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In this work, we show using both experiments and classical electrodynamic simulations that plasmon splitting
in resonant molecule-coated nanoparticles increases linearly as the square root of absorbance of the molecular
layer. This linear relationship shows the same universal behavior established in analogous systems such as
cavity-polariton and surface plasmon polariton systems. To explain this behavior, a simple physical mechanism
based on linear dispersion and absorption is proposed. The insights obtained in this study can be used as a
general principle for designing resonant molecule-coated nanoparticles for realizing tunable nanophotonic
devices and molecular sensing.

The past two decades have witnessed tremendous research
focused on understanding the interactions between electromag-
netic radiation and metal nanostructures. The motivation stems
from the promise that localized surface plasmon resonance
(LSPR) will provide significant advances in areas such as
molecular imaging, biological sensing, and nanophotonic
devices.1-3 Many of these applications require control over
LSPR wavelength, which can be achieved using changes in
shape, size,4-8 electron density,9,10 interparticle distance,11,12 and
surrounding refractive index.7,13-16 Currently, it is widely
recognized that frequency-independent dielectric material po-
sitioned on a metal nanoparticle will linearly red-shift the LSPR
wavelength.3,8,17 However, it is only recently that a metal
nanoparticle covered with a layer of resonant molecules has
attracted interest in the plasmonics community. It has been
shown that the presence of strongly absorbing molecules on
the metal nanoparticle surface result in resonant coupling
between molecular and plasmonic resonances.18-23 Resonant
coupling is characterized by the formation of new hybridized
states in the extinction spectra, and the energy of these states
can be engineered significantly by controlling the spectral
overlap between the plasmonic and molecular resonances,
similar to the vacuum-field Rabi splitting observed in cavity-
polariton systems.20 Such control over hybridized states paves
a way to enhance the application of plasmonics in realizing
tunable nanophotonic devices,24 molecular sensing,20 and plas-
monic resonance energy transfer (PRET) methods.25

Kometani et al.18 were among the first to observe resonant
coupling effects in resonant molecule-coated plasmonic nano-
structures. They observed an absorption dip in the extinction
spectra of J-aggregate-coated silver and gold nanoparticles.
Wiederrecht et al.19 later explained that this observation arised
from coherent coupling between molecular excitons and elec-
tronic polarizations of noble metal nanoparticles. The effects
of resonant coupling as a function of spectral overlap were

experimentally reported by Wurtz et al. who used J-aggregate
molecules on nanowire assemblies with tunable LSPR.26 Ni et
al.27 later extended these ideas to solution-bound gold nanorods.
Using nanoshells and J-aggreates, Fofang et al.28 observed
similar behavior in both dipolar and quadrupolar plasmonic
resonances. From these studies, it is clear that the extinction
spectra of nanoparticles covered with resonant molecules are
not a simple sum of absorption contributions, but rather strongly
influenced by the strength of resonant coupling, which is
maximized at the spectral overlap of the resonances.

The successful application of resonant coupling for various
applications mentioned above relies on maximizing the splitting
between hybridized states at the spectral overlap. Fofang et al.28

reported an increase in the splitting by controlling the concen-
tration of dye in plasmon-exciton nanostructures. They specu-
lated that the thickness of the molecular layer controlled the
magnitude of splitting. For cavity-polariton and other analogous
systems, factors affecting the splitting have been thoroughly
studied over the past decade. It has been shown both theoreti-
cally(quantummechanical29 andclassical30)andexperimentally31,32

that the splitting can be controlled by the absorbance of the
absorber used in the cavities.33 One would therefore expect
similar behavior in resonant molecule-coated plasmonic nano-
particle systems. In this work, we experimentally show that the
splitting observed in resonant molecule-coated plasmonic nano-
structures can be controlled by changing the absorbance, A, of
the molecular layer. A linear relationship between �A and the
splitting is observed in the experiments. Using classical elec-
trodynamic simulations, we confirm this relationship and
establish a simple physical mechanism based on linear dispersion
and absorption.

To understand the plasmon splitting due to hybridization, we
studied the extinction spectra of a resonant molecule-coated
plasmon nanostructure that consisted of gold nanorod and
J-aggregates as a function of the molecular absorbance by
varying the concentration. A schematic of the J-aggregate-coated
nanorods together with the molecular structure of the J-aggregate
is shown in the inset of Figure 1. Bare gold nanorods with
diameter 35 nm and length 90 nm were purchased from
Nanopartz Co. (Salt Lake, UT) and used in the experiments
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without any further modification. These nanorods exhibited a
transverse plasmon resonance at 533 nm and a longitudinal
plasmon resonance at 692 nm (Figure 1). The J-aggregate used
in the experiments was 2, 2′-dimethyl-8-phenyl-5,6,5′,6′-diben-
zothaicarbocyanine chloride, and was characterized by a strong
absorption at 693 nm upon aggregation on a nanorod surface.
This absorption wavelength overlaps with the LSPR of the gold
nanorods (Figure 1). The absorbance of the molecular layer was
controlled by using various amounts of dye solutions (prepared
in a mixture of water/ethanol, 50:50 by volume) that were added
to the nanorod solution. The mixture was stirred for 5 min and
was kept undisturbed for 36 h to allow aggregation of molecules
on the nanorod surface.

Figure 2a shows the extinction spectra of the J-aggregate-
coated nanorods as a function of concentrations of dye solution
used. From the extinction spectra, we see clearly the splitting
of the plasmon band into two distinct peaks at positions different
from the peak positions of the isolated molecular resonance and
the plasmon band of the nanorods. It is also shown in Figure
2a that the splitting increases as higher concentrations of the
molecules are used. This increased splitting can be explained
by increased coverage of the resonant molecules on the
nanoparticle surface. Recently, Ni et al.27 and Zhao et al.34

reported plasmon shift of nanorods and nanoprisms, respectively,
as a function of the concentration of resonant molecules.
However, these systems did not exhibit hybridization-induced
plasmon splitting. In the case of Ni et al.,27 who used nanorods
similar to the work presented here, a minor peak in the molecular
adsorption precluded the observation of the splitting.

The observed larger splitting at higher molecular concentra-
tion is a result of stronger absorption of the molecular layer
since more molecules are adsorbed on the nanoparticle. The
molecular absorbance of a monolayer is given by A ) σ × No

× θ, where σ is the absorption cross section of the resonant
molecules, No is the saturated coverage, and θ is the coverage
of the resonant molecules on the nanoparticle surface.35,36 The
coverage follows a Langmuir isotherm given by θ ) (aCs)/(1
+ aCs), where a is the adsorption equilibrium constant and Cs

is the concentration of the adsorbate in solution. For a given
resonant molecule and constant surface area of nanoparticles,
the absorbance only varies with θ since σ and No are fixed.
Thus, to calculate A as a function of concentration we assume
No, σ, and a to be 1, 1, and 1.45 µM-1, respectively. These

values were chosen to normalize �A such that �A ) 1 for θ
) 1, i.e., complete monolayer, and when �A ) 0 no molecular
layer is present. The actual values used in the calculation only
change the magnitude of absorbance but not the dependence
on concentration. To obtain the magnitude of splitting as a
function of concentration we fitted the two peaks in the
extinction spectra using two Lorentzians and a third-order
polynomial function. The splitting between the two hybridized
states as a function of �A is plotted in Figure 2b. We see that
the splitting is linearly dependent on �A, as expected from its
similarities with microcavity-polariton systems29-33 and surface
plasmon-polariton systems.37,38 Therefore, by simply changing
the absorbance of the molecular layer, either by increasing the
coverage as demonstrated here or using dye molecules with
different absorption cross sections, it is possible to tune the
coupling between the plasmon and molecule resonances.

In order to understand the plasmon splitting as a function of
�A, we calculated the extinction spectra of a prolate spheroid
covered with a layer of resonant molecules using classical
electrodynamics. The nanoparticles used in this work is small
enough that they had a dipolar response to incident light, thus,
a quasi-static approximation is appropriate. The polarizability
in the quasi-static limit for a two-layer prolate spheroid
embedded in a dielectric medium is given by39

where V is total volume of the system, fv is the fraction of the
total volume occupied by the nanorod, L(1) and L(2) are the
geometric parameters for metal and molecular spheroids,
respectively, and ε1, ε2, and εm are the dielectric functions of
the gold nanorods, molecular layer and the surrounding medium,
respectively. From the polarizability, the extinction efficiency
is straightforwardly given by39

where k is (2π)/(λ).
To model the gold nanorods, we used a spheroid with a

spherical radius, R, of 23.97 nm with an aspect ratio of 3.14 so
as to match the experimental LSPR of 692 nm. The dielectric
constant of gold were described by a Drude model

where ε∞1 is the contribution from the bound electrons in the
metal (9.84), ωp is the bulk plasmon frequency of gold (9 eV),
and γ is the plasmon relaxation constant (67 meV).40 To
compensate for various inhomogeneous broadening effects in
the experimentally observed extinction spectra, the value of γ
was multiplied by a factor of 2.4. The dielectric constant of the
molecular layer was modeled as a one-oscillator Lorentzian
model given by

Figure 1. Extinction spectra of gold nanorods and absorption spectra
of J-aggregates. The inset shows a schematic of a resonant molecule-
coated plasmonic nanostructure consisting of gold nanorod and J-
aggregate molecules.

R )
V((ε2 - εm)[ε2 + (ε1 - ε2)(L

(1) - fvL
(2))] + fvε2(ε1 - ε2))

([ε2 + (ε1 - ε2)(L
(1) - fvL

(2))][εm + (ε2 - εm)L(2)]

+ fvL
(2)ε2(ε1 - ε2))

(1)

σ(ω) ) k

πR2
Im[R(ω)] (2)

ε1(ω) ) ε∞1 -
ωp

2

ω(ω + iγ)
(3)

18500 J. Phys. Chem. C, Vol. 113, No. 43, 2009 Juluri et al.



where ε∞2 is the high-frequency component of the dielectric
constant (1.768), ω2 is the molecular excitation frequency (1.789
eV), Γ is the excitation line width (52 meV), and f is the reduced
oscillator strength, which we will vary in the calculations to
simulate different absorption cross sections.28 In all simulations,
the surrounding medium was assumed to be water with a
dielectric constant of 1.768.

In the experiments, the absorption coefficient was constant
since we only studied one kind of molecule and assumed a
monolayer of molecules; thus the absorption only varied with
the coverage. However, in the simulations we relate the
absorption to A ) R′ × tm, where R′ is the absorption coefficient
and tm is the thickness of the molecular layer. In this way, we
can simulate the splitting both as a function of thickness and
the absorption coefficient. The absorption coefficient is related
to the imaginary part of the refractive index as, R′ ) κ(4π)/(λ),
where κ ) Im (�ε2), is a function of ω2, ε∞2, f, and Γ. At ω )
ω2,

To investigate the relationship between splitting and �A, we
calculated the extinction spectra of resonant molecule-coated
nanorods for various absorbance levels by changing the
magnitude of the oscillator strength, f, and the thickness of the
molecular layer, tm. In Figure 3b, we plot the extinction spectra
calculated using eq 1 for a gold nanorod covered with a layer
of resonant molecules of thickness tm ) 0.06R (1.44 nm) at
different oscillator strengths ranging from 0.02 to 0.07. The
magnitudes of thickness and oscillator strength are consistent
with previous reports on J-aggregate-coated nanoparticles.26,28

We see from Figure 3a that the plasmon band splits into two
peaks, representing the two hybridized states resulted from
resonant coupling. As the oscillator strength, f, of the molecular
layer increased, the absorbance of the molecular layer also
increased and, thus, the plasmon splitting increased as well. The
splitting as a function of �A obtained from the simulations is
shown in Figure 3b where a linear dependence is found. To
investigate further the dependence of the splitting on the

absorption we calculated the extinction spectra using different
values of molecular layer thickness for different oscillator
strengths (ranging from 0.02 to 0.07). The plasmon splitting as
a function of �A is plotted in Figure 4 for the different
molecular layer thicknesses. We see that the splitting follows a
similar linear relationship as a function of absorbance for various
thickness of the molecular layer. This is expected since as the
molecular layer became thicker, the magnitude of absorbance
increased, resulting in increased splitting for a given oscillator
strengths. The calculated linear relationship between plasmon
splitting and �A is in excellent agreement with what is observed
in the experiments.

The linear dependence of the plasmon splitting on �A found
in the experiments, and classical electrodynamic simulations can
be explained by considering the linear dispersion and absorptive
properties of the resonant molecular layer. Due to incident
radiation, free electrons within the bare gold nanoparticles
oscillate. At specific wavelengths of radiation the response and
incident radiation are 90° out of phase, which leads to the
enhancement of the electric field and strong absorption char-
acterized by a peak in the extinction spectrum, the plasmon
peak.2 At this point the incident field do not change the restoring
force on the conduction electrons, and they oscillate at their
intrinsic frequency, i.e., the plasmon frequency. Therefore, we
can examine this condition as a means to understand the
resonances in complicated systems such as resonant molecule-
coated nanoparticles. For the nanorods covered with resonant
molecules we find that the phase condition happens at multiple
frequencies. This is shown in Figure 5, where we plot the phase
shift and corresponding extinction spectra for bare nanorods
covered with resonant molecules calculated using the quasi-
static approximation model for different absorbance. To illustrate
the phase relation, we used a molecular layer with a nonab-
sorbing, yet dispersive, resonant molecule (i.e., ε2(ω) ) ε2(ω)′).
Obviously, in reality we cannot neglect ε2(ω)′′ since it is directly
related to the real part using the Kramer-Kronig transformation;
however, we can use this as a model to explain the plasmon
splitting. In the case of the nanorods covered with resonant
molecules, the dispersion of the real part of the refractive index
of the molecule layer, nm ) Re(�ε2), causes the phase to be
out of phase by 90° three times (indicated by vertical arrows)
due to different boundary conditions (a shell layer with
dispersive material). This results in three resonance positions
or three peaks in the extinction spectra and can be seen from
Figure 5 where the phase shift and extinction spectra are shown.
The central peak position is at the spectral overlap and the other

Figure 2. (a) Experimental extinction spectra of J-aggregate-coated nanorods using different concentrations of dye solution. (b) Plasmon splitting
as a function of �A. The dotted line is a linear fit of the form y ) ax
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two peaks (longer and shorter resonance wavelengths) are
positioned on either sides of spectral overlap. It can be seen
from the inset of Figure 5a that as the absorbance of the
molecular layer is increased (by increasing the oscillator

strength), the molecule’s refractive index at shorter resonance
wavelength decreases (at longer resonance wavelength it
increases). However, there is no change in the refractive index
with absorbance at the molecular resonance wavelength. The
increase (decrease) in the refractive index at the longer
wavelength (shorter wavelength) resonance condition causes a
red-shift (blue-shift) of the peak positions. These shifts are
similar to the shifts observed in nanoparticles covered with a
thin dielectric layer, where an increase in the refractive index
causes the redshift of the resonance and a decrease in the
refractive index causes a blue-shift. Therefore, as the oscillator
strength increased, the molecular layer became more dispersive,
the wavelengths where the 90° phase difference occurred moved
away from the spectral overlap, and thus the splitting increased
(dotted lines in Figure 5b). When we included ε2(ω)′ into the
quasi-static approximation model, the layer of resonant mol-
ecules absorbs the incoming radiation and the central peak is
canceled (solid lines in Figure 5b). This contributes further to
the shifting of the wavelength where the 90° phase difference
occurred, resulting in increased splitting. Therefore, as the
oscillator strength of the resonant molecule increases, the
molecular layers become more dispersive and absorb more of
the incoming radiation, which leads to larger splitting. On the
other hand, increasing the thickness of the molecular layer leads
to increased absorption of the incoming radiation, which in turn
cancels the central peak more effectively and drives larger
splitting. Considering these mechanisms, the end result is that
an increase in absorbance will lead to larger splitting since it is
directly related to both the oscillator strength and the thickness
of the molecular layer.

In conclusion, we have demonstrated experimentally and
theoretically that the magnitude of plasmon splitting in resonant
molecule-coated nanoparticles due to hybridization can be
controlled by the molecular absorbance. The measured extinction
spectra of J-aggregate-coated gold nanorods exhibited a linear
relationship between the plasmon splitting and �A, similar to
that observed in systems such as microcavity-polariton and
surface plasmon-polariton systems. Using electrodynamic simu-
lations based on the quasi-static approximation, we found a
similar linear dependence on absorption either by increasing
the oscillator strength of the molecule or the thickness of the
molecular layer. A simple physical mechanism showed that the
splitting is caused by the dispersion in the real part of the
molecular dielectric constant and absorbance from the imaginary
part, both increases as the absorption increases. The insights
gained from this study will be useful in improving applications

Figure 3. (a) Extinction spectra calculated using eq 1 for various oscillator strengths. (b) Calculated splitting as function of �A. The dotted line
is a linear fit of the form y ) ax.

Figure 4. Calculated splitting as function of �A for various thickness
(0.05R-0.2R) and oscillator strength of the molecular layer
(0.02-0.07).

Figure 5. (a) Phase shift between the incoming radiation and response
of resonant molecule-coated nanoparticle. The inset shows the refractive
index nm ) Re(�ε2) as a function of oscillator strength. (b) Extinction
spectra of bare nanorods and nanorod covered with resonant molecules
for various absorbance levels without (dotted lines) and with (solid
lines) the imaginary part considered.
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of resonant coupling, including tunable nanophotonic devices,
molecular sensing, and PRET methods.
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