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Abstract: The sensing efficiency or factor of noble metal nanoparticles is defined as the wavelength shift
of the surface plasmon resonance extinction peak position per unit change in the refractive index of the
surrounding medium. The sensitivity of different shapes and sizes of gold nanoparticles has been studied
by many investigators and found to depend on the plasmon field strength. As a result, the sensitivity factors
were found to be larger for hollow nanoparticles than for solid ones of comparable dimensions. This is due
to the strong plasmonic fields resulting from the coupling between the external and internal surface plasmon
fields in the hollow nanoparticles. In the present paper, the sensitivity factors of a large number of gold
nanoframes of different size and wall thickness have been determined by experimental and theoretical
computation (using the discrete dipole approximation method). The dependence of the sensitivity factors
and the plasmon field strength on the wall thickness and the size of the nanoframes has been determined
and is discussed. The sensitivity factors are found to increase linearly with the aspect ratio (wall length/
wall thickness) of the nanoframes and are especially sensitive to a decrease in the wall thickness. In
comparison with other plasmonic nanoparticles, it is found that nanoframes have sensitivity factors that
are 12, 7, and 3 times higher than those of gold nanospheres, gold nanocubes, and gold nanorods,
respectively, as well as more than several hundred units higher than those of comparable-size gold

nanocages.

Introduction

Noble metal nanoparticles have attracted attention in recent
decades due to their unique optical and physical properties.*
Their unique optical properties result from localized surface
plasmon resonance (SPR), which involves the coherent oscil-
lation of the free conduction band electrons in resonance with
an incident electromagnetic field.?® This oscillation induces
strong surface electromagnetic fields, which enhance the rate
of the nanoparticles' radiative processes as well as those of
neighboring electronic systems.®  The rates of absorption and
scattering, aswell as the SPR peak position, are found to depend
on the shape and size of the nanoparticles.®>*° The SPR peak
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position also depends on the dielectric constant of the surround-
ing environment and the type of molecules bound to the surface
of the nanoparticles.™*? A red-shift in the SPR peak position
is observed as the refractive index of the surrounding medium
increases.™> *® The sensitivity of the optical properties of the
plasmonic nanoparticles to the dielectric constant of the environ-
ment is the basis of their excellent sensing capabilities.® The
sensitivity factor Sis measured by the shift in the wavelength
of the SPR peak position (in nanometers) per unit change in
the refractive index (RIU) of the surrounding medium. The value
of the sensitivity factor depends on the shape, size, and type of
nanoparticle.®” Nanoparticles with higher sensitivity factors are
useful as sensors.*”8

The sensitivity factor of a nanoparticle is determined by the
strength of the nanoparticle' s plasmonic surface field. Plasmonic
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field coupling between nearby nanoparticles increases their
plasmonic fields and thus their sensitivity factors,*®~2* which
explains the enhancement of the sensitivity factors upon
dimerization.?>%®

The sensitivity factors of several nanoparticles have been
reported. Solid gold nanospheres, nanocubes, and nanorods have
sensitivity factors of about 40, 80, and 150—283 nm/RIU,%’
respectively. It is aso found that hollow nanoparticles have
enhanced sensitivity factors. For example, hollow nanospheres
have avalue of S~ 125 nm/RIU.*® Recently, the sensitivity of
gold nanocages (hollow cubes) with a 50 nm wall length and a
4.5 nm wall thickness was found to be 408.8 nm/RIU.?®

From the numbers reported above, hollow nanoparticles have
the highest sensitivity factors. In the present paper, we focus
on gold nanoframes (AuNFs), which we have previously found
to have very strong plasmonic fields on account of the coupling
between their interior and exterior surface fields.?® The coupling
between these two fields gives these nanoparticles additional
surface fields which are expected to have greatly enhanced
sensitivity factors.

The present work isaimed at determining the plasmonic fields
and sensitivity factors of nanoframes of different wall lengths
and thicknesses. It also attempts to develop an equation relating
the value of the sensitivity factors to the geometry of the
nanoframes. Since it is difficult to synthesize nanoframes of
every structure we desire, we used the discrete dipole ap-
proximation (DDA) to calculate different geometries needed for
the present study. The agreement between the values of the
sensitivity factors measured for synthesized nanoframes and
theoretically calculated gave us confidence in the DDA calcula-
tions for al other geometries.

The results are presented in four parts. Section A gives the
experimental results on the sensitivity factors of afew carefully
synthesized nanoframes. In section B.1, we discuss the results
of the DDA theoretical simulation of the SPR spectra (which
depends on the surface plasmon field) for a large selection of
nanoframes of different dimensions. In section B.2, the SPR
peak positions in media of different dielectric constants are
calculated, from which the sensitivity factors are determined
for nanoframes of different structures. In section C, a test of
the DDA theoretical prediction in calculating the sensitivity
factor is made by comparing its results with values observed
for the synthesized nanoframes. Finaly, in section D, an
equation relating the sensitivity factor to the aspect ratio for
the nanoframes is developed, and a comparison is made of the
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sensitivity factors of different plasmonic nanoparticles reported
so far with those of the nanoframes.

Experimental Section

Silver nanocube (AgNC) templates are used to prepare gold
nanoframes with different wall thicknesses by using the galvanic
replacement technique with gold.*® The AgNCs are prepared as
follows: 35 mL of ethylene glycol (EG) is heated to 150 °C for 1 h
with constant stirring. The temperature and stirring are maintained
during the synthesis. Ten milliliters of EG containing 0.25 g of
polyvinyl pyrrolidone (PVP) (molecular weight of ~55000 g) is
then added, followed by the addition of 0.4 mL of sodium sulfide
(3mM) dissolved in EG. Aliquots of silver nitrate in EG (282 mM)
with volumes of 3.5, 3.0, 2.0, and 1.8 mL are injected into the
reaction mixture to prepare the AQNC templates with wall lengths
of 80, 50, 40, and 35 nm, respectively.>3? The reaction is complete
in 10 min after addition of the silver nitrate solution, and a
nontransparent solution is formed. The AgNCs are washed by
dilution with deionized (DI) water and acetone, followed by
centrifugation. The resulting precipitate is then dispersed in DI
water.

The AgNC templates with wall lengths of 80, 50, 40, and 35
nm are used to prepare the AuNFs with wall lengths of 83, 51, 42,
and 35 nm, respectively. To prepare 83, 51, 42, and 35 nm AuNFs
with wall thicknesses of 19, 10, 9, and 10 nm, respectively, the
purified AgNC solutions are heated with stirring until they begin
to boil. A 10 mg/L hydrogen tetrachloroaurate solution is then
injected into the boiling solution slowly until the absorption
spectrum of the solution shifts to 950, 1050, 1000, and 800 nm for
the AuNFs, which are confirmed to have wall lengths of 83, 51,
42, and 35 nm, respectivly.**** The AuNFs are cleaned by
centrifugation followed by dispersion in DI water. Finaly, the
particles are precipitated by centrifugation, and the precipitates are
transferred to chloroform solvent for use in the Langmuir—Blodgett
(LB) study.

In order to determine the sensitivity of individual nanoparticles,
they should be assembled at large distances of separation.®**® The
LB technique is one of the most valuable techniques available to
assemble nanoparticles into monolayers at a desired average
separation.*32°738 |n the present study, the particles are assembled
at very low surface pressures to ensure that we are studying the
absorption of individual particles, in order to avoid plasmon field
coupling effects which affect the sensitivity measurements.®® A
Nima 611D LB trough is filled with DI water, and the surface
pressure is measured with a D1L-75 pressure sensor. Nanoparticles
in chloroform (1 mL) are spread over the water surface, and after
5 min, each LB film is transferred to quartz and silicon substrates
using the vertica dipping method at a surface pressure of 1 mN/m.
Using a Cary UV —vis—NIR apparatus (Cary 500, Version 8.01),
the optical spectra of the AUNF monolayers supported on the quartz
substrates are measured with the samples immersed verticaly in
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Figure 1. SEM images of AUNF with wall lengths of (A) 35, (B) 42, (C)
51, and (D) 83 nm and wall thicknesses of 10, 9, 10, and 19 nm, respectively.
These images clearly show the empty structure of these nanoparticles. This
is supported by the agreement of their optical spectraand those theoretically
calculated.

solvents of different dielectric constants in quartz cuvettes. A clean
quartz substrate immersed in each solvent is taken as a background.
A Zeiss Ultra60 microscope is used to obtain the scanning electron
microscopy (SEM) images of the different nanoparticles synthesized.

Results and Discussion

A. Dependence of the Sensitivity Factor on the Nanoframe
Shape Factor of Synthesized Nanoframes. The spectral charac-
terigtics of the SPR of noble metals (the pesk position, pesk
intengity, and full width at half-maximum) depend on severa
factors, such asthe size and shape of the individua nanoparticles,
the interparticle distance of the assembled particles, and the
didectric constant of the surrounding environment. In ananosensing
device® the shape, size, and interparticle separation are fixed. With
these parameters held constant, the shift in the SPR peak position
measures the change in the dielectric constant of the nanoparticles
environment. The efficiency of the nanoparticle as a sensor is
measured by the sensitivity factor (S, or the wavelength shift of
the SPR peak per unit of reflective index change in the medium
(RIV). This sengtivity factor has been studied for a variety of
plasmonic nanoparticle shapes and sizes, > but little work has
been done on hollow nanoparticles.®®

In order to determine the sensitivity factors of AuNFs, four
AuNFs with different dimensions are synthesized and studied.
Figure 1 shows the SEM images of the four different AUNFs
having wall lengths of 35, 42, 51, and 83 nm and wall
thicknesses of 10, 9, 10, and 19 nm, respectively. The sensitivity
factor depends on the plasmon field intensity, which is sensitive
to changes in the interparticle separation and the dielectric
constant of the medium. In order to study the sensitivity of the
individual nanoparticles, they should be fixed at constant and
large interparticle separations to prevent plasmon field coupling.
The LB method is used for this purpose to reliably assemble
the particles in a monolayer at a constant average separation.

The sensitivity factor was determined for various environ-
ments by measuring the SPR spectrum of different nanoparticles
in a given environment. Figure 2A shows the SPR spectra of
42 nm AuNF with a wall thickness of 9 nm assembled as
monolayers on the surface of a quartz substrate and measured
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in air, methanol, water, ethanol, tetrahydrofuran, dichlo-
romethane, chloroform, carbon tetrachloride, and toluene. As
expected, the SPR of these nanoparticles red-shifts as the
refractive index of the solvent increases; thisis shown in Figure
2B. The SPR spectra for the rest of the monolayers of AuUNF
(of wall lengths of 35, 51, and 83 nm with 10, 10, and 19 nm
wall thickness, respectively) are also measured in these different
solvents and are shown in Figure S1 (Supporting Information).
For al nanoframes, this relationship is found to be linear, with
slopes of 620 + 15, 516 + 24, 508 + 33, and 409 + 6 nm/RIU
for AuNFs with wall lengths of 51, 42, 82, and 35 nm and wall
thicknesses of 10, 9, 19, and 10 nm, respectively. Therefore,
the ratios between the wall length (L) and the wall thickness
(T, caled the aspect ratio (L/T), are 5.1, 4.6, 4.3, and 3.2 for
frame lengths of 51, 42, 83, and 35 nm, respectively. Itisclear
from Figure 2B that the sensitivity factors (the slopes of the
straight lines between A and the refractive index) increase as
the aspect ratios increase.

B. Theoretical Results. 1. Calculations of Plasmonic Fields
of Several Nanoframes of Different Shapes. Before we calculate
the sensitivity factors, we first need to calculate the SPR spectra
of nanoframes having awide range of structures, including those
of the synthesized ones discussed in the previous section (to
check the theoretical prediction). SPR of a nanoparticle depends
greatly on its shape and size; the SPR peak position shifts to
longer wavelength as the particle size increases. The amount
of scattered light also increases with increasing particle size.®”
Previous calculations for nanoshells* and hollow nanocubes®
have shown that the optical properties are strongly dependent
on the wall thickness. Our theoretical studies for AuNFs
corroborate this conclusion.

In the previous section, the sengitivity factors were determined
experimentally for only four nanoframes that could be carefully
synthesized. In order to correlate the optical properties of the
AuNFswith wall thickness for alarger selection of nanoframes,
we carried out DDA calculations for AuNFs of four different
wall lengths (40, 50, 80, and 90 nm), with each particle having
four different wall thicknesses. The wide variation of the
geometries of these 16 AuNFs allows the present work to cover
a good representative population in order to study the depen-
dence of the SPR on the wall thickness and aspect ratio. In
addition, the theoretical calculations are compared with experi-
mental results, where possible.

Figure 3A shows the SPR extinction, absorption, and scat-
tering spectra of 50 nm wall length AuNFs with wall thicknesses
of 9, 10, 11, and 12 nm. The SPR peak position is found to be
centered at 916, 836, 767, and 715 nm, respectively. A red-
shift in the SPR spectrum is observed as the wall thickness
decreases, along with an increase in the ratio of the scattered to
the absorption intensity. This calculation is extended to the other
three wall lengths (40, 80, and 90 nm) and supports the first
result, as shown in Figure 3B.

In order to examine the effect of the coupling between the
fields on the internal frame surfaces within the cavity of the
nanoframe, we used the DDA method*®** to calcul ate the field
enhancement factors for the four AuNFs with wall lengths of
40, 50, 80, and 90 nm and wall thicknesses of 9.6, 12, 19.2,
and 21.6 nm, respectively (Figure 4). The aspect ratio (L/T) for
all of these AuNFsis 4, while the SPR peak positions are 710,
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716, 740, and 756 nm for the 40, 50, 80, and 90 nm particles,
respectively. In contrast with the results found for other
nanoparticle shapes, the plasmonic field enhancement factor of
the AuNF, calculated at the wavelength of the maximum of the
SPR extinction, isfound to decrease as the wall length increases
at a constant aspect ratio. This gives rise to the observation
shown in Figure 3B. The slopes (dA/dT) for the nanoframes of
comparable sizes are similar, but the slopes for the smaller
nanoframes are smaller than those for the larger nanoframes.

The data shown in Figure 3B suggest that, for nanoframes
of similar L/T ratios, the magnitude of the red-shift per unit
change in the wall thicknessis not constant but depends on the
size of the nanoframe. This suggests that as the size of the
nanoframe (or the size of the cavity) decreases, the coupling
between the inside and outside plasmon fields decreases. This
might suggest that, in small plasmonic nanoshells, nanocages,
or nanoframes, there exists a coupling between the plasmon
fields of the internal surfaces which dlightly decreases the
strength of the coupling between the fields on the internal and
external surfaces of the same frame. Since the latter coupling

is the one that is dominant in determining the position of the
SPR (since the thickness of the frame is smaller than the size
of the cavity), the position of the SPR found for the smaller
particlesis not red-shifted as much as it would have been if the
coupling between the internal surfaces was absent. As a result,
stronger the intracavity surface coupling, the shorter is the
wavelength of the SPR extinction band. This predicts that, as
the intraframe distance (the nanoframe length) decreases, the
wavelength of the SPR extinction band becomes shorter, as
observed for the small nanoframes in Figure 4. This predicts
that the field dependence of the aspect ratio (L/T) should show
small deviations for small values of L due to the interaction
between the fields on the internal surfaces of the cavity.

2. Calculation of the Sensitivity Factors of the Nano-
frames. We studied the effect of changing the refractive index
value on the SPR peak position by using 10 different solvents
and a group of 16 different AuUNFs (four different wall lengths
having four different wall thicknesses). The SPR spectrain each
solvent are calculated by the DDA method. Figure 5 shows the
SPR spectra for four different AUNFs with wall lengths of 40,

J. AM. CHEM. SOC. = VOL. 132, NO. 36, 2010 12707
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50, 80, and 90 nm and wall thicknesses of 7.2, 10, 17.6, and
21.6 nm, respectively. The aspect ratios for that group are 5.5,
50, 45, and 4.1 for wal lengths of 40, 50, 80, and 90,
respectively. The SPR spectra of these nanoframes are calculated
in solvents of different dielectric constant (air, trifluoroacetic,

12708 J. AM. CHEM. SOC. = VOL. 132, NO. 36, 2010

methanol, water, ethanol, tetrahydrofuran, dichloromethane,
chloroform, carbon tetrachloride, and toluene). The following
conclusions can be drawn: (1) The expected red-shift of the
SPR is observed as the value of the refractive index of the
surrounding environment increases. (2) In any solvent, as the
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Figure 6. Relationship between the SPR peak position of AuNFs as calculated from the DDA method and the refractive indices of different surrounding
solvents. The different linesin each box are for nanoframes of different aspect ratios: (top to bottom) 5.5, 5.0, 4.5, and 4.1, respectively. The different panels
are for nanoframes of different wall lengths, and each line is for nanoframes of different thicknesses so as to keep the aspect ratio the same as for the
corresponding lines in the other boxes: (A) 40 nm wall length but wall thicknesses of 7.2, 8, 8.8, and 9.6 nm; (B) 50 nm wall length but wall thicknesses
of 9, 10, 11, and 12 nm; (C) 80 nm wall length but wall thicknesses of 14.2, 16, 17.6, and 19.2 nm; and (D) 90 nm wall length but wall thicknesses of 16.2,

18, 19.8, and 21.6 nm.

aspect ratio isincreased, the SPR peak maximum shifts to longer
wavelength, independent of the wall length of the nanoframe.
(3) The changein the SPR peak position with changing dielectric
constant of the medium increases with increasing the aspect
ratio.

DDA caculations of 16 different AUNFs are carried out to
determine the relationship between the refractive index of the
surrounding environment and the sensitivity factor and the SPR
peak position for nanoframes of different geometries. Figure
6A shows the linear relationship between the SPR peak position
and the refractive index of the surrounding environment for 40
nm AuNFs with various wall thicknesses. The slope of the
straight line gives the sensitivity factor (RIU) for each 40 nm
AuNF. The sensitivity factor is found to increase as the
nanoframe wall thickness decreases. For example, for the 40
nm AuNF, the sensitivity factor increases from 500 to 739 RIU
when the wall thickness changes from 9.6 to 7.2 nm. This gives
a sengitivity factor increase of 240 units for a wall thickness
decrease of 2.4 nm. It should be mentioned that the decrease in
the wall thickness leads to a red-shift due to the strong surface
plasmon coupling between the inner and the outer surfaces of
the frames. The efficiency of the nanoparticle as an optical
Sensor increases as the sengitivity factor increases.

Next we examined the effect of the wall length on the
sengitivity factor. DDA calculations were carried out for frames
with four different wall lengths and four different wall thick-
nesses (16 configurations). Figure 6 shows the dependence of
the surface plasmon peak position on the dielectric constant of
the solvents used in the calculations. The four panelsin Figure
6 are for nanoframes of different wall lengths, but each panel

Table 1. Dependence of the Sensitivity Factors on the Aspect
Ratio (L/T) for Nanoframes of Different Sizes As Calculated from
DDA

aspect ratio (L/T)?

wall length 4.1 45 5.0 55
40 500 562 643 739
50 499 559 640 731
80 496 542 636 717
90 494 541 628 712

aWall length to wall thickness.

shows the dependence of nanoframes’ sensitivity factor on the
wall thickness. From thisfigure and Table 1, it can be concluded
that (1) as the wall thickness decreases the slope of 1 vs
dielectric constant (i.e., the sensitivity factor) increases and (2)
the slopes (i.e., the sensitivity factors) of particles of similar
aspect ratios but different lengths shown in the four different
panels in Figure 6 seem to be similar. This suggests that the
sengitivity factors, like the surface plasmon field strength (which
is determined dominantly by the coupling of the inner and outer
surface plasmon fields), depend on the separation of the inner
and outer surface plasmon fields, which is a function of wall
thickness and not very much of wall length, if the aspect ratios
are comparable.

From Figure 6 and Table 1, the following can be concluded:
(1) The sensitivity factors are strongly correlated with the aspect
ratio of the nanoframes with a small dependence on the
nanoframe size. The sensitivity factor changes from ~500 to
720 nm/RIU for a change in the aspect ratio from 4 to 5.5 for
the samewall length. (2) Smaller nanoframes have dightly larger
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Table 2. Comparison of the Experimentally Determined Sensitivity
Factors S for Different Plasmonic Nanoparticle Structures

particle shape S (nm/RIU)
gold nanospheres 4477
gold nanocubes 83%7
gold nanorods 150—285%7
hexagonal silver array 19142
hollow gold nanospheres 12516
gold nanocages 50 nm wall length, 5 nm 4082
thickness
gold nanoframes 51 nm wall length, 10 nm 620 & 15
thickness
42 nm wall length, 9 nm 516 + 24
thickness
83 nm wall length, 19 nm 508 + 33
thickness
35 nm wall length, 10 nm 409 + 6
thickness

sensitivity factors than larger ones. (3) The effect of changing
the wall thickness on the sensitivity factors is larger for small
nanoframes than for larger ones. For nanoframes with wall
lengths of 40, 50, 80, and 90 nm, the sensitivity factors are
100, 77, 46, and 40 nm/RIU, respectively. (4) From the above,
one can conclude that small nanoframes with thin walls are the
most sensitive nanoparticles.

C. Comparison of the Experimental Results with the DDA
Calculations. In order to test the accuracy of DDA in calculating
the sensitivity factors, we compared the experimentally deter-
mined values for the synthesized nanoframes with the DDA
results of the AUNFs of the same structures. The experimentally
determined sensitivity factors were 620 + 15, 516 + 24, and
508 + 33 nm/RIU for AuNFs with wall lengths of 51, 42, and
82 and wall thicknesses of 10, 9, and 19 nm, respectively. These
results should be compared with the calculated values for the
AuNFs with wall lengths of 50, 40, and 80 nm and wall
thicknesses of 10, 8.8, and 19.2 nm, respectively: the calculated
sensitivity factors are 640 + 1.2, 562 + 4.3, and 498 + 6.4
nm/RIU. It is clear that the agreement is very good indeed and
is within experimental error.

D. Comparison of the Sensitivity Factors of Different Plas-
monic Nanoparticles. Finally, we compared the sensitivity
factors of the nanoframes determined in the present work with
those determined previously by others for solid and hollow
nanoparticles of different shapes. Thisisshownin Table 2. From
the table it is clear that the nanoframes have the highest
sensitivity factors. Only the nanocage has a value that is close
to that of the nanoframe. However, the studied nanocage has a
much thicker wall. Since the sensitivity factor is very sensitive
to the wall thickness, we need to compare nanocages and
nanoframes having the same wall lengths and especialy the
same wall thicknesses. Thus, an equation that relates the change
of the refractive index with the change of the wall thickness of
the nanoframe is needed.

The aspect ratio is reasonably correlated with the sensitivity
factor S Therefore, by fitting all the experimental and theoretical

(42) Khalavka, Y.; Becker, J.; Soennichsen, C. J. Am. Chem. Soc. 2009,
131, 1871-1875.
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results for the sensitivity factors vs the aspect ratio, we obtained
eq 1 for nanoframes having L/T in the range of 4—5.5.

S= Al /An = 164(L/T) — 180 1)

where A IS the SPR position (wavelength band maximum, in
nm) and n is the refractive index of the medium (RIU). From
Table 2, a nanocage with a 50 nm wall length and 5 nm wall
thickness has a sensitivity factor of 408 nm/RIU. The nanoframe
with a 51 nm wall length and 10 nm wall thickness has a
sensitivity factor of 620 nm/RIU. If we decrease the wall
thickness of the 50 nm nanoframe by 5 nm and use eq 1, the
expected sensitivity factor is 1460 nm/RIU. This predicts that
the sensitivity factor of a nanoframe is 3 times larger than that
of a nanocage with comparable dimensions. Of course, one
should be careful, as we do not know the exact geometry of
the nanocage, its size, and the effect of the holes in its walls.

The reason for the greatly enhanced plasmonic fields and
sensitivity factors of nanoframes over those of nanocagesis not
yet known. A possible reason could be the much more focused
plasmonic fields along the narrow frames and their sharp corners
compared to the diffuse field on the larger surface area of the
nanocage walls. Thisis anaogousto the known larger plasmonic
fields on the tip of prismatic nanoparticles than that on the
surface of a disk- or spherical-shaped nanoparticle.

Conclusions

In this study, we have used synthetic and DDA theoretical
computation methods to evaluate the plasmonic fields and the
sensitivity factors of a large number of gold nanoframes of
different structures. Table 1 and eq 1 give the dependence of
the sensitivity factors on the aspect ratio of the nanoframes
examined. Table 2 compares the sensitivity factors of the AUNFs
examined in this study with those for other previously reported
shapes. 2742 The sensitivity factors of hollow nanoparticles
are larger than those of solid nanoparticles of similar dimensions.
This is a reflection of the fact that hollow nanoparticles have
stronger surface plasmonic fields, resulting from the coupling
between the surface plasmon fields on the exterior and interior
walls. For small nanoframes (small wall lengths), the coupling
between the inner surface fields within the nanoparticles
becomes non-negligible and affects the observed values of the
SPR wavelength. The sensitivity factor of nanoframesis strongly
and linearly dependent on the aspect ratio (L/T, see eq 1) and
is much higher for nanoframes of small size with large aspect
ratios. Nanoframes have the strongest plasmonic fields and
largest sensitivity factors of any single nanoparticles known.
They are excellent nanosensors in the near-infrared region.
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