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Abstract
In previous reports, Dalfovo et al. showed experimentally that thin films of Au nanoparticles (NP) with organic coating
change their optical properties when exposed to several analytes in the vapor phase (Anal Chem 84:4886–4892 2012; J
Phys Chem C 119:5098–5106 2015). This optical behavior was associated with changes in the mean distance between
nanoparticles, which resulted in a displacement of their plasmon bands towards blue or red in the presence of toluene
(Tol) or ethanol (EtOH) vapors, respectively. In the report by Dalfovo et al. (J Phys Chem C 119:5098–5106 2015), in-
situ grazing-incidence small-angle X-ray spectroscopy (GISAXS) was performed to determine changes in the inter-NP
distance within the film. In the present work, we perform theoretical calculations to interpret the results obtained by Dalfovo
et al. (Anal Chem 84:4886–4892 2012; J Phys Chem C 119:5098–5106 2015). For this purpose, we employ two different
theoretical approaches, a quasi-static method (QS) and the Korringa-Kohn-Rostoker method (KKR), in order to describe
the plasmon resonance shift as a function of the inter-NP distance changes during exposure to Tol and EtOH vapors.
Both theoretical approaches describe qualitatively the behavior observed in previous experimental results that correlate the
plasmon resonant wavelength with the inter-NP distance obtained by GISAXS. Our theoretical results show that the plasmon
resonant wavelength strongly depends on the ratio between the inter-particle distance and the diameter of the nanoparticles
and consequently, these films could be used for optical tuning.
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Introduction

Small inter-nanoparticle distance changes may lead to
significant changes in the optical properties of plasmonic
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nanoparticles [1]. Control over the distance between NPs
impact directly on applications such as LSPR sensing [2, 3]
SERS [4], optical filters [5], optoelectronics [6], and energy
transfer between a dye and nanoparticles for solar cells [7],
just to mention a few. Most of the colorimetric applications
are based on plasmonic NPs that tend to aggregate upon the
presence of the analyte of interest, causing dramatic shifts in
wavelength. Fundamental studies regarding coupling effects
have been addressed experimentally by several groups
which include Rechberger et al. [8], Haynes et al. [9], El-
Sayed and co-workers [10], and more recently, Jenkins et al.
[11]. Their approach is usually based on fixing NPs (at
certain distances) to a desired substrate, via lithographic
process, for ultimately studying plasmon shifts caused by
changes in the NPs distance and in the polarization of
light, performed under the same environmental conditions
(i.e., dielectric medium). Other groups have protected Au
NPs with organic and biological ligands in order to have a
better control on the distance between metallic centers, by
controlling the length of the alkyl chains [12, 13], placing
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bio-molecules between dimers [14], or just by separating
them with a self-assembled monolayer [15].

However, the study of coupling effects during plasmon
sensing with films comprising organic-coated NPs is more
challenging to monitor because NPs are arranged in a 3D
configuration meanwhile the film is subjected to alterations
of the refractive index every time the analyte partitions
into it. For instance, in the presence of toluene, used as
analyte, there is a competition between coupling effects and
refractive index [2]. This is because non-polar analytes lead
to swelling of the film (overall separation among NPs and
therefore a blueshift of the plasmon wavelength) [3]. At the
same time, toluene has a high refractive index which causes
a redshift of the plasmon band.

Another challenging aspect in the field of plasmonics has
been to develop accurate theoretical methods to simulate
the electromagnetic response and understand light-matter
interactions in more complex systems such as 2D or 3D
NP films. Since Mie’s solution considers an isolated NP,
theoretical models dealing with more realistic systems
(i.e., NPs in close proximity and arranged in complex
geometrical configurations) are crucial to understand the
optical response of these films [16–18]. A lot of effort has
been invested into theoretical and numerical developments
to describe the optical response of strongly interacting
metallic NPs, mainly dimers [19, 20]. However, given the
complexity of these models, the physical processes involved
in the interaction are, in some cases, hidden in the numerical
results.

In order to explore into the optical properties of
surfactant-coated Au NP films, we employed two different
approaches. On the one hand, we applied a theoretical
model based on the quasi-static approximation, which
permits to find an analytical expression for the dependency
of the resonant frequency on the geometrical parameters
of 1D and 2D arrangements of metallic NPs. On the
other hand, to allow for a full 3D calculation of the
electromagnetic response, we complete the theoretical
treatment by using the Korringa-Kohn-Rostoker (KKR)
wave calculation method which permits the study of the
electromagnetic response of films formed by periodic arrays
of nano-spheres embedded in a homogeneous medium [21–
23]. This method has shown to be numerically efficient
in the case of colloidal crystals as well as for metal-
dielectric systems. It has even shown an excellent agreement
with experimental results obtained at high-order band
frequencies [24, 27]. We also include results obtained
by the Maxwell Garnett (MG) approximation, in which the
array of NPs is replaced by an effective medium slab [23,
25, 26].

With these tools at hand, we are able to perform a
theoretical-numerical analysis of the experimental results
described in Refs. [2, 3]. This work is organized as follows.

In Section “Theoretical Methods”, we present the different
approaches involved in this study. In section “Quasi-static
Model”, we apply the quasi-static approximation to derive
the equations that describe the optical response of interact-
ing NPs forming 1D or 2D periodic arrangements, and in
section “KKR Method”, we summarize the basic concepts
of the rigorous KKR method, which is used to calculate
the optical response of multiply interacting 3D periodic
arrangements of NPs. In section “Results and Discussion”,
we show the results obtained for the parameters correspond-
ing to those films fabricated in [2, 3]. Using the analytical
method, we obtain a simple scale law for the plasmon res-
onance shift as a function of the average distance between
particles and compare it with the results obtained by the
KKR, focusing our attention on the cases described in [2,
3]. Theoretical and experimental results are compared in
section “Optical Filters”, where we also show that these
films can be used for optical tuning by varying the NPs
radius and the average distance between them. Finally,
concluding remarks are given in section “Conclusions”.

Theoretical Methods

In this section, we present the two theoretical models
employed in this paper. In both models, we consider
that all the Au NPs have the same radius a and are
distributed in a periodic arrangement of period d (center-
to-center distance between adjacent NPs) and embedded
in a homogeneous medium. Taking into account that for
the system under study, the geometrical parameters satisfy
the relationship a < d << λ, where λ is the incident
wavelength; the first approach proposed is based on a
simple quasi-static model of interacting dipoles, which
allows us to obtain an analytical expression for the evolution
of the plasmon resonance wavelength as a function of
the separation distance d . In this simple approach, we
consider two systems: a one-dimensional chain of spheres
(1D) and a single planar layer of periodically arranged
spheres (2D). The second method is the KKR, which
is a rigorous numerical tool that takes into account the
full 3D arrangement of nanoparticles and their multiple
interactions.

Quasi-static Model

This theoretical model is based on the quasi-static
approximation, by which it is possible to find an analytical
expression for the dependency of the plasma frequency as
a function of the geometrical parameters of a 1D or 2D
arrangement of metallic NPs [28, 29].

Since the relationship λ >> d > a holds, the complex
electromagnetic system of multiple NPs can be considered
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as a system of interacting dipoles. In the framework of the
quasi-static approximation, the near electric field generated
by an oscillating point dipole p evaluated at an observation
point r (Edip) is given by

Edip = 1

4π�0

�
3n̂(p.n̂) − p

r3

�
, (1)

where n̂ is the unit vector in the direction of the observation
point and then r = rn̂. In Eq. 1, retardation effects have
been omitted. To estimate the dependency of the spectral
position of the plasmon resonance on the geometrical
parameters of the array, we followed the works by Kravets
et al. [28] and Pinchuk et al. [29], who proposed a simple
model to find this dependency for a Au 1D arrangement of
metallic NPs.

To find the collective excitation or plasma frequency
in an electromagnetically coupled system, we consider
perturbations in the free electron eigenmode caused by
electromagnetic fields induced by the nearest NP neighbors.
The equation of motion for any free electron confined in

the volume of the NP is md2r
dt2 = −e

�
EPol

i + �
j �=i E

Sca
j

�
where m is the electron mass, EPol

i = −pi/3�0V (V is
the volume of the metallic NP), ESca

j (the scattered electric
field from the j th particle) has the functional form given by
Eq. 1, e is the electron charge, and the sub-index j runs over
all the dipoles of the system. In first approximation, only
the contributions of the nearest neighbors are considered,
that is, j = i ± 1. For a linear array of NPs (see scheme
in Fig. 1a (i)), we consider a plane electromagnetic wave
at normal incidence with the electric field parallel to the x-
axis (this condition will be used in the rest of the examples);
the electric field scattered by the j th particle, evaluated
at the position of the ith NP, is ESca

j = 2pj

4π�0d
3 , where

pj=i±1 = −neV x̂, and n is the concentration of free
electrons in the system, and e is the electron charge. The
resulting eigenmode lies along the x-axis [28] and the

plasma frequency ωsp is given by ωsp = ω0

�
1 − 1

2

�
D3

d3

�
,

where ω0 is the surface plasmon resonance frequency of
the isolated particle (ω0 = ωp/

√
3, and ωp is the volume

plasmon resonance frequency) and D = 2a is the diameter
of the NPs. The eigenmode wavelength, λsp, is related to its
frequency by the following formula: ωsp = 2πc/λsp, where
c is the speed of light in a vacuum. Then, from the equation
for ωsp, we obtain

Λsp = λsp

λ0
= 1�

1 − 1
2

�
D3

d3

� . . (2)

Here, λ0 represents the surface plasmon resonance
wavelength associated with an isolated NP immersed in
the same medium in which the NP array is embedded.

Λsp provides an expression of the relative variation of
the resonant wavelength of the system with respect to the
spectral position of the resonant wavelength of an isolated
NP [28, 29].

Applying the same procedure, we obtain the expression
of the relative variation of the resonant wavelength for a
hexagonal 2D configuration. For this geometry, six first
neighbors are considered around the ith particle. Two of
them are located along the x-axis; the other four have unit

vectors n̂ =
�
±1/2, ±√

3/2
	
.

When each of these unit vectors is replaced in Eq. 1,
the scattered electric near field due to the j th neighbor at
the position of the ith NP is obtained. The total electric
incident field on the ith NP is calculated summing up the
scattered fields of the six neighbors. For a polarization in
the x direction, we have for Λhex

sp (see Fig. 1a (ii))

Λhex
sp = λsp

λ0
= 1�

1 − 1
8

�
D3

d3

� , (3)

whereas for a 2D square arrangement of NPs (Fig. 1a (iii)),
we consider four first neighbors along the x and y axes, and
four second neighbors with n̂ = √

2/2 [±1, ±1]. Replacing
these unit vectors in Eq. 1 as in the hexagonal case, we
obtain

Λ
sq
sp = λsp

λ0
= 1�

1 − 1
4 (D3

d3 ) − 1
4

�
D3

(
√

2d)3

	 . (4)

It is interesting to note that the three expressions of Λsp

given in Eqs. 2–4 have the same functional dependency, of
the form

Λ
f it
sp =



1 − A

�
D3

d3

�−0.5

, (5)

which only depends on the geometrical ratio D/d (A
is a constant). In particular, for this approximation, the
resonance frequencies for hexagonal and square arrays do
not change if the dipole moment vector (or incident electric
field) is oriented along the x- or the y-axis. This constitutes
the main contribution of this model, since it establishes
the functional form of the non-linear behavior of the
plasmon resonance wavelength with the distance between
particles.

KKRMethod

The second method employed for the simulation of the
optical properties of NP films is the KKR, which is
a rigorous method that has proved to be successful to
compute the electromagnetic response of 3D arrangements
of spheres immersed in a given dielectric medium. Within
the KKR method, the electromagnetic interactions between
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the scatterers are calculated by means of the layer-multiple-
scattering method for spherical particles [22, 23]. The
3D NP film can be considered as a stack of parallel
layers formed by spheres periodically arranged in a 2D
lattice. To solve the electromagnetic problem, the multiple
scattering between spheres of each single layer is calculated
first. Then, the scattered response of multiple layers is
determined by using a procedure similar to the one used
to calculate the reflection and transmission properties of
stratified media with planar interfaces. The transmittance
(reflectance) is defined as the total transmitted (reflected)
power normalized to the incident power. The absorption is
obtained from the calculated transmittance and reflectance,
by imposing the conservation of energy. The definitions of
these quantities and the complete derivation can be found
in [22].

It is important to remark that within the KKR method
there are no limitations about the incidence angle and
polarization of the incident light. This method has been
extensively used to calculate the optical properties of
photonic crystals [22, 23] and the electromagnetic response
of colloidal crystals, as well as of metal-dielectric systems,
and it was shown to be numerically efficient and robust
even at high frequencies [24, 27]. In this paper, we use the
KKR method to predict the plasmon resonance shift as the
distance between NPs is varied, and also to calculate the
transmittance spectra.

Results and Discussion

Plasmon ResonantWavelength Shifts

In this section, we theoretically reproduce the behavior
observed by Dalfovo et al. [2, 3] which described the use
of Tetraoctylammonium bromide (TOABr)-coated Au NPs
as colorimetric sensors and the role of coupling effects
during exposure of the films to volatile organic compounds
(VOCs). In these reports, it was determined that according
to the polarity of the vapor, the LSPR sensor responds either
shifting the plasmon wavelength to blue or red. For instance,
in the presence of Tol, the plasmon wavelength blueshifts
with respect to that of the unexposed films and this shift
is associated with small separations between Au NPs
caused by significant coupling effects. They assumed that
separation/shrinkage between Au NPs was caused by the
partition of analyte vapors into the organic matrix leading to
film swelling/contraction [2]. To prove this experimentally,
GISAXS was performed and it was observed that the inter-
NP distance within the film increases ≈ 0.5 nm in the
presence of Tol vapors [2].

In order to model the electromagnetic interaction
between Au NPs within the film and predict their elec-
tromagnetic response, here we employ the theoretical
approaches described in section “Theoretical Methods”.
For the QS, we consider three different geometrical
configurations of NPs which correspond to a one-
dimensional (1D) crystal (i), a 2D periodic arrangement of
NPs distributed in a hexagonal lattice (ii), and in a square
lattice (iii), as shown in Fig. 1a. We compare these results
with a more realistic calculation for a slab comprising an
array of spheres with a ratio d/D = 1.8, which is the value
measured in the experimental films.

Figure 1b plots the evolution of the relative plasmon
resonant wavelength Λsp = λsp/λ0 as a function of d/D

calculated with the quasi-static approximation for the three
geometrical configurations shown in Fig. 1a. The results
of the QS for configuration (iii) are compared with those
obtained by means of the KKR for a slab of thickness d

comprising a single layer of Au spheres embedded in a
dielectric medium with permittivity �m = 2.25. This value
has been chosen taking into account the estimation made
in [2] for Au NP films. The dielectric permittivity of gold
was obtained from the Johnson and Christy experimental
data [30]. We also include the results obtained for the same
slab using the MG approximation. To calculate the value
of λ0 for the KKR and the MG results, we simulated an
isolated NP immersed in a slab of �m, by considering the
same slab but with a lattice constant d = 20 nm, which
yields λ0 = 533 nm.

For all the geometrical configurations considered, it is
clear from Fig. 1b that as the NPs come closer together
(d → D), the relative resonant wavelength exhibits
significant increments. It is interesting to note that the
results obtained by the approximate quasi-static model for
a 1D and for a 2D array (square or hexagonal) follow
a trend similar to those of the KKR method and of the
MG approximation. However, the evolution of the plasmon
wavelength obtained by the KKR method deviates from
that predicted by the QS method. This is to expect since
the QS does not take into account multiple interactions
between particles (long-range interaction), which might be
significant for particles that are close to each other.

In Fig. 1c, we show the evolution of the resonant plasmon
wavelength for both KKR and MG methods. As expected,
the KKR results agree very well with those obtained by
the MG for low values of the filling fraction, which in our
system correspond to large values of d/D. For small values
of d/D, the filling fraction increases, and then higher order
interactions play a role in the electromagnetic response
of the system. In Fig. 1c, we observe a good agreement
between both methods for d/D > 1.6, approximately.

It is well known that the MG method is based on
the quasi-static approximation. Therefore, the MG results
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b

Fig. 1 Schemes of the arrangements of spherical Au NPs of diameter
(D) studied: one dimensional (1D) (i), 2D hexagonal (ii), and 2D
square crystal (iii) array (a). In all three cases, the structures are
perfectly periodic with lattice constant d. Evolution of the relative
dipolar plasmon wavelength as a function of the geometrical ratio d/D

computed with QS, KKR, and MG: QS for a 1D array (black solid
circles), QS for a 2D square lattice (blue inverted triangles), QS for
a 2D hexagonal lattice (orange circles), KKR for a slab comprising
a 2D square lattice of NPs immersed in a dielectric medium (violet
squares), and MG for the same slab (green stars) (b). Plasmon resonant
wavelength as a function of d/D calculated with the KKR and the MG
(c). In dotted line, we show the fitting function for the KKR (violet)
and for the MG (green) results. The black arrow indicates the estimated
experimental value d/D = 1.8, and the red triangle indicates the
experimental plasmon resonant wavelength obtained in [2]

shown in Fig. 1c can be fitted by a function of the form (5)
with λ0 = 533 nm and A = 0.2 (green dotted line). On the
other hand, the KKR results cannot be fitted by a function of
this form. Instead, the best fit (shown in violet dotted line) is
obtained by a decreasing exponential function of the form:

Λ
f it
sp = y0 + Be[−(d/D)/t] , (6)

with y0 = 539 nm, B = 9585 nm, and t = 0.22, with
values of t being consistent with those found in Ref. [10]
for dimers. Equation 6 can be used to study the plasmon
wavelength shift as a function of d/D.

In the figure, we also include the experimental λsp =
538.21 nm (red triangle) for the fabricated films reported
in Refs. [2, 3]. Taking into account that in these films the
Au NPs have a diameter of D ≈ 3.0 nm and the core-
to-core distance of d ≈ 5.4 nm, the experimental d/D is
approximately 1.8.

In Fig. 2, we use the KKR method to evaluate the
plasmon shift behavior observed in [2, 3]. To model
this system, we considered the same slab as in Fig. 1b
and c. As the film is exposed to Tol or EtOH vapors,
the arrays of NPs react. In Fig. 2, we represent this
situation: with horizontal solid and dotted line, we denote
the plasmon resonance wavelength at the initial and final
states, respectively. Figure 2a represents the changes in a
film initially exposed to N2 gas and then to Tol vapors,
which caused an increase in d/D from 1.8 to 1.9. Since we
consider that the NP diameter remains constant, the increase
in d/D is solely due to an increase in the distance between
NPs within the film (see inset in Fig. 2a). For this case,
the relative plasmon resonance wavelength obtained by the
KKR method is λ

f
sp/λi

sp = 0.996 (f and i denote final and
initial states, respectively), i.e., we get a blueshift of the
plasmon resonance wavelength. This theoretical value is in
good agreement with the experimental shift that was 0.997
(see Ref. [3]).

Figure 2b illustrates the results for the same Au NPs
within the same structure considered in Fig. 2a but now
exposed to EtOH vapors. In this case, the geometrical
parameter d/D decreases from 1.833 to 1.767 in the
presence of EtOH (shown in vertical lines), indicating
that the NPs approach each other, as schematized in the
inset of Fig. 2b. Therefore, according to the KKR method,
λ

f
sp/λi

sp = 1.004, indicating a redshift of the plasmon peak,
although this value is slightly smaller than the experimental
displacement that is 1.006 (see Ref. [3]).

As shown in [2], when the film is exposed to Tol, the
NPs move away from each other, causing a blueshift of
the resonant wavelength, whereas in the presence of EtOH,
the NPs approach each other and this leads to a redshift
of the plasmon resonance. The different vapors produce
opposite behaviors in the movement of the NPs, which,
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b

Fig. 2 Calculated plasmon wavelengths obtained with the KKR
method as a function of the geometrical parameter d/D, for a slab
comprising a single layer of NPs exposed to Tol (a) and EtOH (b)
vapors. Horizontal solid and dotted lines denote the plasmon resonant
wavelength at the initial and final stages, respectively. The insets in
each panel represent a minimalistic system composed of only two
Au NPs that separate or get closer together depending on the type of
analyte vapors

in turn, produce opposite shifts in the plasmon resonance
wavelength. Therefore, for films exposed to the non-polar
and polar vapors shown in Fig. 2, the theoretical values
obtained for the relative resonance plasmon wavelengths
exposed to Tol and EtOH follow the same trend than the
experimental values observed in Ref. [2].

Optical Filters

In Fig. 3a and b, we present experimental and KKR absorp-
tion and transmission spectra. For the KKR simulations,
we used the same slab modelled in the previous figure for
d/D = 1.8. The experimental curves correspond to a film

a

b

Fig. 3 Calculated and experimental transmission and absorption
spectra for d/D = 1.8

incubated for 24 h. It can be observed that our theoretical
model reproduces quite well the main features of the optical
response of the fabricated film. The theoretical curves show
the same behavior that the experimental ones, although the
transmission minimum in Fig. 3a and the absorption peak in
Fig. 3b calculated theoretically are slightly redshifted with
respect to the corresponding measured curves. Besides, the
theoretical half-widths are smaller than the experimental
ones.

The differences between the theoretical and the experi-
mental results can be attributed to deviations of the model
from the actual film, such as the geometry of the arrange-
ment, the size and shape of the NPs, the eventual formation
of clusters of NPs, and the constitutive parameters of the
materials involved. In particular, the dielectric function used
to model the Au NPs does not take into account size cor-
rections. It is known that the absorption spectrum for an
isolated Au nanoparticle widens significantly if the appro-
priate corrections are introduced [31–33].
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Fig. 4 (a) Experimental absorption spectra for different incubation
times of the film: 24 h (red line) and 48 h (blue line). (b) Theoretical
absorption spectra (KKR method) for d = 5.4 nm and for two different
values of the Au NP radius: a = 1.5 nm (red line), a = 2.0 nm (blue
line), and a = 2.5 nm (black line)

In Fig. 4a, we show the experimental absorption
spectrum for two different incubation times of the film,
24 h (red line) and 48 h (blue line). Both experimental
curves show a similar behavior; the peak for the 48-h film
is higher and slightly redshifted with respect to that of the
24-h film. Notice that the thickness of the films increases
with the incubation time and also that the Au NPs tend
to form clusters, which eventually can be regarded as an
increase of the effective size of the NPs. To investigate the
possible influence of the NP size on the optical response,
in Fig. 4b, we show the absorption spectra obtained by the
KKR method for a film with d = 5.4 nm, for different values
of the NP radius a. Our theoretical results show that as a

is increased (keeping d fixed), the absorption peak redshifts
and its intensity is enhanced. The behavior of the theoretical
curves as the NPs become larger is similar to that observed
for the experimental films as the incubation time increases.

Therefore, the Au NP slab employed to model the actual
films seems to represent quite well the main features of the
experimental absorption spectra.

Conclusions

In summary, we have confirmed via calculations that the
plasmon resonance wavelength of NP films exposed to
EtOH and Tol vapors shift to red or blue consistently with a
shrinkage or separation of the Au NPs, respectively, which
also confirms that coupling effects are predominant. We
have applied the QS and the KKR method to investigate
the dependency of the resonant wavelength with the
geometrical parameter d/D. Even though the quasi-static
model predicted the correct behavior, the KKR method
could better reproduce the experimental results. The KKR
approach proved to be an effective tool for estimating the
spectral position of the absorption peaks of the fabricated
films and then it could be employed as a design tool.

Finally, taking into account that small changes in the
inter-NPs distance cause significant modifications in the
optical transmission, we have shown that these films can
perform as optical filters. Research on optimization of such
films for applied devices such as VOC detectors and optical
filters is being carried out and will be published soon.
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