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ensor devices based on the refractive

index sensitivity of surface plasmons

have emerged on the market in the
past decade. Attempts to increase the sen-
sitivity and reduce the sensor size focus on
single particle-based sensors supporting lo-
calized surface plasmons polaritons (LSPP)
or particle plasmons.'~* As recently reported,
single-particle sensors can have a higher
sensitivity than propagating surface plas-
mon-based sensors.?

The spectral position of the localized surface
plasmon is highly dependent on the dielectric
properties of the surrounding medium.’ For
example, a change of the surrounding re-
fractive index of 0.02 from 1.333 to 1.353
results in a red shift of the resonance wave-
length by 5.1 nm for a gold NRs (nanorods)
with an aspect ratio of 2.5. For optimal sensing
of the smallest dielectric changes (i.e., bind-
ing of small molecules), the spectral shift of
the resonance wavelength upon changing
the surrounding medium has to be max-
imized. Increasing the spectral shift can be
achieved by various methods such as opti-
mizing the shape and size,° ? interparticle
distance,'®"" or the material of the particle.”'?
In recent times, efforts have been intensified
to investigate silver nanoparticle sensitivity.'>'*
Silver and gold nanotriangle sensitivities of
self-assembled monolayers have been re-
ported earlier,’® but because of different
monolayer thicknesses the differing sensi-
tivities could not be attributed to optical
properties of the metals. In this work, we
present experimental results of single silver
nanorod and gold nanorod sensitivities re-
vealing that silver nanorods have a higher
sensitivity than gold nanorods at the same
resonance wavelength and that, contrary to
earlier predictions,'® the background polar-
izability of the d-band electrons strongly
influences the sensitivity. We provide a
theoretical discussion of the differing sensi-
tivities based on medium long wavelength
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ABSTRACT We compare the single-particle plasmonic sensitivity of silver and gold nanorods
with similar resonance wavelengths by monitoring the plasmon resonance shift upon changing the
environment from water to 12.5% sucrose solution. We find that silver nanoparticles have 1.2 to 2
times higher sensitivity than gold, in good agreement with simulations based on the boundary-
elements-method (BEM). To exclude the effect of particle volume on sensitivity, we test gold rods
with increasing particle width at a given resonance wavelength. Using the Drude-model of optical
properties of metals together with the quasi-static approximation (QSA) for localized surface
plasmons, we show that the dominant contribution to higher sensitivity of silver is the lower
background polarizability of the d-band electrons and provide a simple formula for the sensitivity.
We improve the reversibility of the silver nanorod sensors upon repeated cycles of environmental
changes by blocking the high energy parts of the illumination light.

KEYWORDS: silver - gold - nanoparticle spectroscopy - plasmon - sensitivity -
reshaping - reversibility - morphology

approximation (MLWA)>'7 to account for
size dependent effects. Simplification with
the quasi-static approximation (QSA) leads
to an elegant formulation of sensitivity as
function of resonance wavelength position,
plasmonic material parameters, and the
refractive index of the embedding medium.

DISCUSSION

Synthesis. For our study, we form silver
nanorods with various aspect ratios in solu-
tion adapting a two-step “seeded growth”
approach developed by Kitaev et al.'® with
small modifications in illumination and heat-
ing. In the first step, faceted silver “seeds”
are produced under light illumination. We
use a blue LED lamp (141mW, peak max-
imum @ 459.5 nm, full-width-at-half-max-
imum (fwhm) 20.53 nm) instead of the high
power metal halide lamp used by Kitaev and
co-workers. In the second step, the seeds
are added to a “growth solution” where they
develop into silver nanorods. We preheat
the growth solution in a commercial micro-
wave at 90 W for 1 min. Then AgNOs is
added and the solution is placed into the
microwave again for heating between 2 and
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Figure 1. Representative silver nanorod samples are shown
as photographs and TEM images together with the corre-
sponding ensemble extinction spectra (bottom). The sam-
ples correspond to Ag-seeds and Ag-nanorods grown with
2, 4, and 6 min of heating time (from left to right). Their
plasmon peak increases from 485 to 633, 776, and 930 nm.
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Figure 2. (A) Experimental wet environment dark-field set-
up designed for single nanoparticle spectroscopy in various
surrounding media. (B) Typical dark-field image of the
nanoparticles; the scale bar is 10 um.

6 min resulting in rods with increasing aspect ratio (AR).
Heating for 2 min results in rods with an aspect ratio of
2.4 £ 0.8, heating for 4 min yields an aspect ratio of 2.9
+ 1.3, and heating for 6 min yields an aspect ratio of 4.0
+ 1.6. (Figure 1, top). We compare the plasmonic
sensitivity of those silver rods with two types of gold
nanorods with different widths. The nanorods with small
widths were synthesized by the method of Nikoobakht
etal,'® the ones with the large widths by the method of
Ni et al.?® The large nanorods have the advantage that
their widths are comparable with the silver nanorods.
Plasmonic Nanorod Sensitivity. We observe the light
scattering spectra of the single nanoparticles with a
scanning dark-field setup?' that allows for a rapid mea-
surement of a large number of immobilized nanoparti-
cles (Figure 2A). To measure the plasmon resonance shift
upon changes in the refractive index of the environment
(single-particle sensitivity), the nanoparticles are immo-
bilized in a flat glass capillary or flow cell (the flow-cell
preparation is described in detail in the Methods section).
To immobilize nanoparticles in the flow cell, we add
a suspension of nanoparticles in water followed by a
salt solution. The concentration of nanoparticles is
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TABLE 1. Properties of the Silver and Gold Nanorods Used
in Our Study (Sizes from TEM Images)

longitudinal ensemble aspect ratio
nanorod material peak (nm) width (nm) (length/width)

Ag 633 55410 24407
Ag 776 59+ 14 29+1
Au 634 28+4 20+05
Au 702 1842 274052
Au 816 N2 41+£143
Au 680 50+6 21+05

adjusted by dilution to create a nanoparticle density in
the field-of-view that allows the distinction of single
particles (Figure 2B); that is, an average interparticle
distance of about 10 um. The addition of salt screens
the surface charges that stabilize the nanoparticle sus-
pension, which leads to nonspecific adsorption of nano-
particles to the glass surface of the flow cell. For gold
nanorods, we used 0.1 M Nadl, for silver 0.1 M KNO;
because, as discussed later, chloride ions can cause
structural changes to silver nanoparticles.”> To avoid
aggregation, both liquids are separated in the source
tube by a tiny air bubble that gets trapped in the
entrance chamber of the flow cell, thus the mixing takes
only place in the flow cell.

Table 1 summarizes the size characteristics of the
nanorods used for single-particle spectroscopic measure-
ments. We used only silver nanorods from samples with
mean longitudinal plasmon resonances of 633 and 776 nm
(green and red curves in Figure 1). Those silver nanorods
had a mean width of about 55—60 nm and aspect ratios of
24 and 2.9, respectively. In comparison, the small gold
nanorods have widths of 11—28 nm but with comparable
aspect ratios, and the large gold nanorods have widths of
50 nm. More details about the nanoparticle size dis-
tribution are presented in Figure S1, Figure S2, Figure S3,
Table S1 and Table S2 in the Supporting Information.

Sensitivity Measurements. The plasmon sensitivity
quantifies the dependence of the plasmon resonance
wavelength or frequency on changes in the dielectric
properties of the surrounding medium. Sensitivity S (in
wavelength units) is therefore defined by S = di,.s/dn,
where A, is the plasmon resonance wavelength and n
is the refractive index of the surrounding medium.
There are more elaborate measures to quantify the
sensor quality of nanoparticles taking into account
more realistic sensor concepts, for example FOM,?>%*
FOM*.° All of these quantities depend on the plasmon
sensitivity. Here we focus on the sensitivity in wavelength
units and refer to this term simply as “sensitivity”.

We determined the plasmonic sensitivity experi-
mentally by recording spectra of single immobilized
nanoparticles in the initial environment (pure water,
n, = 1.3330), then immersed in 12.5% sucrose solution
(n, = 1.3454), and at the end again in water. The resulting
experimental results are shown in Figure 3 (top panel).
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Figure 3. (Top) Experimental results (continuous lines) and
BEM-simulation without substrate (dashed lines) of single-
particle sensitivity of silver (blue line), 20 nm thick (red line),
and 50 nm thick (green line) nanorods. The error bars
indicate the uncertainty of the mean in a range of 25 nm.
(Bottom) The experimentally obtained (continuous line)
and BEM-simulated (dashed line) sensitivity enhancement
(Sag/Sau) of silver nanorods with 50 nm thickness in relation
to gold nanorods with 20 nm thickness.

The experimentally obtained trend-lines (continuous
lines) qualitatively follow the trend simulated with the
boundary-element-method (BEM)* (dashed lines) but
are lower than the simulation. However, the simulation
was performed with a homogeneous medium around
the particles, whereas in the experiment, the particles
are attached to a glass substrate reducing the influence
of the change in medium. The fact that the experi-
mental silver trend shows a stronger deviation from
simulations than the gold nanorods might be caused
by additional damping of the plasmon resonance due
to their penta-twinned crystal structure.?®

We find that silver sensitivity is generally higher
than gold sensitivity, thick gold nanorods have a higher
sensitivity than the thinner gold nanorods, and in all
cases, sensitivity depends on resonance wavelength.
The sensitivity of silver nanorods reaches values above
400 nm/RIU, which is, up to now, the largest value for
rodlike objects in this wavelength range® Especially in
the wavelength range of 600—700 nm, where thin gold
nanorods have only a sensitivity of ca. 170 nm/RIU and
thick gold nanorods of 250 nm/RIU, silver outperforms
all gold nanorods with sensitivities around 340 nm/RIU.

To directly compare the sensitivity of the thin gold
and silver nanorods over the entire measured spectral
range, we show the ratio of their sensitivity (the
sensitivity enhancement of silver compared to gold
Sag/Sau) in the bottom panel of Figure 3, both for the
experimental data and the simulation. In simulations,
we use 20 nm diameter for the thin gold NRs which is
the average of the thicknesses of the thin gold NRs (11
to 28 nm) used in our experiments. Experiment and
simulation agree well up to 850 nm in this diagram; the
substrate effect effectively cancels out. At shorter wave-
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lengths, around 620 nm, the enhancement reaches a
factor of 2, at longer wavelengths the enhancement drops
to a value between 1.1 and 1.2 with a slow increase above
850 nm that is not followed by the simulated results.
Discussion and Model. To understand the origin of the
higher plasmonic sensitivity of silver compared to gold
nanorods, we calculated sensitivities using simplified
approaches, the medium long wavelength approxima-
tion MLWA and the quasi-static approximation (QSA).>
MLWA includes size-dependent effects in plasmon reso-
nance calculations, allowing us to investigate the impacts
of particle size. In both cases, we use a simple Drude-type
model for the dielectric function for gold and silver that
separates the contribution of free and d-band electrons.
Whereas the boundary elements method (BEM)
mentioned above provides exact solutions of the Max-
well equations (if the number of elements is sufficiently
high), it provides little insight into the underlying physics.
To understand the origin of the higher plasmonic sensi-
tivity of silver compared to gold nanorods, it is instructive
to use the quasi-static approximation to calculate the
scattering cross section together with a simple Drude-
type model for the dielectric function for gold and silver.
Within those two approximations, the sensitivity S at a
given resonance wavelength 4 is given by the follow-
ing equation (see Supporting Information for details):

AP
S(;[.) = n< —an

where 1, = 27tco/wy, is the bulk plasmon wavelength
(A, = 136 nm for gold and silver), n.. = (e..)""? is the
background refractive index (square root of the back-
ground dielectric constant) from the polarizability of
the d-band electrons (e.. o, = 9.84 for gold and €., pg =
3.7 for silver correspond to n., ay = 3.1 and N, pg = 1.9,
respectively), and n is the refractive index of the
surrounding medium. The equation above reveals that,
contrary to earlier reports,'® the sensitivity depends on
the material through the strong difference in the
background polarizability ¢.. of gold and silver (the
sensitivity decreases with increasing ¢.. or n..). Despite
the simplifications of the quasi-static approach and the
Drude model for the dielectric function, the equation
above predicts the sensitivity of nanorods remarkably
well. Additional calculations using the medium long
wavelength approximation (MLWA) that includes size
effects, show that the above result is not drastically
changed if radiation damping and retardation are taken
into account. At a given wavelength, particle size influ-
ences plasmon sensitivity much less than the material
(see Figure S10 in the Supporting Information).
Interestingly, all geometry related factors cancel out
in the simple equation for the sensitivity shown above.
Consequently, for small thickness/wavelength ratios
(QSA) the sensitivity of a plasmonic nanorod at a given
resonance wavelength is independent from its size and
shape, and the formula could be valid more generally
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Figure 4. Cumulative distribution of single nanoparticle
resonance wavelength shifts after one sensing measure-
ment cycle (the sensing cycle shift). The continuous lines are
Gaussian fits, the arrow indicates the mean cycle shift. Left
graph: (1) small Au rods with 610 nm long pass (LP) filter (2)
small Au rods without LP filter. Right graph: (3) Ag rods with
610 nm LP filter, (4) Ag rods with 530 nm LP filter, (5) Ag rods
without LP filter. Inset at bottom right: definition of sensing
cycle shift Al in the cycle n; — n, — n;.

for metal structures of other shapes. Our results are in
accordance with the findings of Miller et al. that within
the QSA the sensitivity of gold nanodiscs, nanocylin-
ders, and nanoshells depends only on the location of
the plasmon resonance peak and the dielectric proper-
ties of the involved materials.?’

Sensing Reversibility. Whereas sensitivity alone seems
to favor silver over gold, another important aspect for
sensors is the sensing reversibility upon repeated
changes of the environment. Given the fact that silver
is less noble than gold, we carefully checked the
reversibility. For this purpose, our measurements al-
ways went back to the initial environment at the end
and we recorded the difference in resonance wave-
length between initial and final resonance wavelength,
a quantity we call the sensing cycle shift. For a reliable
sensor, the mean sensing cycle shift should remain
close to the experimental uncertainty (0.5 nm), and
we disregarded all particles that did not show a full
reversibility in the data sets for estimating particle
sensitivity (reversibility within one standard deviation).
Halide ions (CI™ and especially Br™) induce a reshaping
of silver nanoparticles above a threshold concentration
of ~10"8 M, so we took care to avoid any use of those
ions.?>?82229 Generally, we found that even without
halide ions present, silver nanoparticles showed much
worse reversibility performance than gold. Light is
known to modify silver nanoparticles.?>*° We therefore
suspected a lightinduced process, so we measured the
reversibility with different filters in the light path.

In Figure 4 we show the sensing cycle shift of
single nanorods plotted as a cumulative distribution

METHODS
Reagents. Silver nitrate (Aldrich, 99%), sodium citrate tribasic
dihydrate (Aldrich, 99%), polyvinylpyrrolidone (PVP, Mw 40K),
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probability (an integrated histogram that allows an
easy visualization of the mean value) measured under
different illumination conditions where each dot cor-
responds to the sensitivity cycle shift of a single particle.
The sensing cycle shift is decreasing with increasing
cutoff wavelength of the long pass filter. The mechan-
ism of this light-induced irreversible shift remains
unclear and is probably a combination of heating®'*?
due to the absorbed light, (we believe that heat
probably changes the arrangement of the crystalline
domains in the pentatwinned silver nanorods) and
photoetching.?? The shift has nothing to do with
changing the environment as we checked in experi-
ments that show a red shift of nanoparticles monitored
continuously in water (Figure S9 in the Supporting
Information). Our experiments indicate that a suffi-
ciently adjusted long pass filter allows the use of silver
nanoparticles for sensing in environments without
halide ions. However, these silver NRs are less suitable
for other measures of plasmonic sensor performance
like the “figure of merit” (FOM) due to the relatively
large line width of our silver NRs (Supporting Informa-
tion, Figure S8). We believe that the reduced radiation
damping of silver NRs with a smaller volume could
provide a substantially better performance for FOM
sensitivity.

CONCLUSION

We have presented experimental results of silver
nanorod sensitivity and compared them to results
found for gold nanorods. Silver nanorods have up to
two times higher sensitivity than gold nanorods in the
spectral range of 600—700 nm. Increasing nanorod
width leads to higher sensitivity but the dominant
factor that influences the sensitivity is the material of
the nanorods. In the region of 700—900 nm, the
sensitivity is still about 10 to 20% higher. Calculations
using MLWA (medium long wavelength approxi-
mation) and simulations with BEM (boundary element
methods) confirm both material and size dependency.
From simple theoretical arguments (Drude's model of
optical properties of metals and the quasi-static-ap-
proximation QSA), we developed an expression for the
sensitivity, and we could identify the lower back-
ground (d-band electron) polarizability of silver com-
pared to gold as the main reason for the higher
sensitivity. The reversibility of silver nanorod-based
sensors is, generally, worse than gold nanorod-based
sensors, but adding a 610 nm cutoff long-pass filter
in the light path, resulted in a reasonably reversible
sensor for both cases.

sodium borohydride (Aldrich, 99%), and L-arginine (Aldrich, 98%)
were used as received. Millipore deionized water was used as
solvent.
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Synthesis of Silver Nanorods. Silver nanorods were synthesized
following mainly the procedure developed by Kitaev et al.'®
Decahedral Ag nanoparticles were used as seeds. For their synth-
esis, a precursor solution of silver nanoparticles was first prepared
using a mixture of 1.000 mL of 0.05 M sodium citrate, 0.060 mL of
0.05 M PVP, 0.100 mL of 0.005 M L-arginine, 0.400 mL of 0.005 M
AgNO3 and 14.0 mL of deionized water in a 20 mL vial. The solution
was then reduced by adding 0.160 mL of 0.10 M NaBH,. The
resulting yellow solution was stirred for several minutes. To
produce decahedra, a blue diode array lamp with A4,.x &~ 460 nm
with an exposure time of 10 h was used (LED spectrum Figure S4
in the Supporting Information). In the next step, 2 mL of the
freshly prepared decahedral Ag seed solution were centrifuged
to replace the supernatant with 1.0 mL of pure deionized water.

Once the decahedra seed solution was prepared, 1 mL of the
purified decahedra solution, 2.0 mL of water, 0.400 mL of 0.05 M
sodium citrate, and 0.066 mL of 0.05 M PVP were heated to 95 °Cin
a 20 mL vial in microwave oven at 90 W power. After temperature
equilibration, 0.400 mL of silver nitrate (0.005 M) were added at
once to produce rods with an aspect ratio up to 4—5 in high yield
in 2—6 min of the reaction under 90 W microwave power.

Characterization. Transmission electron microscopy was per-
formed using FEI Tecnai F30 and Phillips EM-420 microscopes.
Nanoparticle solutions were deposited on a carbon-coated
Formvar grid (Plano). Operating voltage was varied from 120
to 300 kV. The average size and standard deviation were
determined from TEM images by averaging diameters of about
100 particles. Ensemble optical spectra were acquired with
Ocean Optics USB 2000 spectrometer.

Single-Particle Microscopy. The single-particle spectroscopy
was performed with a self-build microscopy setup employing a 2D
piezo scanner. The setup shown in Figure 2 consists of a position-
ing stage (Pl P-542.2CD Nanopositioning and Scanning Stage),
microscope optics (Zeiss Achroplan Oil-Iris, 100x, NA = 0.7—1.25),
an imaging spectrometer (Princeton Instruments/ACTON, Spec-
traPro 2300), and a CCD camera (Princeton Instruments, Pixis
400B). During a spectral scan, the sample is moved in steps of 1
um along the x-axis. At each step, the spectrum of the particles in
the center column is taken. The scan window width is adjusted to
the step size to ensure gapless coverage of the scanned area.

Flow Cell. The glass capillary (Vitrotube W5010-100 by
Vitrocom) is initially UV-irradiated for 15 min and left for another
15 min in the reactive atmosphere, then we attach thin poly-
ethylene tubing using epoxy glue to construct the flow cell
system. The flow cell is purged with 1% Helmanex solution for
24 h, and finally cleaned with hot deionized water for 1 h.
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