J_]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Effect of the Dielectric Constant of the Surrounding Medium and the
Substrate on the Surface Plasmon Resonance Spectrum and
Sensitivity Factors of Highly Symmetric Systems: Silver Nanocubes
Mahmoud A. Mahmoud,” Maysamreza Chamanzar,” Ali Adibi,* and Mostafa A. El-Sayed*’T

"Laser Dynamics Laboratory, School of Chemistry and Biochemistry, and *School of Electrical and Computer Engineering, Georgia
Institute of Technology, Atlanta, Georgia 30332-0400, United States

© Supporting Information

ABSTRACT: Silver nanocubes (AgNCs), 60 nm, have four
extinction surface plasmon resonance (SPR) peaks. The finite
difference time domain (FDTD) simulation method is used to
assign the absorption and scattering peaks and also to calculate
the plasmon field intensity for AgNCs. Because AgNCs have a

highly symmetric cubic shape, there is a uniform distribution of

the plasmon field around them, and they are thus sensitive to
asymmetric dielectric perturbations. When the dielectric
medium around a nanoparticle is changed anisotropically,
either by placing the particle on a substrate or by coating it
asymmetrically with a solvent, the plasmon field is distorted,
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and the plasmonic absorption and scattering spectra could shift differently. For the 60 nm AgNC, we found that the scattering
resonance peak shifted more than the absorption peak. This changes the extinction bandwidth of these overlapping absorption
and scattering bands, and consequently the figure of merit of the nanoparticle, as a localized SPR sensor, no longer has a constant

value.

B INTRODUCTION

Plasmonic nanoparticles, such as gold and silver nanoparticles,
have attracted the attention of many researchers in the last
couple of decades."”” This great interest in plasmonic
nanoparticles comes from their wide variety of optical and
biological applications.>~” These applications are based on
using their SPR spectrum and the plasmonic field*'* The
attractive properties of plasmonic nanoparticles have encour-
aged the synthesis and study of the properties of nanoparticles
of different shapes and sizes to obtain nanoparticles with high
plasmon fields and also to extend the SPR peak positions to the
visible and the near-infrared (NIR) wavelengths.''~"* Although
the synthesis of nanoparticles by colloidal chemical methods
offers good control over their shape and size and the crystal
structure, it does not give any control over the separation
distance between the nanoparticles in solution. Therefore,
coupling between the plasmon fields of neighboring nano-
particles may take place and change the plasmon field
distribution and intensity, resulting in a shift in the SPR peak
position. This change in the SPR peak position limits the
application of plasmonic nanoparticles in nanosensmg714
Loading the colloidal plasmonic nanoparticles onto a support®

or assembling them on a substrate is a practical solution.
Recently, the Langmuir—Blodgett technique'®™*® has been
used successfully to assemble plasmonic nanoparticles of
different shapes and sizes into a monolayer on the surfaces of
different substrates. Electron beam lithography and nanosphere
lithography techniques'® have also been used to manufacture
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nanoparticles on the surface of a substrate. These lithographic
techniques have been successful in manufacturing different
shapes and sizes of nanoparticles on a substrate with well-
controlled separation distances between the particles. However,
these methods have some limitations: they are not cost-
effective; they are limited to nanoparticle shapes with flat top
surfaces; and using these methods, only polycrystalline
nanoparticles can be produced. In addition, inhomogeneity
can arise due to electron beam shadowing effects, especially for
nanoparticles with sharp corners or edges. Thus, as compared
to colloidal synthetic methods, it is more difficult to obtain
nanoparticles with sharp corners using electron beam
lithography with lift-off techniques. Another parameter to
consider is the separation between the nanoparticles (prepared
by either a colloidal chemical method or a lithographic method)
and the surface of the substrate that they are placed on. For the
colloidally synthesized nanoparticles, the capping material on
the surface of the nanoparticles separates the nanoparticles
from the substrate.”® For lithographic techniques, a thin layer of
a transition metal (such as chromium or titanium) is usually
used to bind the nanoparticles to the substrate.’’ Previous
studies have shown that the substrate affects the SPR spectrum
and the plasmon field of the plasmonic nanoparticles, and as
the distance between the substrate and the nanoparticles
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Figure 1. SEM and the particle size distribution of AgNCs with average wall length of 65 nm; the scale bar is 100 nm in the left image and 20 nm in

the right image.

decreases, the plasmon field and the spectrum gets
distorted.”>**

Silver nanocubes (AgNCs) have four SPR peaks in aqueous
media, one of which is a shoulder. Discrete dipole
approximation (DDA) calculations could provide an accurate
assignment of the four plasmon peaks.'® Although all of the
SPR plasmon peaks of AgNCs were represented in the DDA
calculated spectrum, the SPR peaks were narrower than the
corresponding experimental ones. It has been reported that
AgNCs assembled into a monolayer on the surface of a quartz
substrate have four SPR peaks that are much narrower than
those of colloidal nanoparticles and can be resolved more
1724 perhaps due to smaller inhomogeneous broadening.

In this Article, we study the effect of the quartz substrate on
the SPR spectral peaks and SPR plasmon field of AgNCs
assembled into a Langmuir—Blodgett monolayer on the surface
of a quartz substrate. The SPR spectra of AgNCs on quartz
substrates were measured in several solvents with different
dielectric medium constants. FDTD simulations were used to
assign the SPR peaks of AgNCs as well as to monitor the effect
of the substrate and the solvent on the SPR spectrum and field.

B EXPERIMENTAL SECTION

AgNCs were prepared in ethylene glycol solvent (EG) by Xia's
method"? with some modifications.'® In a 100 mL round-bottom flask,
70 mL of EG was stirred and heated at 140 °C for 1 h in an oil bath.
After the 1 h of heating, 0.8 g of polyvinyl pyrrolidone (PVP)
(molecular weight of ~55 000 g) dissolved in 10 mL of EG was added
at once to the reaction mixture. The temperature of the reaction
mixture then was raised gradually until it reached 155 °C. Next, 0.8 mL
of 3 mM sodium sulfide in EG was added 5 min after adding PVP. Five
milliliters of AgNO, (0.48 g dissolved in 10 mL of EG) was added to
the reaction mixture. After the AgNO; was added, the reaction mixture
was stirred until the solution became nontransparent. To clean the
AgNCs from the EG solvent and excess PVP, the AgNCs solution was
diluted to twice of its original volume with a water—acetone mixture
and centrifuged at 13000 rpm for 5 min. The AgNCs were
precipitated down and redispersed in 50 mL of deionized water (DI).

To prepare the AgNCs for Langmuir—Blodgett (LB) deposition,
the solution was centrifuged at 13 000 rpm for S min, and the AgNCs
precipitate was dispersed in 10 mL of chloroform. The Langmuir—
Blodgett monolayer was prepared using a Nima 611D trough; the
sublayer of the trough was DI water. The surface pressure was
measured with a paper Wilhelmy plate attached to a D1L-75 model
pressure sensor. An aliquot of 2 mL of AgNCs dispersed in chloroform
was sprayed over the water surface, and the monolayer was left for 10
min to dry. The LB film was transferred to quartz and silicon
substrates (cleaned with piranha solution 30% H,0,+70% H,SO,
volume ratio) by the vertical dipping method at a surface pressure of 0
mN/m. The Ocean Optics HR4000Cg-UV—NIR was used for UV—vis
absorption measurements. The optical measurements for the AgNCs
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monolayer were carried out by fixing the substrates vertically inside a
quartz cuvette. A Zeiss Ultra60 scanning electron microscope (SEM)
was used for SEM imaging.

B RESULTS AND DISCUSSION

Characterization of AgNCs Monolayers. Langmuir—
Blodgett is a valuable technique for assembling colloidal
nanoparticles into monolayers. However, the interparticle
separation distance between the nanoparticles cannot be
controlled®®* to be an exact value. Figure 1 shows the SEM
image of the Langmuir—Blodgett monolayer of AgNCs
assembled on the surface of a silicon wafer substrate as well
as the particle size distribution of AgNCs. For more accurate
calculation of the particle size of the AgNCs, a statistical
calculation is carried out for 450 particles present in two SEM
images (see Figure S1). From the statistical size distribution, it
can be seen that the largest frequency corresponds to the wall
length of 65 nm. Therefore, we can assume that the average
wall length of the nanoparticles is 65 nm, and the broadening
due to the size variation does not affect the results much. To
decrease the effect of the SPR field coupling between different
nanoparticles, we have made the separation distance between
neighboring nanoparticles more than 100 nm.

Assignment of the Observed Extinction Spectra of
AgNC Monolayers. The shape, size, and the dielectric
constant of the medium surrounding the plasmonic nano-
particles are responsible for the observed SPR extinction
spectrum, the plasmon field profile, and the intensity. For
nanoparticles with high symmetry, such as cubes or spheres,
breaking the symmetry by changing the shape or the
surrounding of the plasmonic nanoparticles could change the
SPR resonance features.””® When the plasmonic nanoparticles
are excited at their SPR resonance wavelengths, the surface
plasmon resonances of the conduction band electrons generate
strong electromagnetic fields.>*”** This leads to an enhance-
ment in the radiative and nonradiative electronic properties of
the nanoparticles themselves, as well as of those nearby
electronic systems. The near-field effects enhance the
absorption and scattering processes by amplifying the electro-
magnetic fields of the resonant exciting light. However, the
amplified SPR electromagnetic extinction spectrum consists of
an unequal contribution of absorption and scattering yields. For
a single plasmonic nanoparticle, its shape, size, material, and
dielectric constant of the surrounding medium determine the
SPR peak position, the ratio between the absorption and
scattering yields, and the plasmon field intensity and
distribution. Plasmonic nanoparticles are used in many
applications such as surface enhanced Raman spectroscopy
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Figure 2. (A) Experimental SPR spectrum of 65 nm AgNCs assembled onto a LB monolayer on the surface of a quartz substrate; the spectrum was
deconvoluted into four peaks. The black spectrum is the experimentally observed SPR of AgNCs, while the fitted curve is in red. (B) The SPR
extinction spectrum of 65 nm AgNCs calculated with FDTD; the simulations carried out for AgNCs at different separation distances (0, 1, 2, and 3
nm) from a quartz substrate. (C) The SPR spectrum of 65 nm AgNCs (extinction, scattering, and absorption) calculated with FDTD at a 3 nm
separation distance from a quartz substrate. The black colored spectrum is the experimental SPR spectrum normalized to unity.

(SERS),"” fluorescence enhancement,** biological sensing,*
and photodynamic thermal therapy.®® In some applications,
strong absorption is desired, while other applications use their
strong scattering properties. To obtain the optimum efficiency
in such applications, the optical properties of the plasmonic
nanoparticles need to be carefully examined. In the case of
small size nanoparticles, the absorption and scattering bands are
coincident, and the absorption contributes to the extinction
spectrum more strongly than the scattering. As the nanoparticle
size increases, the scattering becomes predominant, and its
spectrum shifts away from the absorption." Figure 2A shows
the SPR spectrum of AgNCs assembled on a surface of a quartz
substrate; some of the peaks show strong overlap. Although
three distinct peaks can be easily distinguished, there is a weak
shoulder at 391 nm. This shoulder becomes more profound as
the size of the particle is increased; for example, for an AgNC
with a size of 80 nm, this shoulder is better resolved, as shown
in Figure S2. To resolve these peaks, we have deconvoluted the
spectrum into four peaks at 434, 391, 374, and 346 nm, with a
very good fit (R* = 0.9996).

To assign the absorption and scattering contributions to the
measured extinction spectrum, we have used the FDTD
technique to simulate the electromagnetic properties of the
AgNCs. The permittivity of silver is modeled using the
empirical results of Johnson and Christy.** In each case, the
scattered and total fields are computed, and then the absorption
and scattering cross sections are calculated as functions of
frequency by performing a discrete Fourier transform (DFT)
on the time domain results. The simulation domain is finely
meshed with a mesh size of 1 nm so that the convergence of the
results and the accuracy of the computed fields are confirmed.

During the synthesis of AgNCs, PVP polymer was used as a
capping agent. Although the surface of the nanoparticles was
cleaned well, some PVP chains still remain attached to the
surface of some of the AgNC nanoparticles. The PVP chains
determine the distance between the AgNCs and the surface of
the substrate. Yang’s group calculated the separation distance
between two neighboring 150 nm AgNCs within an aggregated
dimer and found that the separation distance is ~2 nm.'®?*
Recently, the separation distance between two gold nanocages
capped with PVP was found to be ~2 nm.*® Schatz’s group
found from their calculation of 30 nm AgNCs on the surface of

a substrate at different separation distances that as the distance
between the substrate and the nanoparticles increases, the SPR
peak positions change.”” To determine the actual separation
distance between the substrate and the AgNC in the LB
monolayer film, we have carried out FDTD simulations of
AgNCs on substrate at different separation distances and have
compared each SPR spectrum with the experimental spectrum.
Figure 2B shows the FDTD calculations of AgNCs on a quartz
substrate at separation distances of 0, 1, 2, and 3 nm. Although
the calculated SPR spectra at 1, 2, and 3 nm separation
distances have spectral shapes similar to the experimentally
measured spectrum, the 3 nm distance best matches the
experimental SPR spectrum. The calculated SPR spectrum of
AgNCs directly placed on the surface of a quartz substrate with
no spacer differs significantly from the experimental spectrum
as well as from the calculations at 1, 2, and 3 nm distances.
Specifically, the most intense peak at lower energy splits into
two peaks. This extra peak for zero separation distance could be
a result of a Fano resonance™or due to splitting of the most
intense plasmon peak resulting from the effective symmetry
reduction.”” Figure 2C shows the FDTD simulation of 65 nm
AgNCs at 3 nm distance from a quartz substrate. On the basis
of our FDTD calculations, AgNCs have four extinction peaks at
438, 392, 367, and 349 nm. In the SPR peak around 438 nm,
the scattering and absorption are separated; the SPR scattering
is at 438 nm, while the absorption is at 429 nm. The
contribution of the absorption in this peak is small as compared
to the scattering. The observed peak at 391 nm can result from
the overlap of both scattering peak at 388 nm and absorption at
393 nm. The separation between the scattering and absorption
peaks is not large, and the absorption contributes more to this
SPR peak than to the 435 nm peak. Moreover, the scattering
peak of the 393 nm extinction peak appears at a wavelength
shorter than the absorption peak. For peaks at 367 and 349 nm,
the absorption contributes more than the scattering. In
comparing the theoretical and experimental results, all of the
experimental SPR peaks are predicted by the simulation results.
Therefore, if scattering is measured for the AgNCs, only the
two SPR peaks corresponding to scattering at 434 and 391 nm
should be observed as was indeed reported before by Sherry et
al** They measured the dark-field scattering for a single 30 nm
AgNC assembled on the surface of quartz substrate by drop
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Figure 3. (A) SPR spectra of AgNCs assembled on the surface of a quartz substrate measured in the different solvent and in air. (B) Linear
relationship between the SPR position of the strong band and refractive index of the surrounding medium. (C) The relationship between the FOM

of AgNCs and the refractive index of the solvent.

casting. Two sharp scattering peaks are observed for AgNCs in
the water environment.

Sensitivity Factor of AgNCs versus Figure of Merit.
The sensitivity factor (SF) is one of the figures of merits
(FOM) for plasmonic nanoparticles in sensing.'”*** It is
defined as the amount of shift in the SPR peak position in
electron volts (eV) or nanometers per unit change in the
refractive index (RIU) of the surrounding medium (SF is
expressed in the unit of eV/RIU or nm/RIU). The SPR peak
position is sensitive to the dielectric constant of the
surrounding environment (bulk sensitivity) as well as the
type of molecules bound to its surface (surface sensitivity).'®>°
A red-shift in the SPR peak position is observed as the
refractive index of the surrounding medium increases.*>”*® The
value of the sensitivity factor depends on the shape, size, and
type of the plasmonic nanoparticle.””

The detection limit is an important figure of merit in optical
sensing. The detection limit is defined as the minimum amount
of analyte that can be detected. It depends on the sensitivity as
well as the resolution of the detection mechanism in locating a
resonance peak position. The resolution thus depends on the
sharpness of the SPR peak as measured by the full width at half-
maximum (FWHM) of the resonance band, as well as the
signal-to-noise ratio.*® FOM can be defined for the nanoparticle
sensors as the ratio of the SF (in eV/RIU units) to the FWHM
of the SPR resonance in eV units.*” The detection limit is
inversely proportional to the value of FOM.

Figure 3A shows the SPR spectra of an AgNCs monolayer
assembled on the surface of a quartz substrate and measured in
air and in different solvents (e.g, methanol, water, ethanol,
tetrahydrofuran (THF), dichloromethane, chloroform, and
carbon tetrachloride). The SPR spectra of AgNCs in all
solvents have three well-resolved peaks in addition to the
shoulder. The SPR peak position of the AgNCs is found to red-
shift as the surrounding refractive index of the solvent increases.
Moreover, the FWHM of the most intense resonance peak was
found to increase as the refractive index of the surrounding
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medium increased. The SPR spectral peak position of the most
intense resonance peak of the AgNCs, measured in different
solvents, is plotted in Figure 3B versus the refractive index of
the surrounding solvent. The SF of the AgNCs is the slope of
the linear fit to the SPR peak position (in eV units) in different
solvents versus the reflective index of each solvent. The SF was
found to be 0.67 + 0.028 eV/RIU or 113 + S nm/RIU.
Previously, we reported'® the highest experimentally reported
SE value of 620 + 15 nm/RIU, which was measured for gold
nanoframes of 51 nm wall length and 10 nm wall thickness. The
smallest experimentally reported SF value is 44 nm/RIU,
reported for gold nanospheres.*' It is also found that the SF is
large for cavity type particles of the same shape due to the
coupling between their outer and inner surface Plasmon
fields."> Although the SF of AgNCs is not large as compared to
other shapes of plasmonic nanoparticles, their SPR spectral
bandwidth is narrow enough to make their FOM sufficiently
large.

To examine the stability of the AgNCs monolayer and the
consistency of the SPR measurement in different solvents, the
AgNCs monolayer on a quartz substrate was left to dry from
each solvent, and the SPR spectrum was compared to that
taken in air (see Figure S3). The SPR spectra for the AgNCs
before and after the optical measurements in the solvents are
superimposable, which suggests that the measurement is
reversible. This is attributed to the stability of the AgNC
monolayers during the measurements, and the change in the
SPR spectrum in the solvents is due to the change in the
refractive index of the surrounding medium.

Figure 3C shows the relationship between the FOM and the
refractive index. Figure 3B shows the FWHM of the strongest
band in the SPR spectrum of AgNCs in each solvent. It can be
seen from Figure 3C that the FOM is not constant, and it
decreases as the refractive index of the solvent is increased. The
reason is that the FWHM increases as the refractive index is
increased, while the SF is constant. The conclusion here is that,
although the value of the FOM determines the accuracy of the
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sensing measurement with plasmonic nanoparticles, the FOM
changes as the refractive index of the surrounding medium
changes, and this has to be considered in the calibration of the
plasmonic nanosensors. However, in considering different
nanoparticles for sensing, the FOM is best for those that
have a sharp SPR spectrum and for particles whose scattering
and absorption band characteristics (wavelength and band-
width) change similarly.

SPR Peak Broadening with Increasing the Dielectric
Constant of the Surrounding Medium. The SPR spectrum
of nanoparticles consists of unequal contributions of the SPR
absorption and the SPR scattering. For some plasmonic
nanoparticles, the absorption and scattering SPR peaks may
coincide, and for some shapes and sizes, they may not. Stated in
another manner, the extinction spectrum has overlapping bands
due to the absorption and scattering. For the dielectric constant
in this present system, the degree of overlapping and the
amount of broadening will be affected by changing the solvent.
The important issue is whether the change of the refractive
index of the medium surrounding the nanoparticles causes the
same amount of shift in the scattering and absorption SPR
peaks. Figure 4A shows the measured SPR extinction spectrum
of a monolayer of AgNCs immobilized on the surface of a
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quartz substrate and submersed in water. The SPR spectrum
has three well-resolved peaks in addition to a shoulder at 446
nm. This SPR spectrum is deconvoluted into four peaks: 473,
443, 384, and 350 nm. As previously discussed, the separation
distance between the substrate and the AgNCs has a profound
effect on the shape of the SPR peaks and was found to be 3 nm
for the AgNCs, and the quartz substrate was 3 nm, when
surrounded with air. However, when we carried out the FDTD
calculations for the AgNCs on the surface of quartz substrate at
a separation distance of 3 nm and surrounded with water, the
shape of the SPR spectrum was not similar to the experimental
one. To determine the actual separation distance, we carried
out FDTD simulations of 65 nm AgNCs dispersed in water and
AgNCs placed at 0, 1, and 2 nm away from a quartz substrate
and surrounded with water (see Figure 4B). The refractive
index of water is assumed to be n = 1.333, where the dispersion
of water throughout the bandwidth of the nanoparticle
resonance is neglected. Figure 4B shows the SPR spectrum of
AgNCs placed on the surface of a quartz substrate at different
separation distances (0, 1, and 2 nm) calculated by the FDTD
technique method. The simulated spectrum at the 2 nm
separation distance matches well with the experimental result.
Figure 4 C shows the results of the FDTD calculation of 65 nm
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AgNCs placed at a separation distance of 2 nm from the surface
of a quartz substrate and surrounded with water. The scattering
and the absorption cross section of the AgNCs obtained from
the FDTD analysis in Figure 4C show that the main resonance
peak at 473 nm arises mostly from the scattering of the
nanoparticle, while the peak at 443 nm arises from the
absorption. The resonance peak at 384 nm arises from both
absorption and scattering by the nanoparticle. It should be
noted that the small discrepancies between the simulation and
the experimental results can be attributed to a number of
different causes. First, the dimensions of the AgNCs as
measured from the scanning electron micrographs (SEMs)
are accurate only within +2 nm. Also, the material properties
that we have used in the simulations might be slightly different
from those of the actual sample. Both of these effects can
contribute to the discrepancies between the simulation and the
experimental results. The interesting observation is that, unlike
the peak at 434 nm for AgNCs surrounded with air, the
scattering and the absorption peaks at 473 nm are only
separated by 2 nm, and the scattering peak is much broader.
The SPR peaks of AgNCs shifted from 434, 391, 374, and 346
nm in the case of air-quartz to 473, 443, 384, and 350 nm,
respectively, in the water-quartz medium. The peak at 434 nm
is shifted by 39 to 473 nm, while the peak at 391 nm shifts by
52 to 443 nm.

The dielectric constant of the surrounding medium is
responsible for the change in the SPR peak positions of the
isolated plasmonic nanoparticles. However, the dielectric
constant of the medium can be changed by either a ligand
that binds to the nanoparticle, the polymer matrix, or the
surrounding solvent. Yet if the nanoparticle is placed on a
surface of a substrate or combined with another nanoparticle in
a dimer or aggregate, the SPR peak position will change. In this
section, we have studied the effect of changing the refractive
index of the surrounding medium, while the AgNCs are placed
on the substrate. Figures SA and 4A, respectively, show the SPR
spectrum of colloidal AgNCs in water and that of AgNCs
placed on the surface of a quartz substrate and surrounded with
water. To monitor the effect of the substrate on the SPR
spectrum of AgNCs surrounded with water, we compared the
SPR peaks of the colloidal AgNCs in water solution and the
corresponding ones of an AgNC monolayer assembled on a
quartz substrate with surrounding aqueous medium. A small
red-shift was observed in the case of the colloidal nanoparticles
in water. However, the colloidal AgNCs have six faces exposed
to the surrounding water, while the monolayer assembly on the
quartz substrate has only five faces exposed to water if it is in
contact with the surface of the substrate. The sixth face of the
AgNC is touching the quartz substrate surface. The dielectric
constant of quartz is higher than that of water. Therefore, the
SPR peak positions of AgNCs placed on the quartz substrate
are expected to appear at longer wavelengths as compared to
the one in colloidal solution. However, the opposite is
observed. This result supports what was concluded in the last
section from the results shown in Figure 4, regarding the
AgNCs at a 2 nm separation distance from the quartz substrate.
Another observation is that the peak at 383 nm is much broader
when the AgNCs is placed on the quartz substrate and
surrounded with water than for the colloidal AgNCs. However,
the FWHM of the most intense peak of AgNCs placed on the
surface of a quartz substrate is narrower than that for colloidal
AgNCs. To understand the reason for this, we carried out
FDTD calculations for the AgNCs in water. It was proved that

6439

the peak at 380 nm arises from both absorption and scattering
(as shown in Figures 4C and SB). The shift of the SPR
absorption peak from the scattering peak is larger in case of
AgNC when placed on the surface of quartz substrate than for
the colloidal AgNC. Furthermore, the absorption peak in
colloidal AgNCs is much sharper than that of AgNC on a
substrate. The reason for the peak at 473 nm being much
broader in the case of colloidal AgNCs than the main SPR peak
of the AgNC:s on the substrate could be that the scattering peak
is much broader in the case of AgNCs colloidal due to more
inhomogeneous broadening.

The deconvolution of the SPR spectral peaks of AgNCs
dissolved in chloroform solvent shows that, similar to AgNCs in
water, it has four peaks at 496, 455, 387, and 350 nm, while for
AgNCs placed on a quartz substrate and surrounded with
chloroform the peaks are at 487, 445, 391, and 354 nm (see
Figure S4). Although the shape of the SPR spectrum of AgNCs
surrounded with chloroform is similar to that surrounded with
water medium, three differences were observed: (1) The most
intense peak is much broader; (2) all of the peaks were red-
shifted after changing the surrounding medium from water to
chloroform; and (3) large red-shifts were observed in the SPR
peaks of AgNC dispersed in chloroform as compared to AgNCs
on quartz and surrounded with chloroform. On the basis of our
former assignments of the AgNCs SPR peaks, the SPR peak of
AgNCs placed on the quartz substrate at 487 nm arises from
scattering, while the peak at 445 nm arises from absorption.
The SPR peaks at 434 and 391 nm for AgNCs placed on the
surface of a quartz substrate and surrounded with air are red-
shifted to 487 and 445 nm, respectively, for the AgNC on
quartz and surrounded with chloroform. As a comparison, we
can see that the SPR peak of AgNCs placed on the quartz
substrate at the resonance wavelength of 391 nm is red-shifted
by 52 nm when the surrounding medium is changed from air to
water and by 54 nm when the surrounding medium is changed
to chloroform. On the other hand, the peak at 434 nm is shifted
by 39 nm (for surrounding water medium) and 52 nm (for
surrounding chloroform medium). The difference in the red-
shift in absorption and scattering peaks by increasing the
dielectric constant of the medium from water to chloroform
causes an increase in the FWHM of the more intense peak of
the AgNCs placed on the surface of the quartz substrate.

FDTD Calculation for the Field Intensity of Colloidal
AgNCs and AgNCs on Substrate. The experimental and
theoretical calculations showed that AgNCs placed on the
surface of a quartz substrate (either surrounded with air or a
solvent) do not touch the substrate, and there is always a 2—3
nm gap between the substrate and the AgNCs. There are some
observations that require further investigation: (1) when the
refractive index of the medium around the AgNCs on the
surface of a quartz substrate is increased, the main SPR peak
becomes broader; and (2) the peak at ~380 nm, arising from
both the absorption and scattering of the AgNCs, becomes
broader when AgNCs are placed on the surface of a quartz
substrate (surrounded with a solvent) as compared to that of
the colloidal AgNCs. However, the opposite was observed for
the FWHM of the sharp SPR peak of AgNCs. Therefore, the
substrate still has an effect on the SPR even at a separation
distance of 2—3 nm. To study the effect of the substrate on the
resonances of plasmonic nanoparticles, we have performed
FDTD analysis of a 65 nm AgNC placed on the surface of a
quartz substrate in air. The dispersion of quartz over the entire
bandwidth of the plasmonic resonance line shape is taken into
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Figure 6. The field intensity in log scale (log(IE*)) of 65 nm AgNCs at a 3 nm distances, from a quartz substrate calculated with the FDTD
technique at different SPR plasmon modes. (A,C) The field intensity contour in the center of the AgNC and perpendicular to the surface of the
quartz substrate, for 391 nm and 438 modes, respectively. (B,D) The field intensity contour of the AgNC calculated parallel to the surface of a quartz

substrate, at 391 nm and 438 modes, respectively.

account. Figure 6 shows the FDTD calculation results of the
field intensity of 65 nm AgNCs, in log scale (log(IE*)), placed
on the surface of a quartz substrate at a separation distance of 3
nm. The field profiles are calculated at different SPR resonant
modes perpendicular to and parallel with the surface of the
substrate. The field intensity contour perpendicular to the
surface of the quartz substrate for the 391 nm resonant mode
has high intensity close to the surface of the substrate (see
Figure 6A), while the field intensity of the 438 nm resonance
mode has a high field intensity distribution far from the surface
of substrate, on the surface of the AgNC (see Figure 6C). The
calculation for the plasmon field intensity in a plane parallel to
the substrate and passing through the middle of the particle has
high intensity at the corners of the AgNC in both 391 and 438
nm modes as shown in Figure 6B and D.

The experimental results and the FDTD calculations show
four resonance peaks for AgNCs placed 2 nm from the surface
of the quartz substrate when the surrounding medium is water
(Figure 4C). In this FDTD simulation, similar to all previous
simulations, the gap region is meshed with a mesh size of 0.2
nm to ensure accurate convergence of the results. The plasmon
field intensity is calculated for the three SPR modes parallel and
perpendicular to the surface of the substrate. Figure 7A, C, and
E shows the perpendicular plasmon field for AgNCs placed 2
nm from a quartz substrate and surrounded with water. For the
385 nm resonance mode, the field intensitieson the top surface
of the nanoparticle and also on the bottom close to the
substrate are almost the same. This could be the reason for the
broadening of the peak at 385 nm of the AgNC placed on the
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substrate, because the field intensity of the AgNCs in the
colloidal water medium has uniform distribution (see Figure
SS). For the AgNCs placed on the surface of a quartz substrate,
when the surrounding medium is changed from air to water, the
resonance wavelength is shifted from 391 to 430 nm, and the
field intensity distribution is changed. In the case of the
surrounding air, the field intensity near the quartz substrate is
less intense than the field intensity far from the substrate on the
surface of the AgNC. However, in the case of water
surrounding, the field intensity on the surface of the AgNC
near the quartz substrate is comparable to that on the surface of
the AgNC far from the substrate. The field intensity for the 472
nm mode of the AgNCs in the water—quartz system has a
similar distribution to the 438 nm mode of the AgNCs in the
air—quartz system, and this mode is responsible for the
broadening of the FWHM of the SPR of the AgNC and
therefore change of the FOM value. Finally, the plasmon field
intensity distribution parallel to the substrate is comparable for
the three different plasmon modes.

Bl CONCLUSIONS

A number of observations and conclusions have been made
regarding the plasmonic spectra of highly symmetric and
relatively large nanoparticles such as silver nanocubes
(AgNCs): (1) The scattering and absorption band frequencies
can shift differently in different dielectric media. (2) This causes
band broadening by amounts that depend on the solvent
dielectric constant making the figure of merit not have a
constant value. (3) The effect of the substrate is stronger due to
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Figure 7. The field intensity in log scale (log(IE?)) of a 65 nm AgNC at a distance of 2 nm from the surface of a quartz substrate and surrounded
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the splitting of the degeneracies present in highly symmetric
systems in systems, especially when the particle is not strongly
shielded by thick or polar capping material. (4) This effect is
sensitive to the solvent as it changes the dielectric constant of
the surrounding medium, and consequently the amount of
scattering and absorption peak shift. Some of these
experimental conclusions are supported by theoretical
computations.

B ASSOCIATED CONTENT
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SEM image of large numbers of AgNCs (Figure S1). SPR
spectrum of 80 nm AgNCs placed on a quartz substrate (Figure
S2). SPR spectra of AgNCs before and after exposure to the
solvents (Figure S3). SPR spectra of AgNCs assembled into
monolayer on the surface of quartz substrate measured in
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chloroform solution and colloidal AgNCs in chloroform solvent
(Figure S4). Results of the FDTD calculation of the SPR
spectrum of 65 nm colloidal AgNCs dispersed in water solution
(Figure SS). This material is available free of charge via the
Internet at http://pubs.acs.org.
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