is clear that the signs of the scattering coefficients a;

and o2 are uniquely negative for the case of Mz =-1.

11
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Figure 7. Theoretical fits of AuNR diffraction images. Three representative horizontal center line plots
are simulated (red lines) and compared with experimental data (blue lines) from 670 nm AuNRs. (a), (b),
and (c) have an M value of -1, +0.3, and +1, respectively. A variety of My values from -1 to 1 are
observed for AuNRs, depending on the relative position of the resonance band of a specific AuNR as

compared to the laser wavelength used in the SPRI microscopy experiments (814 nm).

Table 2. Parameters used in theoretical fittings of AuNR diffraction images with different Mz values

My Value &1 ?, oy a," o, o,"
-1 ~3m/2 ~T 0 - - 0
+0.3 0 47/3 + 0 - -
+1 /3 5n/3 + + + -

In summary, we have observed a complex resonant scattering behavior in the SPRI
microscopy measurements of single AuNRs at wavelengths near the longitudinal plasmonic
resonance band maximum. A parameter M is introduced to quantify the characteristics of the
intensity profiles of central peaks in the diffraction images. For AuNRs, a variety of Mz values
ranging from -1 to +1 were observed. This range of Mz values is attributed to the fact that (i) the
scattering coefficient for a AuNR is both complex and anisotropic and (ii) the values of the
AuNR scattering coefficient is sensitive to the position of the AuNR plasmonic resonance
extinction maxima relative to the SPRI laser wavelength. For polymeric nanoparticles, only Mz =
1 values are observed. In contrast, the AuNRs exhibit a unique Mr = -1 scattering signature when

the wavelength of the SPRI microscopy experiment A, is in the anomalous dispersion region

of the resonance of that specific AuNR. For the diffraction patterns of AuNRs with an Mz = -1

the center line plots of the diffraction images can be fit with an anisotropic complex scattering

12



coefficient that is uniquely negative. We anticipate that the unique scattering properties of
AuNRs can be useful for identifying specific nanorods in biosensing and high-throughput

screening systems.

Finally, it must be noted that the SPRI microscopy scattering from these plasmonic
nanorods is undoubtedly influenced by the coupling between the localized SPR resonance of the
AuNR and the planar travelling surface plasmon polaritons at 814 nm. A recent paper in 2020

by Tao et al.?8

showed that for AuNPs, the diffraction pattern could vary quickly on the tens of
milliseconds time scale approximately between Mz values of +0.2 and -0.2 due to changes in the
nature of this coupling based on the distance from the gold surface. These distance effects are
certainly present in the AuNRs, but the time scale (3 s per image) of our experiments perhaps
prevents us from seeing them. Also, the SPRI microscopy scattering from AuNPs can be
described with an average Mz of 0.2 (see Figure S2); however an Mz = -1 for AuNPs is never
observed. Thus, we conclude that an Mz value of -1 is a unique behavior of the resonant SPRI
microscopy scattering response. Future experiments of the SPRI scattering of AuNRs from gold
surfaces with precise polyelectrolyte layer by layer (LbL) multilayer coatings that can control the

distance between the electrostatically adsorbed AuNRs and the gold surface will be used to

further explore localized SPR-planar SPR coupling effects.
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Supporting Information

Experimental methods, AuNR adsorption curve as a function of time, diffraction pattern of a

spherical AuNP, and list of parameters used for theoretical calculations
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