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Abstract: Localized surface plasmon resonance (LSPR) is a key optical property of metallic nanoparticles.
The peak position of the LSPR for noble-metal nanoparticles is highly dependent upon the refractive index
of the surrounding media and has therefore been used for chemical and biological sensing. In this work,
we explore the influence of resonant adsorbates on the LSPR of bare Ag nanoparticles (λmax,bare). Specifically,
we study the effect of rhodamine 6G (R6G) adsorption on the nanoparticle plasmon resonance because
of its importance in single-molecule surface-enhanced Raman spectroscopy (SMSERS). Understanding
the coupling between the R6G molecular resonances and the nanoparticle plasmon resonances will provide
further insights into the role of LSPR and molecular resonance in SMSERS. By tuning λmax,bare through the
visible wavelength region, the wavelength-dependent LSPR response of the Ag nanoparticles to R6G binding
was monitored. Furthermore, the electronic transitions of R6G on Ag surface were studied by measuring
the surface absorption spectrum of R6G on an Ag film. Surprisingly, three LSPR shift maxima are found,
whereas the R6G absorption spectrum shows only two absorption features. Deconvolution of the R6G
surface absorption spectra at different R6G concentrations indicates that R6G forms dimers on the metal
surface. An electromagnetic model based on quasi-static (Gans) theory reveals that the LSPR shift features
are associated with the absorption of R6G monomer and dimers. Electronic structure calculations of R6G
under various conditions were performed to study the origin of the LSPR shift features. These calculations
support the view that the R6G dimer formation is the most plausible cause for the complicated LSPR
response. These findings show the extreme sensitivity of LSPR in elucidating the detailed electronic structure
of a resonant adsorbate.

Introduction

The last two decades have witnessed a rapid growth in the
development of highly selective and sensitive optical chemical
and biological nanosensors.1,2 Fluorescent and colorimetric dyes
are widely used in these applications, where they can be
immunoassay labels, tissue stains, and chemical indicators.3

However, individual dye molecules produce a relatively weak
signal (e.g., fluorescein has an absorbance cross section of 3.5
× 10-16cm2),4 and most fluorescent dyes photobleach, providing
only a limited “photon budget.”5 Nanoparticles do not have the
same limitations. Noble-metal nanoparticles produce extremely
intense scattering and extinction signals (e.g., a single 60-nm
silver nanosphere has an extinction cross section of 2.5× 10-10

cm2)4 and do not photobleach. Adding chemically sensitive dyes
to these metal nanostructures produces integrated chemical

sensors with bright, low-bleaching extinction and scattering
signals. This paper describes, for the first time, a metal
nanoparticle/chromophore coupling with multiple resonant
states.

When metal nanoparticles are excited by electromagnetic
radiation, they exhibit collective oscillations of their conduction
electrons known as localized surface plasmon resonance
(LSPR).6-8 The wavelength (λmax) associated with maximum
LSPR extinction of the nanoparticles can be measured with
UV-vis spectroscopy. It has been well-established that the
LSPR maximum of the nanoparticles strongly depends on the
composition, size, shape, and local dielectric environment.9-11

Therefore, nanoparticles can sense the change in the local
refractive index that accompanies molecular binding. Such
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nanoparticle-based optical sensing techniques are effective for
quantitative detection of chemical and biological targets.12-19

This is achieved by monitoring the shift inλmax upon binding
of the probe analytes onto the nanoparticles.

Most LSPR-sensing experiments have been performed with
electronically nonresonant adsorbates, which do not have
electronic transitions in the visible wavelength range. However,
since many biological targets have visible chromophores, it is
worthwhile to broaden the scope of LSPR sensing by exploring
electronically resonant adsorbates. Recent progress has revealed
the correlation between the molecular resonances and the
nanoparticles’ surface plasmon resonances for two different
resonant adsorbates, [2,3,7,8,12,13,17,18-octakis(propyl)por-
phyrazinato]magnesium (II) and iron (II) tris-2,2′-bipyridine.18

When resonant molecules are adsorbed on the nanoparticles,
strong coupling between the molecular resonance and nanopar-
ticle LSPR has been observed experimentally and simulated by
electrodynamics theory.18,20,21The induced LSPR shift due to
this coupling is found to be strongly dependent on the spectral
overlap between the molecular resonances and the LSPR.
Specifically, a large red-shift occurs when the LSPR is located
at a slightly longer wavelength than the molecular resonance,
i.e., a factor of 3 greater than when the LSPR is distant from
the molecular resonance. On the basis of this amplification
mechanism, a nanoparticle-based biosensor has been success-
fully developed to detect the binding of a low-molecular weight
substrate to cytochrome P450 proteins.16 By coupling LSPR with
the resonant states of these heme-containing proteins, one can
monitor the LSPR response to the change in the Soret band of
these proteins upon substrate binding.

Rhodamine 6G (R6G) has been chosen in this study because
of its active role in surface-enhanced Raman spectroscopy
(SERS). It was one of the first molecules used for single-
molecule SERS (SMSERS) studies with enhancement as large
as 1014 to 1015 being observed.22-24 It has been demonstrated
that the SERS enhancement factor is closely related to the
plasmon resonance of the nanoparticle, laser excitation wave-
length, and the molecular resonance.7,25-29 However, the single-
molecule SERS mechanism is not fully understood. Therefore,

understanding the coupling of R6G molecular resonances with
LSPR is crucial for elucidating the single-molecule SERS
mechanism.

In this work, the coupling between the molecular resonances
of R6G and the nanoparticles’ LSPR is systematically studied
by monitoring the change inλmax before and after R6G binding.
To explore the wavelength-dependent LSPR shift, nanoparticles
with varyingλmax through the visible region are fabricated using
nanosphere lithography (NSL).10,30 It is found that the LSPR
response is highly wavelength and concentration dependent. In
addition, the LSPR response shows extreme sensitivity to all
resonant states of the adsorbed species, revealing features
difficult to observe using standard absorption methods. By
combining theoretical modeling with the experimental observa-
tions, a microscopic understanding of the complicated LSPR
response is obtained.

Experimental Methods

Materials. Absolute ethanol was obtained from Pharmco (Brookfield,
CT). Methanol was purchased from Fisher Scientific (Pittsburgh, PA).
Silver wire (99.99%, 0.5 mm diameter) was purchased from D.F.
Goldsmith (Evanston, IL). Tungsten vapor deposition boats were
acquired from R.D. Mathis (Long Beach, CA). Polystyrene nanospheres
with diameters of 280, 390, 450, and 510 nm were received as a
suspension in water (Interfacial Dynamics Corporation, Portland, OR
or Duke Scientific, Palo Alto, CA) and were used without further
treatment. Millipore cartridges (Marlborough, MA) were used to purify
water to a resistivity of 18.2 MΩ·cm. Fisherbrand no. 2 glass coverslips
with 18-mm diameters were obtained from Fisher Scientific (Pittsburgh,
PA). Benzenethiol and rhodamine 6G were obtained from Sigma
Aldrich (St. Louis, MO) and used as received.

Substrate Preparation. Glass substrates were cleaned in piranha
solution (1:3 30% H2O2/H2SO4) for 30 min at 80°C. (Warning! Piranha
reacts violently with organic compounds and should be handled with
caution.) Samples were allowed to cool and were then rinsed profusely
with water. Samples were then sonicated in 5:1:1 H2O/NH4OH/30%
H2O2 and rinsed with water. The samples were stored in ultrapure water
prior to use.

Nanoparticle Preparation. NSL was used to create monodispersed,
surface-confined Ag nanotriangles.30-32 Polystyrene nanospheres (∼2.2
µL) were drop-coated onto the glass substrates and allowed to dry,
forming a monolayer in a close-packed hexagonal formation. This close-
packed layer of nanospheres served as a lithographic mask to deposit
Ag in the triangular voids between the spheres. The samples were
mounted into a Consolidated Vacuum Corporation vapor deposition
chamber. A Leybold Inficon XTM/2 quartz crystal microbalance (East
Syracuse, NY) was used to measure the thickness of the Ag film
deposited over the nanosphere mask. Following metal deposition, the
samples were sonicated for 3-5 min in ethanol to remove the
polystyrene nanosphere mask. The perpendicular bisector of the
nanoparticles was varied by changing the diameter of the nanospheres
used. The height of the nanoparticles was varied by depositing varying
amounts of Ag onto the sample. These two parameters were varied to
alter the LSPR peak position throughout the visible region of the
spectrum. In general, an increase in nanosphere diameter and/or a
decrease in metal film thickness results in a red-shift in LSPR.

Nanoparticle Solvent Annealing and Functionalization.For each
experiment, the sample was stabilized and functionalized in a home-
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built flow cell.33 Prior to modification, the Ag nanoparticles were solvent
annealed33 with methanol. Dry N2 gas and solvent were cycled through
the flow cell until theλmax of the sample stabilized. Samples were then
incubated in R6G ethanolic solutions for 1 h. After incubation, the
nanoparticle samples were rinsed with 10-20 mL of ethanol and dried
by flowing N2 gas through the sample cell.

Ultraviolet -Visible Extinction Spectroscopy.UV-vis extinction
spectra were collected using an Ocean Optics (Dunedin, FL) SD2000
or HR2000 fiber-optic coupled spectrometer with a CCD detector. All
spectra in this study are macroscopic measurements performed in
standard transmission geometry with unpolarized light. The probe spot
size was approximately 1-2 mm in diameter.

Ultraviolet -Visible Surface Absorption Spectroscopy of R6G.
UV-vis surface absorption spectra of R6G on thin metal films were
collected using an integrating sphere (RSA-HP-84, LabSphere) and
fiber-optic coupled spectrometer (USB2000-VIS-NIR, Ocean Optics)
with a CCD detector. R6G was adsorbed onto a 200-nm thick Ag film
(vapor deposited onto a glass substrate) by immersion in R6G ethanolic
solutions at room temperature for 12 h, followed by thorough rinsing
in ethanol. Two reflectance spectra were measured. The reference
spectrum, reference (λ), was that of an identical 200-nm thick Ag film
on glass with no R6G adsorbed. The sample spectrum, sample (λ),
was that of R6G on a 200-nm thick Ag film. The surface absorption
spectrum was then calculated asAsurf(λ) ) -log10 (sample(λ)/reference
(λ)). All the measurements were conducted in air at room temperature.

Results and Discussion

Wavelength Dependence of Benzenethiol-Induced LSPR
Shift. To explore the wavelength dependence of the adsorbate-
induced LSPR shift, a nonresonant adsorbate, benzenethiol, was
investigated. Nanoparticles with various heights and widths were
fabricated by NSL.34 The extinction spectra of the nanoparticles
before and after exposure to benzenethiol were collected in a
N2 environment. As the aspect ratio (in-plane width/out-of-plane
height) of the nanoparticles increases from 1.3 to 2.9, the LSPR
of bare nanoparticles varies from∼460 nm to∼730 nm. The
effect of a monolayer of benzenethiol on the LSPR (∆λmax)
versus the LSPR wavelength of bare nanoparticles (λmax,bare)
was monitored and plotted in Figure 1. From Figure 1, the LSPR
shift increases monotonically from 35 to 55 nm with increasing
λmax,bare. This agrees with previous observations, showing that
with increasing aspect ratio of the nanoparticle, the LSPR shift
increases.14

Wavelength Dependence of the R6G-Induced LSPR Shift.
Parts A and B of Figure 2 show the structure of R6G and its
solution absorption spectrum, respectively. In ethanol solution
(solid green line in Figure 3A), R6G exhibits a peak at 530 nm
from the S0-S1 electronic transition (extinction coefficientεmax

) 105 mM-1‚cm-1, fwhm ) 31.85 nm, 1145 cm-1) and a
shoulder at 495 nm from vibronic S0-S1 transition.29,35

The LSRP shift induced by resonant adsorbates is known to
be highly wavelength dependent. Figure 3A reveals the influence
of a monolayer of R6G on the LSPR wavelength of Ag
nanoparticles. The electronic absorption spectrum of R6G has
been included for direct comparison with the experimental data
points. The LSPR shift displays interesting behavior when
scanningλmax,barefrom 450 to 750 nm. Whenλmax,bareis much
bluer (i.e., 450-470 nm) than the molecular resonance, a small
LSPR shift (less than 5 nm) is observed. Asλmax,bareis gradually
tuned to the red, an increase in the induced shift is found. A
local LSPR shift maximum of 20 nm occurs atλmax,bare≈ 500
nm. Whenλmax,bareapproaches the molecular resonance at 530
nm, the induced LSPR shift gradually decreases in the range of
500-530 nm. Whenλmax,bare is very close to the molecular
resonance, the LSPR shift drops, and a slight blue shift (∼5
nm) is observed (Figure 3B). Although minima in wavelength-
shift plots similar to what we find in the 520-530-nm range
were seen in an earlier study of resonant chromophores on metal
particles,18 this is the first time that a blue-shift has been
observed. In the past work it was noted that minima are found
on the blue side of the molecular resonance, as this is where
the molecular polarizability is negative, leading to an induced
polarization that destructively interferes with the oscillating
polarization associated with plasmon resonance excitation.
Whether this leads to a blue shift is likely determined by the
size of the adsorbate polarizability and whether this dominates
over other contributions to the adlayer polarizability (from
molecules that are not in resonance) which would typically be
positive.

Whenλmax,bareis shifted red from the molecular resonance at
530 nm, the LSPR shift gradually recovers from 530-575 nm
and reaches a maximum value of 55 nm atλmax,bare≈ 575 nm.
This maximum response is amplified by∼300% over the
average LSPR shift (∼20 nm) (Figure 3C). Maxima similar to
this were seen previously for other molecules,16,18 and their
occurrence was explained based on the fact that both the
molecular and metal polarizability is positive on the red side
of the molecular resonance.

As λmax,bareis further red-shifted from 575 to 590 nm, the
LSPR shift sharply drops to a less than 10-nm shift followed
by another LSPR shift maximum (∼50 nm) atλmax,bare≈ 595
nm (Figure 3D). Finally, whenλmax,bareis red-shifted past 595
nm, the LSPR shift slowly decreases to less than 10 nm at
λmax,bareclose to 700 nm (Figure 3E). Notice that the LSPR shifts
induced by R6G at off-resonance wavelengths (<470 nm and
>650 nm) are small compared to the shifts induced by
benzenethiol. This simply reflects the lower packing density of
R6G compared to that of benzenethiol due to its larger size.
Furthermore, unlike in the previously reported studies,18 the
LSPR peak intensity and width do not change significantly over
the scanned wavelength region.
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Figure 1. Wavelength-dependent LSPR shift induced by a monolayer of
benzenethiol vs the LSPR wavelength of bare Ag nanoparticles.
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It is especially noteworthy that three LSPR shift maxima have
been observed, whereas there are only two absorption features
in the molecular electronic transitions. This phenomenon is
different from what was observed in previous wavelength-shift
spectroscopy studies near molecular resonances, where only one
LSPR shift maximum was observed.18

Empirical Model of the Wavelength Shift. The LSPR shift
is dependent on the refractive index of the surrounding medium
of the nanoparticle. For nonresonant adsorbates, the LSPR
wavelength shift (∆λmax) can be estimated from the following
empirical equation:13,16,18

wherem is the refractive index sensitivity of the nanoparticles
(∼200 nm/RIU),18,33nads is the real part of the refractive index

of the adsorbate,nN2 is the refractive index of the N2 surround-
ings (1.0),d is the molecular thickness (experimentally deter-
mined to be 1.0 nm by measuring the particle height before
and after R6G adsorption using atomic force microscopy, data
not shown), andld is the characteristic electromagnetic field
decay length of the nanoparticles (approximately 6 nm).13 For
resonant adsorbates, it has been demonstrated that∆λmax near
molecular resonance can be estimated from the real part of the
refractive index using a Kramers-Kronig transformation37 and
eq 1. Using the same treatment as in the previous studies,nads

is expressed as the sum of the nonresonant part of the refractive
index (nnon,ads) and the resonant contribution (∆nres,ads). From
eq 1, the refractive index of the adsorbate layer can be estimated.
Since the average∆λmaxat off-molecular resonance wavelengths
is 10 nm, thennon,adsof the R6G monolayer is calculated to be
∼1.35.
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Figure 2. (A) Molecular structure of R6G. (B) Absorption spectrum of R6G in ethanol solution.

Figure 3. Influence of R6G on the LSPR shift of Ag nanoparticles and representative LSPR spectra. (A) Wavelength-dependent LSPR shift induced by a
monolayer of R6G vs the LSPR wavelength of bare Ag nanoparticles. Solid black line with filled dots is a plot of the LSPR shift (nm) vs LSPR position
of Ag nanoparticles. Solid green line is the absorption spectrum of the R6G in ethanol solution (arbitrary scaling). Green dashed line is the absorption
spectrum of the R6G on a 200 nm Ag film (arbitrary scaling). (B) LSPR spectra of Ag nanoparticles (associated with point C in Figure A) before chemical
modification (black line),λmax ) 535.9 nm, and after modification with R6G (red line),λmax ) 530.3 nm. The LSPR shift) -5.6 nm, % fwhm) 1.1%,
and %I ) -5.9%. (C) LSPR spectra of Ag nanoparticles (associated with point B) in Figure A before chemical modification (1)λmax ) 575.0 nm, and after
modification with R6G (2)λmax ) 629.7 nm. The LSPR shift) 54.7 nm, % fwhm) 3.4%, and %I ) +11.9%. (D) LSPR spectra of Ag nanoparticles
(associated with point D in Figure A) before chemical modification (1)λmax ) 598.0 nm, and after modification with R6G (2)λmax ) 647.4 nm. The LSPR
shift ) 49.4 nm, % fwhm) 8.9%, and %I ) +1.5%. (E) LSPR spectra of Ag nanoparticles (associated with point E in Figure A) before chemical
modification (black line)λmax ) 717.8 nm, and after modification with R6G (red line)λmax ) 723.1 nm. The LSPR shift) 5.3 nm, % fwhm) 8.6%, and
% I ) -1.8%.

∆λmax ) m(nads- nN2
)(1 - e-2d/ld) (1)
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Using a Kramers-Kronig transformation,∆nres,adsof R6G
was transformed from its solution absorption spectrum (Figure
2B) using the following equation:37,38

where∆R is the change in the absorption coefficient (2.303‚
A(λ)/T in which A(λ) is the molecular absorbance at a given
wavelength andT is the effective molecular thickness),c is the
speed of light,λ is the wavelength of light, andω is the angular
frequency (2πc/λ). The Kramers-Kronig transformation ex-
presses the real part of the refractive indices as an integral of
the absorption coefficients. Notice that the integral in this
formula has a singularity, which was treated numerically by
excluding the singular point in the integral. This treatment will
lead to some uncertainty in the absolute value of the refractive
indices; however, it will simply result in a different scaling factor
than what is used in the following sections to predict the LSPR
shift. Therefore, the overall line shape of the predicted LSPR
shift will not be affected.

Figure 4 shows the LSPR shift predicted using eq 1. The
predicted LSPR shift has a maximum at 550 nm and a minimum
at 520 nm associated with the S0-S1 transition, and the very
small peak at 500 nm (indicated by the arrow in Figure 4) is
associated with the vibronic band. This model fails to predict
the complicated LSPR shift features. Although it captures two
of the experimental LSPR shift features to some extent, the
position and magnitude of the two features do not agree with
the experiments. The additional LSPR shift maximum at∼595
nm is not predicted using this empirical model. According to
the empirical analysis, another absorption feature at∼570 nm
is necessary to generate such LSPR shift results.

Concentration Dependence of the R6G Absorbance on Ag
Film and Analysis. As discussed, R6G has two absorption
features in ethanol solution: an S0-S1 electronic transition and
a vibronic shoulder. Figure 5A shows the deconvolution of the
R6G solution-phase absorption spectrum with two Gaussian
curves at 532 and 504 nm. Since all the R6G-induced LSPR
shift measurements were conducted on an Ag surface with
nanoscale patterns, it is important to examine the absorption

behavior of R6G on an Ag surface. Ideally, one should study
the R6G absorbance on Ag nanoparticles. However, the LSPR
extinction always would interfere with the measurements.
Instead, an alternative approach is to conduct the optical
absorbance measurement of R6G on a continuous Ag film.

Parts B-D of Figure 5 show the absorbances of different
dosing concentrations of R6G (0.6µM, 6 µM and 0.1 mM,
respectively) on an Ag surface. R6G is known to form dimers
in solution at high concentrations and when intercalated in
heterogeneous materials such as clays, silica, and colloidal gold
nanoparticles.39-44 R6G can form both J-type (head-to-tail dipole
moments) and H-type dimers (parallel dipole moments). The
latter conformer is expected to be more likely on a surface due
to the adsorption of R6G through one of its N atoms. The
formation of dimers will affect the absorption characteristics
of R6G by inducing spectral shifts and band splitting. These
changes can be qualitatively explained by exciton theory45,46

based on interactions between the dipole moments of the
monomeric units. The dipole-dipole interactions result in a
splitting of the monomer excitation which depends on the
geometry of the aggregates. The geometry with the head-to-
tail transition dipoles leads to a decrease in energy, and the
geometry with the parallel transition dipoles leads to an increase
in energy (see the exciton energy diagram in Figure 6).
Therefore, the absorption of H-type dimers is predicted to blue-
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Figure 4. Predicted LSPR shift (using eq 1) with a scaled refractive index
from Kramers-Kronig analysis. The solid black line with filled dots is a
plot of the experimental LSPR shift (nm) vs spectral position of the bare
Ag nanoparticles.

∆nres,ads(ω) ) c
π ∫0

∞ ∆R(ω′)
(ω′)2 - ω2

dω′ (2)

Figure 5. Absorption spectra of R6G in ethanol solution and different
concentrations of R6G on a Ag surface. Dashed lines represent deconvo-
lution of the spectra into Gaussian bands. (A) R6G in ethanol, (B) 0.6µM
R6G on Ag surface, (C) 6µM R6G on Ag surface, (D) 0.1 mM R6G on
Ag surface.
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shift the R6G absorption, and the absorption of J-dimers is
predicted to red-shift. To examine whether there is R6G dimer
formation on the Ag surface, each absorption spectrum is
deconvoluted by different numbers of Gaussian curves with
correlation coefficients greater than 0.99. As shown in Figure
5B, when the R6G dosing concentration is as low as 0.6µM, a
weak absorption spectrum is collected and the major absorption
band can be fitted with one Gaussian curve at 534 nm. Although
there are a few longer wavelength features, the signal-to-noise
ratio is not high enough to resolve those peaks. Compared to
the R6G solution absorption in Figure 5A, the major absorption
band is slightly red-shifted and broadened. Notice that the S0-
S1 vibronic shoulder observed in solution cannot be resolved
when R6G adsorbs on the surface at this dosing concentration.
When the R6G dosing concentration is 6µM, the absorbance
of R6G is stronger and broadened compared to absorbance at
lower dosing concentration, indicating that the R6G coverage
on Ag surface is higher. For the higher R6G dosing concentra-
tions (Figure 5C,D), three Gaussian curves are necessary to
generate a good deconvolution of the absorption spectra. Figure
5C shows the deconvolution of this absorption spectrum using
three Gaussian curves at 506, 537, and 568 nm. The curve at
537 nm has the highest intensity, followed by the curve at 506
nm, and the lowest intensity at 568 nm. Notice that the major
absorption is red-shifted from the R6G solution absorption. The
ratio of the 506- to 537-nm bands is 0.41, higher than that of
the 504- and 532-nm bands for the solution case (0.38). When
the R6G dosing concentration is 0.1 mM, the absorption of R6G
increases and broadens further compared to those at the lower
concentrations. Figure 5D shows the deconvolution of the
absorption spectrum using three Gaussian curves at 502, 539,
and 572 nm. The peak at 539 nm has the highest intensity,
followed by the curve at 502 nm, and the lowest intensity at
572 nm. Notice that the major absorption is shifted further to
the red from the R6G solution absorption. The ratio of the 502-
to 539-nm bands further increases to 0.56. Since the spectral
positions of the dimer band and the vibronic shoulder of the
monomer overlap, it is not possible to distinguish them.
However, it is known from the solution and intercalation
experiments that an increase in the ratio of the band at∼500
nm and the band at∼540 nm and a shifting in the position of
these bands are evidence for dimer formation.39-44 The increase
in the ratio of these two bands with increasing concentration
observed here, therefore, suggests that R6G dimer formation
on the Ag surface is evident. Note that different concentrations
of R6G were used to dose the surface due to the morphology

difference of the Ag nanoparticles and films. The NSL-fabricated
nanoparticles are more likely to encourage the R6G dimer
formation at a lower concentration. Higher concentration of R6G
dosing solution could be used, but past studies show that R6G
tends to form dimers in ethanol solution when its concentration
is higher than 0.1 mM, thus introducing interference from R6G
dimers already formed in the solution.47

Concentration Dependence of the R6G-Induced LSPR
Shift. From the above discussion, it is clear that the absorbance
of R6G on an Ag surface is concentration dependent. It is
therefore worthwhile to quantitatively study the effect of a
submonolayer coverage of R6G on the LSPR shift. As described
in the Experimental Methods, 0.6µM R6G is used to ensure
monolayer coverage with 1 h incubation time. By keeping the
same incubation time, the effect of a submonolayer of R6G on
the LSPR of the Ag nanoparticles is studied by varying the R6G
concentration. Since the LSPR shift is highly wavelength
dependent, two representative plasmon wavelengths of the bare
nanoparticles are chosen: one at∼540 nm, which is slightly
red of the molecular resonance, and the other at∼560 nm, which
is close to the wavelength of the maximum LSPR shift observed
in Figure 3A.

The LSPR shift versus the concentration of R6G is plotted
in Figure 7. The data shown in Figure 7A represent the LSPR
shift whenλmax,bareis at 540 nm and those in Figure 7B represent
the LSPR shift whenλmax,bareis at 560 nm. From Figure 7A,
when the concentration of R6G is as low as 0.006µM, no shift
is observed. As the concentration is gradually increased, the
induced LSPR shift increases. When the R6G concentration is
0.3 µM, a maximum LSPR shift of 55 nm is observed.
Interestingly, as the concentration further increases, the LSPR
shift gradually decreases to less than 10 nm at a concentration
of 0.6 µM. Further increase in concentration gives the same
LSPR shift which confirms that the nanoparticle surface is
saturated with a R6G monolayer. By contrast, the LSPR shifts
plotted in Figure 7B do not exhibit such behavior. As the
concentration increases, the LSPR shift gradually increases and
saturates at 0.6µM. An explanation for the concentration
dependence of LSPR shifts will be presented in the following
section.

Electrodynamics Model of the Wavelength Shift.Three
R6G absorption bands are observed on the Ag surface, which
are probably associated with different R6G monomer and
dimers. We calculated refractive indices of the R6G monomer
and dimers from the Kramers-Kronig analysis using the
deconvoluted curves in Figure 5D. This set of refractive indices
is chosen to match these experimental results because they best
represent the saturated R6G surface absorption response. Two
types of R6G dimers, the H-dimer and J-dimer, are assumed to
form on the surface, and these lead to a blue- and red-shift of
the absorption peak, respectively, relative to the monomer
wavelength. We assign the blue-shifted peak of the deconvoluted
curves in Figure 5D as an H-dimer absorption and the red-shifted
peak as a J-dimer absorption. Figure 8 shows the predicted LSPR
wavelength shift (∆λmax) from eq 1 using the real parts of the
refractive indices of the R6G monomer and two dimers. (The
refractive indices of R6G monomer and two dimers are available
in the Supporting Information.) The three curves in Figure 8

(47) Ojeda, P. R.; Amashta, I. A. K.; Ochoa, J. R.; Arbeloa, I. L.J. Chem. Soc.,
Faraday Trans. 21988, 84, 1-8.

Figure 6. Exciton splitting diagram of the electronic states for R6G
monomer and two types (H or J) of dimers, according to the arrangement
of the dipole moments. M represents the R6G monomer excitation. H-type
and J-type splitting results in an increase or decrease in the excitation energy.
The thickest arrow represents the strongest transition.
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are arbitrarily scaled (with a scaling factor of 2, 2, and 10 for
monomer, H-dimer, and J-dimer, respectively) due to the
uncertainty of the coverage of R6G monomer and dimers on
the surface. From Figure 8, it is clear that the curves associated
with the R6G monomer and dimers correspond to the three
experimental LSPR shift features. Nevertheless, the line shape
and peak position of the predicted LSPR shift curves do not
track the details of the experimental results.

The above empirical model only considered the con-
tribution from the real part of the refractive indices of the
R6G monomer and dimers. An advanced electromagnetic
method, such as the discrete dipole approximation
method,48,49 including both the real and imaginary parts of the
adsorbates’ dielectric constants, is needed to reveal the overall
effect of the adsorbates. However, such calculations are very
computation intensive and time-consuming. As an alternative,
we use quasi-static (Gans) theory as a simplified model
wherein the particle shape is assumed to be an oblate spheroid.50

This approach leads to the following expression for the

extinction cross sectionCext of a metallic particle in a homo-
geneous medium:38,50

whereεAg is the dielectric constant of Ag,εm is the dielectric
constant of the surrounding medium, andø is a shape factor
for the particle that has the value 2 for a sphere, and increases
with increasing aspect ratio. In the present application, we use
ø as a parameter to tune the plasmon resonance wavelength, so
the quantitative connection betweenø and the structure of the
particle is not needed.

For the bare Ag particle,εm is set to be 1 for N2. Whenø
varies from 2.0 to 24.0, the extinction maximum wavelength
of the bare Ag particle (λmax,bare) varies from 400 to 750 nm. It
is hypothesized that one of the three R6G structures, i.e., the
monomer or one of the two dimers, dominates the LSPR shift
at each wavelength; therefore,εm for the adsorbates (εm,ads) is
expressed using the following function:

whereεH, εmon, andεJ are the dielectric constants of the R6G
H-dimer, monomer and J-dimer, respectively. Values for these
dielectric constants were obtained by Kramers-Kronig trans-
formation as noted above. Furthermore, eq 3 applies when the
particle is in a homogeneous environment; however, in the
experiments, the particles are coated with a very thin layer of
R6G, and the rest of the medium is N2. This inhomogeneous
medium is treated using effective medium theory8,51 (εm,effective

) εm‚x + (1 - x)‚εN2, where 0< x < 1, and x is chosen
differently for εH, εmon, andεJ to match the experiments.x is
chosen as for 0.3, 0.05, and 0.9 forεH, εmon, andεJ to match
the experimental LSPR shifts line shape). Pluggingεm,effective

into eq 3, the extinction maximum of the Ag particle embedded
in R6G (λmax,R6G) for eachø value is obtained. The LSPR shift
is then calculated from the difference betweenλmax,bare and
λmax,R6G and then is scaled up to match the magnitude of the
experimental LSPR shifts by factors of 6, 1, and 2 for, R6G(48) Draine, B. T.; Flatau, P. J.J. Opt. Soc. Am. A1994, 11, 1491-1499.

(49) Jensen, T.; Kelly, L.; Lazarides, A.; Schatz, G. C.J. Cluster Sci.1999, 10,
295-317.

(50) Mie, G.Ann. Phys.(Weinheim) 1908, 25, 377-445.
(51) Malinsky, M. D.; Kelly, K. L.; Schatz, G. C.; Van Duyne, R. P.J. Phys.

Chem. B2001, 105, 2343-2350.

Figure 7. LSPR shift vs concentrations of R6G dosing solutions at constant LSPR of the bare Ag nanoparticles. (A) The LSPR of the bare Ag nanoparticles
is ∼540 nm. (B) The LSPR of the bare Ag nanoparticles is∼560 nm.

Figure 8. Predicted LSPR shift (using eq 1) with arbitrarily scaled refractive
indices from Kramers-Kronig analysis. The solid black line with
filled dots is a plot of the experimental LSPR shift (nm) vs spectral
position of the Ag nanoparticles. The blue dashed-dotted line, red
dotted line, and green dashed line represent the predicted LSPR shift using
the refractive indices of the R6G H-dimer, monomer, and J-dimer,
respectively.

Cext ∝ Im{ εAg - εm

εAg + øεm
} (3)

εm,ads) {εH 400< λmax,bare < 530
εmon 530< λmax,bare < 570
εJ 570< λmax,bare < 750

(4)
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monomer, H-dimer, and J-dimer, respectively. This scaling
corrects for deficiencies of the Gans model which typically will
underestimate dielectric shifts since there are no sharp features
on the spheroidal particles.

Figure 9 shows the resulting LSPR shift versusλmax,bare. The
blue dashed-dotted line, red dotted line, and green dashed line
represent the predicted LSPR shift using the dielectric constants
of the R6G H-dimer, monomer, and J-dimer, respectively. From
Figure 9, the predicted LSPR shift agrees well with the
experimental data. This illustrates that the three LSPR shift
features are associated with R6G in the three different forms.
This can be understood if we assume that each particle is
primarily coated with one of the three forms of R6G, and then
there is a random mixture of the three different kinds of particles.
We also considered an effective medium model in which each
particle is assumed to be coated with a random mixture of the
three R6Gs, so that the adsorbate dielectric constant is a
weighted average of the three values; however, this did not
match the measurements.

The quasi-static model can also be applied to simulate the
concentration-dependent LSPR shifts in Figure 7 by fixingø
for two different initial LSPR wavelengths and varyingx in
the effective medium treatment. When this is applied at 560
nm, where the R6G monomer absorption dominates, we find
that the LSPR shift increases with increasing concentration much
the same as shown in Figure 7B, as increasing concentration
produces a higher effective dielectric constant in the surrounding
medium. On the other hand, the complicated concentration
dependence at 540 nm (Figure 7A) can only be understood if
we assume that there is a switch in the dominant adsorbed
species as concentration is increased. Thus, the portion of the
curve in Figure 7A below 0.4µM would correspond to one
species (such as the H-dimer), and then there is a switch to
another species (such as the monomer) at higher concentration.

Quantum Chemical Modeling of the Absorption Spectra
of Rhodamine 6G.Although the empirical modeling qualita-
tively reproduces the LSPR shift, it is worthwhile to study the
microscopic origin of the R6G absorption features using
electronic structure theory. The electronic states of R6G were
calculated within time-dependent density functional theory (TD-
DFT) using the Amsterdam Density Functional (ADF) program

package.52,53The Becke-Perdew (BP86) XC-potential,54,55and
a triple-ú polarized Slater type (TZP) basis set from the ADF
basis set library have been used. The following possible origins
of the LSPR shift maximum at∼595 nm have been examined:
(1) formation of R6G dimers, (2) metal-molecule charge-
transfer transitions, (3) the change of the angle between the
xanthene plane and the phenyl substituent of R6G.

The optimized R6G structure (shown in Figure 10A) was
taken from previous work,56 where the simulated Raman
spectrum is in good agreement with the experimental spectrum.
The S0-S1 transition of R6G corresponds to an excitation from
the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO), where both orbitals are
localized in the xanthene chromophore and the nitrogen of the
ethylamino side groups. The transition is therefore expected to
be sensitive to any perturbation on the xanthene ring. The S0-
S1 transition is calculated to be at 474 nm in vacuum, and a
weaker S0-S2 transition is at 416 nm. Notice that the calculated
S0-S1 transition is∼60 nm blue-shifted from the experimental
measurement in solution at 530 nm. Only small changes in the
simulated absorption spectrum were found by using larger basis
sets and different functionals. Previously, we found that the
agreement with experiments was significantly improved by
considering solvent effects directly in the calculations.56 For
simplicity, the solvent effects in this work are accounted for by
applying a constant red-shift of 56 nm to the calculated values
(simulated spectrum shown in Figure 10B). This value is added
to all the calculated spectra discussed below.

To examine the exciton splitting in R6G, we calculated the
absorption spectra of an antiparallel H-dimer separated by 3.5
Å and a J-dimer with a center-to-center separation of 13.5 Å
(structures and spectra shown in Figure 11). For the H-dimer a
slight blue-shift (less than 10 nm) of the main transition is
observed, which agrees with the shift direction observed
experimentally but underestimates the shift magnitude. In
addition, a small band at 565 nm is found in the simulated dimer
absorption spectrum; however, it has very small oscillator
strength. In the case of the J-dimer an 8-nm red-shift of the
main transition is found with a weaker transition around 500
nm. In addition, the main J-dimer transition is stronger than
the corresponding H-dimer transition. These results are in very
good agreement with the expectation from simple exciton theory.
For both dimers, the calculated exciton splitting is smaller than
that from experimental observation.39-44 However, the structures
for the dimers adopted in the calculation are highly idealized,
and it is quite likely one would obtain a better agreement with
the experiments by optimizing the dimer structures. The
calculations support the findings in the concentration-dependent
absorption study of R6G adsorbed on an Ag film. Therefore,
the formation of dimers provides a very plausible explanation
for the LSPR-shift experiments, especially considering that R6G
tends to form dimers in constrained systems.

As a second explanation of the results in Figure 3, we consider
the possibility that new transitions, metal-molecule charge-

(52) ADF: Density Functional Theory (DFT) Software for Chemists. http://
www.scm.com (accessed 2006).

(53) Velde, G. T.; Bickelhaupt, F. M.; Baerends, E. J.; Guerra, C. F.; Van
Gisbergen, S. J. A.; Snijders, J. G.; Ziegler, T.J. Comput. Chem.2001,
22, 931-967.

(54) Becke, A. D.Phys. ReV. A 1988, 38, 3098-3100.
(55) Perdew, J. P.Phys. ReV. B 1986, 33, 8822-8824.
(56) Jensen, L.; Schatz, G. C.J. Phys. Chem. A2006, 110, 5973-5977.

Figure 9. Predicted LSPR shift using eq 3. The solid black line with filled
dots is a plot of the experimental LSPR shift (nm) vs spectral position of
the Ag nanoparticles. The blue dashed-dotted line, red dotted line, and
green dashed line represent the predicted LSPR shift using the dielectric
constants of the R6G H-dimer, monomer, and J-dimer, respectively.
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transfer transitions, arise when R6G adsorbs onto the metal
surface. To examine this possibility we calculated the absorption
spectrum of R6G interacting with an Ag2 cluster (structure and
spectrum shown in Figure 12A). The Ag2 is used as a model
for the adatom adsorption site. Because such a small cluster
cannot represent the full effect of an Ag surface, we shifted the
spectrum in Figure 12A by 56 nm. Therefore, the modeling
should provide a reasonable description of the CT transitions.
The interactions of R6G with the Ag2 cluster cause a red-shift
of the main transition to 544 nm, which is a 14-nm shift
compared to that in solution. Two CT transitions to the red of
the main peak are found at 1010 and 617 nm, corresponding to
transitions from the HOMO of Ag2 to the LUMO and LUMO+1
of R6G, respectively. Since both transitions have small oscillator
strength and are more than 100 nm to the red of the main
transition, it is not likely that they are responsible for the LSPR
shift feature at∼595 nm.

Another possibility is that the interaction between R6G and
the surface may cause a complete charge transfer from the metal
to R6G since it is a cationic dye. Therefore, we calculated the
absorption spectrum of neutral R6G (see Figure 12B). The main

absorption peak is at 498 nm with a weaker band at around
530 nm. Both bands are blue-shifted relative to the cationic R6G
absorption with smaller oscillator strength. This makes it
unlikely that the formation of the neutral R6G is the cause for
the LSPR shift feature at∼595 nm.

The last explanation that we considered is that the adsorption
of R6G onto the surface causes the angle,Ω, between the
xanthene plane and the phenyl substituent to change (see Figure
13A for definition ofΩ). Notice that the optimized structure of
R6G (shown in Figure 10A) from the calculations has an angle
of 88°, whereas in the experimental crystal structure R6G has
an angle of 63°.57 We calculated the absorption spectra of R6G
as a function ofΩ to show how the S0-S1transition is sensitive

(57) Adhikesavalu, D. N.; Mastropaolo, D.; Camerman, A.; Camerman, N.Acta
Crystallogr., Sect. C2001, 57, 657-659.

Figure 10. Optimized structure and simulated absorption spectrum of R6G in solution. Solvent effects accounted for by a red-shift of 56 nm.

Figure 11. Simulated structure of R6G dimers and absorption spectra. (A)
Structure of H-type dimer. (B) Structure of J-type dimer. (C) Calculated
absorption spectra of R6G monomer (black line), H-type dimer (blue line),
and J-type dimer (red line). Solution effects are accounted for by a red
shift of 56 nm.

Figure 12. Simulated absorption spectra of R6G with a Ag2 cluster and
neutral R6G. (A) Calculated absorption of R6G with a Ag2 cluster. (Inset)
Optimized structure of R6G-Ag2. The distance between the N atom of
R6G and the Ag atom is 3.08 Å. (B) Calculated absorption of neutral R6G.
Solution effects are accounted for by a red shift of 56 nm.
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to the perturbation on the xanthene ring. The resulting absorption
maximum of the S0-S1 transition is plotted (see Figure 13B)
as a function ofΩ. WhenΩ decreases, the excitation energy
of the S0-S1 transition increases, leading to a red-shift of the
main absorption peak. In order to explain the LSPR shift
maximum at∼595 nm, an absorption feature around 570 nm is
required. Figure 13B shows that such an absorption feature can
be achieved whenΩ is decreased by 20-25°. The corresponding
Ω is then close to the value found for R6G in the crystal
structure. The strain caused by decreasingΩ to this value
amounts to∼15-17 kcal/mol. Furthermore, the strain reduces
the oscillator strength of the S0-S1 transition. One could
speculate that if two distinct absorption sites exist, for example,
the top and sides of the NSL-nanoparticle (cartoon shown in
Figure 13c), one of these sites could then causeΩ to twist,
thereby red-shifting the S0-S1 transition. However, it requires
a significant amount of energy to bendΩ by around 20-25°,
making it a less likely explanation than the dimer formation.

Conclusions

The coupling between the R6G molecular resonances and the
LSPR of Ag nanoparticles has been systematically probed. This
is achieved by monitoring the shift in LSPR wavelength of Ag
nanoparticles upon R6G binding. The LSPR shift depends on
the relative spectral position between the LSPR of the Ag
nanoparticles and the molecular resonances of R6G. The LSPR
shifts show several complicated featuressindeed three local
maxima have been observed. In contrast, there are only two
features in the R6G solution absorption spectrum. To understand
the change in the R6G resonances when it adsorbs to metal
surface, absorption spectra of R6G on an Ag surface have been
measured at different R6G concentrations. Detailed deconvo-
lution of the spectra indicates the formation of R6G dimers on
the surface, even though the R6G concentration in solution is

low enough to avoid R6G aggregate formation in solution. To
understand the unusual LSPR shifts, several different kinds of
theoretical modeling were considered, including empirical
modeling with dielectric constants from a Kramers-Kronig
analysis, electrodynamics modeling using Gans theory, and
electronic structure calculations using TDDFT. The combined
experimental evidence and theoretical modeling show that dimer
formation is responsible for the complex spectral coupling
between R6G and the nanoparticles.

The extreme sensitivity of the localized surface plasmon
resonance wavelength to small environmental changes has been
clearly demonstrated in this work. For the first time, changes
in the adsorbates’ electronic structure due to aggregation have
been detected using LSPR spectroscopy. These findings illustrate
that the LSPR-sensing technique is particularly suitable for
studying molecular level information, such as electronic and
structural change of the adsorbates. This discovery has potential
applications for chemical sensing, studying excited states at
metal surfaces, understanding the mechanism of surface-
enhanced Raman spectroscopy, and developing novel plasmonic
devices.
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Figure 13. S1 absorption maximum as a function of the angle (Ω) between the xanthene plane and the phenyl substituent. Solvent effects accounted for by
a red shift of 56 nm. (A) Side view of the structure of R6G. (B) Plot of the S1 absorption maximum as a function of the angle (Ω). (C) Schematic illustration
of the two possible adsorption sites.Ω - 1 ) 88°, Ω - 2 ) 66°.
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