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Abstract— Recently, the polymer modified gold nanoparticles have showed much potential in advanced materials. In
this paper we have used the finite element method (FEM) for the calculation of the effects coupling on the plasmonic
resonances of the gold-core/polymer-shell nanospheres. Several plasmonics structures have dimensions much smaller
than the wavelength of the incident light. Under these conditions, retardation effects are negligible and the field
distribution problem then reduced to solve Laplace’s equation. The study is performed for various possible
configurations of two coated gold nanoparticles (GNPs) when they are aggregating in dielectric medium. The
numerical results that we have obtained show that the absorption spectrum of coupled coated-GNPs is depending to
the polymer-shell thickness, the nature of the polymer constituting the shell and the gold-core radius.
Keywords—coated gold nanoparticles, polymers shells, optical properties, surface plasmon resonance, finite element
method
I.
INTRODUCTION
In recent years, gold nanoparticles have been extensively studied and used in various applications because of their
unique optical and catalytic properties (e.g. [1]–[12]). The optical properties are due to electron oscillations in the
metallic particles induced by the incident light ﬁeld, giving rise to the so-called surface plasmon resonance (SPR) (e.g.
[1]–[5]). The efficiency of gold nanoparticles (GNPs) to absorb and scatter light is highly dependent on the size and the
shape of the GNP and on the dielectric properties of the environment (e.g. [5], [13]). The surface plasmon oscillation in
metallic nanoparticles is drastically changed if the particles are densely packed in the dielectric medium, so that the
individual particles are electronically coupled to each other. It was found theoretically and experimentally that when the
individual spherical gold nanoparticles come into close proximity the one to another, electromagnetic coupling of
nanoparticles becomes efficient for interparticles distances smaller than five times the nanoparticle radius ( d ≤ 5R
where, d is the center-to-center distance and R is the radius of the particles). In addition, the effect coupling lead to
complicated extinction spectra depending on the size and shape of the formed cluster aggregate by the splitting of single
cluster resonance. (e.g. [14]-[18]) Aggregation causes a coupling of the gold nanoparticles plasmon modes, which results
in a red shift and broadening of the longitudinal plasma resonance in the optical spectrum. (e.g. [19]) The wavelength at
which absorption due to dipole-dipole interactions occurs may be varied from 520 nm (effectively isolated particles)
through 750 nm (particles that are separated by only 0.5 nm), and the resulting spectra are a composite of the
conventional plasmon resonance due to single spherical particles and the new peak due to particle-particle interactions.
(e.g. [20]-[24]).
Gold nanoparticles are colloidally unstable and are susceptible to irreversible aggregation. To stabilize them, they can
be coated with small organic molecules such as citrates, surfactants, ligands or polymers. Schiffrin and coworkers (e.g.
[25]) reported the two-phase reduction method to produce alkanethiolate-protected gold nanoparticles with tunable
particle size between 1nm to 10nm depending on the ratio of the Au salt and the alkanethiol ligand.
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Functional ligands can also be attached to the nanoparticle surface to provide an additional tool to design surface
architecture and to modulate physico-chemical properties for compatibility and detection. To this end, polymeric ligands
have proved to be a popular choice due to their flexibility for tailoring specific uses and also for their greater long-term
stabilizing properties compared to small molecules such as citrates. Notable examples include polysaccharides (e.g. [26]),
DNA (e.g. [27]-[31]) and a category of "smart" polymers (e.g. [32]) that possesses stimuli-responsive attributes, in
particular, pH, salinity and temperature-sensitive polymers have been widely studied due to their potential applications in
biomedical and delivery systems (e.g.[33]-[37]). Two ways of polymeric stabilization are distinguished: The "graftingto" technique requires pre-synthesized polymers end-capped with a thiol (e.g. [38]-[40]), or dithioester (e.g. [41]), and
polymers with disulphide unit (e.g. [42], [43]). In "grafting-from" method (e.g. [43]-[45]), monomers are polymerized
from the surfaces carrying polymerization-initiating species. Both methods preferably involve controlled/living radical
polymerization techniques such as ATRP (e.g. [46],[47]) and RAFT (e.g. [48]-[56]) to obtain a monodisperse and dense
polymeric shell around the gold cores. We can cite a few examples of gold (e.g. [57]) and silver [58] nanoparticles
grafted with RAFT thermo-sensitive polymers. Recent advances on synthesis and applications of polymer-protected gold
nanoparticles can be found in a comprehensive review by Shan et al (e.g. [59]).
An original way to generate aggregation of GNPs consists in grafting on their surface stimuli-responsive polymers (e.g.
[60]-[64]). Such polymers are chosen for the ability to change their conformation in response to an external stimulus such
as pH, temperature or light. This gives them the ability to control individual systems. In concept, the stimuli-responsive
polymers are also known as “environmentally sensitive” polymers (e.g. [65]-[67]), which will undergo relatively large
and abrupt, physical or chemical changes as responses to small external stimuli in the environmental conditions (e.g.
[68]-[71]). For polymers, the temperature and pH stimuli have been widely studied due to the reversibly responsive
features. The stimuli response of the polymer chains can be intrinsically ascribed to the polymer solubility in different
environments. In the Flory–Huggins theory, the solubility of polymer chains depends on the segment–solvent interaction
which is defined by solvent quality (e.g. [72], [73]). Originally, the polymer brush chains are fully extended in solution.
However, when adding an external stimulus they will collapse onto the solid cores densely and hence change the spatial
occupation and surface property (e.g. [74]-[76]) .The inter-chains collapse results in the formation of aggregates of
nanoparticles.
Numerical techniques are designed to solve the relevant filed equation in the computational domain, subject to the
boundary constraints imposed by the geometry. Without making a priori assumption about which field interaction are
most significant, numerical techniques analyze the entire geometry provided as input. The finite element method (FEM)
(e.g. [77-78]), which is a powerful numerical modeling tool, has been widely used for modeling electromagnetic wave
interaction with complex materials. As already mentioned, the computer simulation model based on FEM we develop
here, was applied to three-dimensional systems. In this paper, we use this approach for computing the potential
distribution in the composite material consisting of two coupled GNPs coated by Polymers and immersed in a dielectric
medium and to derive its effective dielectric constant, this parameter allowed us to calculate the absorption cross-section.
For this we used the core-shell model (gold-core/polymer-shell), the core and shell of particle and the environments are
characterized by the dielectric constant. The main purpose of this work is to present various numerical results (in the
quasi-static limit) of the absorption cross-section computed by FEM for a periodic composite structure in which the
inclusions are the coupled gold nanoparticles coated with polymeric shell. The effect of several geometrical and physical
parameters on the absorption spectrum are analyzed and compared.
II.

EFFECTIVE DIELECTRIC PERMITTIVITY OF COMPOSITES WITH CORE-SHELL
NANOPARTICLES
A two-phase nanoparticle is investigated in which spherical gold nanoparticles with interfacial polymeric shells are
randomly embedded in a homogeneous matrix. Combining the interfacial shell and the gold core can be regarded as a
„„complex particle‟‟. Therefore, the three-phase random composite system can be regarded as the complex particles
embedded in the matrix. For simplicity, the permittivity is assumed to be unchangeable inside the interfacial layer. We
postulate that R1 and R 2 are the radius of core with permittivity ε1 and shell with permittivity ε2 of the complex particle,
respectively. The thickness of the shell is e = R1 − R 2 , and the permittivity of the matrix is εm . Under quasi- static
approximation, when an electromagnetic field E0 is incident perpendicularly to the complex particle, the electric potential
in each component in composite is given by the Laplace equation (e.g. [79]):
ϕc = −ArE0 cos θ,
r < R1
(1)
ϕs = −E0 Br −

CR 31

r2
DR 32

cos θ,

R1 < 𝑟 < R 2

(2)

ϕm = −E0 r − 2 cos θ,
R 2 < 𝑟 (1)
(3)
r
Coefficients A, B, C and D are determined by the boundary conditions, respectively. As shown in Eq.(3), the outer
electric potential contains two parts: one is the contribution of outfield and the second can be considered as the
contribution of the electrical dipole moment of medium sphere. The overall electrical dipole moment of the spherical
particle with polymeric shell is calculated through the electric potential generated by the electrical dipole moment in the
space:
γε −ε
p = 1 m 4πεm R32 E0 ,
(4)
Where:

γ=
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γε1 +2εm
β 1−2β +2f s β(1−β)
1+2β −f s (1−β)

,

(5)
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With the volume ratio fs = R31 R32 and equivalent coefficient β = ε2 ε1 .
We note that in the case where there is no shell, that is R 2 = R1 and β = 1, the above parameter reduces to γ = 1, the
electrical dipole moment of the solid particle is calculated with the following formula:
ε −ε
p = 1 m 4πεm R31 E0 ,
(6)
ε1 +2εm

The effective medium theory and the Maxwell–Garnett theory are usually regarded as a convenient method to deal
with the linear response of such a homogeneous composite system according to its microstructure (e.g. [80], [81]). The
effective permittivity of the composite with single spherical inclusions is obtained from the average of polarization
theory (e.g. [81]):
ε −ε
ε
ε
f 1 eff + 1 − f m − eff = 0,
(7)
ε1 +2εeff

εm +2εeff

Where f and (1 − f) are the volume fractions of particles and matrix, respectively; εeff is the effective permittivity of
composite; ε1 and εm are the permittivity of filler particle and the matrix, respectively.
The effective permittivity of composite is given by Eq.(7) when only dipole interactions are present. For regular arrays
this case occurs in the limit of low filling factor of scatter inclusions. However, higher multipole interactions become
significant when particles approach contact, so Eq.(7) is inapplicable in regular arrays at high volume filling. In random
or disordered distributions close encounters can occur at any volume filling, so higher multipole corrections are
necessarily considered in disordered medium even at low volume filling. Furthermore, the higher multipole interactions
intensify rapidly on enhancing the volume fraction of filler particles. In order to take the higher multipole interactions
into account, we give a set of permittivity(ε1b , εbm ) to replace the real permittivity(ε1 , εm ). The set of permittivity(ε1b ,
εbm ) has something to do with permittivity(ε1 , εm ) and the shape of the particles. Based on the Maxwell–Garnett theory
and the relation between two distinct topological structures (symmetry structure and dissymmetry structure) [81], ε1b and
εbm can be expressed as:
2f
ε1b =
ε1
8
3−f
2 1−f

εbm =
εm
9
2+f
Substituting Eqs. (8) And (9) into Eq. (7) , we obtain the equation for the effective permittivity of two-phase
randomly mixed composite:
f

εb1 −εeff
εb1 +2εeff

+ 1−f

εbm −εeff
εbm +2εeff

= 0,

(10)

The following step investigates the composite containing core–shell spherical particles randomly distributed in a
homogeneous matrix. Substituting in Eq (7) the permittivity ε1 by the equivalent permittivity γε1 we can get the equation
for effective permittivity:
f′
f

γεb1 −εeff
γεb1 +2εeff

+ 1 − f′

εbm −εeff
εbm +2εeff

=0

(11)

Wheref ′ = , and f is the volume fraction of core. The modified formula is universal and available for calculating
fs

effective permittivity of the composite system composed of coated spherical inclusion imbedded in homogeneous matrix
randomly.
III.
MODEL AND METHOD
3-1 method and characterization
In the past, nanoparticles grafted with polymers have been modelled with a few classic models (e.g. [82], [83]). In our
study, the core-shell model is employed to characterize the protecting polymer shell, this model represents a sphere (the
core gold) stacked in another sphere (the shell: polymer). The fitting geometrical parameters for this model are the gold
core radius (R c ), the polymer shell radius (R p ) and the polymer shell thickness (e), (e = R p − R c ) as shown in Fig.1.
The physical parameter characterizing the different phases of the nanocomposite is the dielectric permittivity (gold
core εc , polymer shell εp and surrounding medium εm ).
The dielectric constant of gold core is a function of frequency of the electromagnetic wave with which it interacts.
Indeed, the interaction of an electromagnetic wave (with a pulse ω), with a metal will lead to a polarization of the
medium. This polarization will then generate a change in the complex refractive index, n ω , which is related to the
dielectric constant by the following relationship:
n2 ω = ε ω
(12)

𝑅𝑐

.

𝑅𝑝

𝜀𝑐

𝑒

𝜀𝑝
𝜀𝑚

Fig. 1 Representation of the core-shell model
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In order to describe the permittivity of Gold in a wide frequency band, use was made of two-critical points Drude
model (two-CPDM) (e.g. [84]). This model is valid in the frequency band between 0.5eV to 6.5eV corresponding to
wavelengths between 200nm and 2400nm. Within the framework of this model, the permittivity of a Gold nanoparticle
is expressed by:
ε = ε∞ −

ω2D
2
ω +iγω

+

2
j=1 A j Ωj

e

iΦj

Ωj −ω−iΓj

+

e

−iΦj

Ωj +ω+iΓj

.

(13)

In this relationship, ε∞ is the permittivity at infinite frequency, ωD is the frequency of the volume plasmon, γ is the
collision rate of electrons, and the third contribution in the r.h.s of the above relation represents the Lorentz term.
3-2 method
In this work we are interested in determining the effective dielectric permittivity of nanocomposite constituted by
dimer gold nanoparticles coated with polymers immersed in a dielectric medium using the Finite-Element FE numerical
tool. The detailed description of the method for determining the effective permittivity in the quasi-static limit can be
found elsewhere (e.g. [85]). As both computing power and the efficiency of the FE computational method, it is becoming
possible to investigate new composite materials through computer simulations before they have even been synthesized.
FE tool is used to compute the solution of Laplace equation by determining the electric field and potential distribution
from the physical properties of different phases of the composite material. Recent works have shown that the FE method
could be successfully applied to compute the effective permittivity of periodic composite materials (e.g. [86]). The basic
scheme of the FE method is now briefly recalled.
To describe the FEM scheme, we consider a spatial domain, Ω, shown in Fig.2 with a vanishing charge density.
Solving the problem at hand means finding the local potential distribution inside the computational domain by solving
Laplace‟s equation (first principal of electrostatic):
∇ ε0 ε r ∇ V r = 0 ,
(14)
Where 𝜀(𝑟) and 𝑉 𝑟 are the local relative permittivity and the potential distribution inside the material domain
respectively with zero charge density. 𝜀0 = 8.85. 10−12 𝐹 𝑚 is the permittivity of the vacuum. In addition, the
composite (dielectric) is assumed to be periodic with three phases (metallic core, polymeric shell and host matrix).
Taking into account the symmetry and periodicity properties, the geometry of the medium is reduced to a unit cell. The
implementation of the FE method consists in dividing the three-dimensional domain into tetrahedral finite elements and
𝜕𝑉
interpolating the potential 𝑉 and its normal derivative on each finite element similarly to the BIE method (e.g. [87],
𝜕𝑛
[88]) with the corresponding nodal values:
𝑉 = 𝑖 𝜆𝑖 𝑉𝑖
(15)
𝜕𝑉
𝜕𝑉 𝑖
= 𝑖 𝜆𝑖
(16)
𝜕𝑛

𝜕𝑛

Where λi denotes the interpolating functions.
𝑉 = 𝑉2
𝐿1

𝐿3
𝐿2

𝜕𝑉
=0
𝜕𝑛
𝜕𝑉
=0
𝜕𝑛

z
y

x

𝑉 = 𝑉1

Fig. 2 Notation and boundary conditions related to a three-dimensional periodic nanocomposite. This cell contains two
coupled coated gold nanoparticles
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To describe the FEM scheme, we consider a spatial domain, Ω, shown in Fig.2 with a vanishing charge density.
Solving the problem at hand means finding the local potential distribution inside the computational domain by solving
Laplace‟s equation (first principal of electrostatic):
∇ ε0 ε r ∇ V r = 0 ,
(14)
Where 𝜀(𝑟) and 𝑉 𝑟 are the local relative permittivity and the potential distribution inside the material domain
respectively with zero charge density. 𝜀0 = 8.85. 10−12 𝐹 𝑚 is the permittivity of the vacuum. In addition, the
composite (dielectric) is assumed to be periodic with three phases (metallic core, polymeric shell and host matrix).
Taking into account the symmetry and periodicity properties, the geometry of the medium is reduced to a unit cell. The
implementation of the FE method consists in dividing the three-dimensional domain into tetrahedral finite elements and
𝜕𝑉
interpolating the potential 𝑉 and its normal derivative on each finite element similarly to the BIE method (e.g. [87],
𝜕𝑛
[88]) with the corresponding nodal values:
𝑉 = 𝑖 𝜆𝑖 𝑉𝑖
(15)
𝜕𝑉
𝜕𝑉𝑖
= 𝑖 𝜆𝑖
(16)
𝜕𝑛
𝜕𝑛
Where λi denotes the interpolating functions.
Following this analysis, the solution of Laplace‟s equation is obtained using the Galerkin method and by solving the
resulting matrix equation from the boundary conditions thanks to a standard numerical technique, i.e., Gauss procedure
(e.g. [77]).
Having computed the potential and its normal derivative on each tetrahedron of the computational mesh, the
electrostatic energy Wek , and losses, Pek could be expressed for each tetrahedral element as:
Wek =
Pek =

ε0

ε′
Vk k

2

ε0
Vk

2

∂V 2

x, y, z

∂x

+

∂V 2

ωε′′k x, y, z

∂x

+

∂V 2
∂y

+

∂V 2
∂y

+

∂V 2
∂z

∂V 2
∂z

dVk ,

(17)

dVk .

(18)

th

Where εk and Vk represent the permittivity and the volume of the k tetrahedron element, respectively. Thus, the total
energy and losses in the entire composite can be written by summation over the nk elements such as:
nk
We = k=1
Wek
(19)
nk
Pe = k=1 Pek
(20)
To compute quantities We and Pe , we suppose that the composite material is embedded in a plane capacitor. This way
allows us to determine the effective permittivity in a direction parallel to the applied electric field. Then, from the
capacitor electrostatic energy expression, we deduce the effective (complex) permittivity. We find that the real part,ε′eff ,
and imaginary one, ε′′eff , parallel to the applied electric field, are given by:
1
S
Wek = ε′eff d V2 − V1 2 ,
(21)
2
1

L3
Sd

2

L3

Pek = ωε′′eff

V2 − V1

2

.

(22)

Where V1 and V2 are the potentials applied across to plates of the unit cell (Fig. 2). Here, Sd = L1 . L3 is the surface of
in-depth. The real and imaginary parts of the effective permittivity then depends on the total energy, We , losses, Pe ,
linear size L2 and applied potential difference V2 − V1 . In addition, the second one is frequency-dependent. If the
amplitude of the applied field is equal to 1, so the potential difference is kept equal to ΔV = L2 . The following paragraph
will be devoted to the determination of the optical properties of the material under investigation.
3-3 absorption-cross-section
From the evolution of the effective complex dielectric function depending on the wavelength (or frequency) of the
incident field, the resonance modes that may occur in nanoparticles are identified. For this, it would be interesting to
calculate the scattering cross-sections and absorption. The sum of these two quantities defines the extinction crosssection
σext = σabs + σdiff .
(23)
In the case where the dimensions are very small compared to the wavelength, the light scattering can be ignored, and
we have: σext ≈ σabs
The cross-section of extinction (absorption) can be determined from the imaginary part of the effective dielectric
function of the composite using the following equation [89]
V p k ′′
σabs =
εeff .
(24)
f n
eff

Here, Vp stands for the common volume of nanoparticles, f is their fraction, k is the wave-vector amplitude of the
electromagnetic wave, and neff represents the refractive index that can be related to the real and imaginary parts, ε′eff and
ε′′eff , of the effective permittivity by (e.g. [90])
1 2

neff =

′
′′2
ε′2
eff +εeff +εeff

2

.

(25)

This formula clearly shows that the peak of Im(εeff ) indicates that the light is rather absorbed in specific regions. The
effective dielectric function and the effective refraction index are calculated using FEM. Hence, the section of optical
absorption is easily obtained. In the following section, we present and discuss our findings.
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IV.
RESULTS AND DISCUTION
In this work we are interested in the study of the optical properties of two coupled gold nanoparticles coated with
polymer shell using the FEM. For this nanocomposite system the variation of the conformation of polymers chains can
lead to the formation of aggregates of nanoparticles. In particular the conformation of polymer chain depends on several
environmental stimuli such as the temperature, PH, Solvents, Electromagnetic radiation (UV, visible) and others. The
Fig.3 shows a schematic illustration of the assembly mechanism of the gold nanoparticles by the stimuli-responsive
polymers intermediaries grafted on their surfaces. The stimuli collapse of polymer chains onto solid cores will decrease
the spatial occupy and the surface property when the distance between two nanoparticles becomes very small the
coupling effect exchange the interaction process of these nanoparticles with an incident electromagnetic wave which
modifies the SPR properties of these nanoparticles.

Au
Au

+ stimulus

Au
Au

Au
Au

- stimulus

Au
Au

Fig.3 Schematic representation of the assembly of GNPs by stimuli-responsive polymers
To respect the limits imposed by the quasi-static approximation used in this simulation we are limiting our study in the
case of binary coupling coated GNPs. For this, we consider two coupled GNPs with different configurations as shown in
Fig.4, for these nanostructures the dependence of SPR on the shell thickness, permittivity of the polymer shell and goldcore radius will be discussed systematically.
(a)

(c)
(b)

𝐸

𝐸

𝐸

Fig.4 Schematic representation of the various configurations of two coupled coated-GNPs: L-mod (a), T-mode (b) and
randomly oriented (c)
Let us consider two gold nanoparticles coated with a polymeric shell into contact and are emerged in aqueous dielectric
medium, these nanoparticles are disposed such that the interparticles axis is parallel to the direction of external applied
electric field called longitudinal mode (L-mode). The shell thickness of the polymer depends on several parameters such
as the degree of polymerization, the quality of solvent and other external stimulated. When the thickness of polymeric
shell decreases, the gold cores becomes closer the one to other. This closer induces a change in the plasmonic properties
of these nanoparticles. In Fig.5 we represent the variation of the absorption cross-section versus the photon energy of two
coated GNPs coupled to L-mode for different values of the thickness of the polymer-shell, for this figure: the radius of
gold-core is set to (𝑅𝑐 = 15𝑛𝑚), the volume fraction of inclusions which is the ratio of the total volume of inclusions on
the volume of the cell (𝑓 = 0.1) and permittivity of different phases of system are chosen as follows: dielectric medium
(𝜀𝑚 = 1.77), polymer-shell (𝜀𝑝 = 3.5) and the permittivity of the gold-core is described by the two-CPDM These curves
show that for the large values of polymer-shell thickness the SPR-peak position (λmax -position) remains unchanged, in
this case the polymer-shells has an effect shielded the coupling of gold-cores while for small values of the polymer-shell
thickness the λmax -position is red shift , in this case the coupling effect becomes very important compared to shielding
effect.
In Fig.6 we represent the absorption cross-sections in the case where the two coated-GNPs are aligned perpendicular to
the direction of the external applied field called transverse mode (T-mode), These curves show that when the thickness of
polymer-shell decreases, the λmax -position moves slightly to larger values of the photon energy that is to say blue-shift
while the amplitude of the peak decreases. These results are in agreement with those found by W. Rechberger et al (e.g.
[91]) in the case of GNPs without shells, the same results are also found by benhamou et al (e.g. [92]) in the case of an
isolated coated-GNP. These results are explained by the absence of coupling between the two coated-GNPs in the case
where the interparticles axis is perpendicular to the direction of external applied field.
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Generally two nanoparticles which are located near one to other are randomly aligned relative to the direction of the
external electric field, in order to model this configuration we presented in Fig.7 the results of the FEM simulation for
two coupled coated-GNPs in the case where the angle between the interparticles axis and the field direction is (𝛼 =
𝜋 4). For this figure we have chosen the following parameter values: radius of gold-core 𝑅𝑐 = 15𝑛𝑚, volume fraction
of inclusions 𝑓 = 0.1, permittivity of surrounding medium 𝜀𝑚 = 1.77 and permittivity of polymer-shell 𝜀𝑝 = 3.5. These
curves show that when the thickness of polymer-shell varied from 𝑒 = 4𝑛𝑚 to 𝑒 = 10𝑛𝑚 the λmax -position remains
unchanged and its amplitude undergoes a remarkable decrease while for the values much lower than 𝑒 = 4𝑛𝑚 the λmax position is red-shift and it is noted the appearance of a second less intensive peak in the blue region the latter is due to
particle-particle interaction (quadrupole interaction).
We note that these results are in agreement with the experimental results obtained by C. Durand-Gasselin et al (e.g. [93],
[94]).These authors are interested in their work by the synthesis of assembled gold nanoparticles by thermosensitive
polymers grafted on their surfaces. Specifically, they studied the synthesis and the preparation of GNPs suspensions
stabilized by thermosensitive polymers that are the poly (ethylene oxide-st-propylene oxide), (𝐸𝑂𝑥 − 𝑠𝑡 − 𝑃𝑂𝑦 )
functionalized dithiol grouping in aqueous solution and also studied their behavior in solution. At low temperatures, all
GNPs suspensions stabilized by the thermosensitive polymers exhibit a UV-visible absorption spectrum characteristic of
GNPs when they are well-dispersed with a band of SPR characteristic centered at 520nm. When the temperature
increases, the thermosensitive polymer chains grafted undergoing a phase transition, that is to say, they tend to dehydrate
and become hydrophobic. Thereafter, from a critical temperature called Tagg, an aggregation of GNPs, characterized by a
shift in the SPR-peak position to longer wavelengths is observed. These authors have shown also that the aggregation
process is completely reversible that is the maximum of the SPR-peak position returns to its initial value when the
temperature decreases below Tagg
2

3
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5
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2

1
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Fig.5 Absorption cross-section for L-mode of tow coated-GNPs for different values of the shell-thickness 𝑒. The curves
are drawn choosing 𝑓 = 0.1, 𝜀𝑚 = 1.77, 𝜀𝑝 = 3.5 and 𝑅𝑐 = 15𝑛𝑚
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Fig.6 Absorption cross-section for T-mode of tow coated-GNPs for different values of the shell-thickness 𝑒. The curves
are drawn choosing 𝑓 = 0.1, 𝜀𝑚 = 1.77, 𝜀𝑝 = 3.5 and 𝑅𝑐 = 15𝑛𝑚
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Fig. 7 Absorption cross-section for the random disposition of tow coated-GNPs for different values of the shellthickness 𝑒. The curves are drawn choosing 𝑓 = 0.1, 𝜀𝑚 = 1.77, 𝜀𝑝 = 3.5 and 𝑅𝑐 = 15𝑛𝑚

In the following step we will study the effect of polymer-shell permittivity on the optical properties of two coupled
coated-GNPs. Indeed, the permittivity of polymer layer coating metal nanoparticle depends on several parameters, for
example the grafting density, solvent quality and the polymers nature. Fig.8 shows the variation of the absorption crosssection of two coated GNPs coupled into L-mode for different values of polymer-shell permittivity, for this figure we
have fixed the value of shell thickness to 𝑒 = 4𝑛𝑚 and the other parameters 𝑓 = 0.1, 𝑅𝑐 = 15𝑛𝑚 and 𝜀𝑚 = 1.77. These
curves show that when the polymer-shell permittivity increases from εp = 3 to εp = 5 , the absorption amplitude
increases considerably while the SPR peak position moves from (E = 2.17eV, λmax = 572nm) to (E = 2.04eV, λmax =
608nm ) this means that the λmax -position is red-shift, these results show that the coupling effect becomes important
when the polymer-shell permittivity increases for the L-mode coupling. The simulation results of the effect of polymershell permittivity for the T-mode are shown in Fig.9, these curves shows that when the polymer-shell permittivity
increases the SPR peak position is slightly red-shift (λmax = 535nm for εp = 3 and λmax = 551nm for εp = 5 ) and the
amplitude of the peak is also increases. These results are also remarked by benhamou et al [92] for insulated coatedGNP, these results are interpreted by the absence of the coupling effect for the T-mode configuration
Fig.10 shows the variation of the absorption cross-section for deferent values of polymer-shell permittivity in the case
where the interparticles axis is randomly oriented relative to the external field. This figure shows that when the
permittivity εs varies from εp = 3 to εp = 5 , the λmax -position is red-shift from (E = 2.22eV, λmax = 559nm) to
(E = 2.08eV, λmax = 596nm)and the amplitude increases, these curves also show that from εp = 4.5 begins to appear a
second peak around the λmax = 564nm which is due to the quadripolar interaction. These results show clearly that the
coupling effect becomes significant when the polymer-shell permittivity increases.
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Fig. 8 Absorption cross-section for L-mode of tow coated-GNPs for different values of the shell-thickness permittivity𝜀𝑝 .
The curves are drawn choosing 𝑓 = 0.1, 𝜀𝑚 = 1.77, 𝑒 = 4𝑛𝑚 and 𝑅𝑐 = 3.5𝑛𝑚
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Fig.9 Absorption cross-section for T-mode of tow coated-GNPs for different values of the shell-thickness permittivity𝜀𝑝 .
The curves are drawn choosing 𝑓 = 0.1, 𝜀𝑚 = 1.77, 𝑒 = 4𝑛𝑚 and 𝑅𝑐 = 3.5𝑛𝑚
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Fig.10 Absorption cross-section for the random disposition of tow coated-GNPs for different values of the shell-thickness
permittivity𝜀𝑝 . The curves are drawn choosing 𝑓 = 0.1, 𝜀𝑚 = 1.77, 𝑒 = 4𝑛𝑚 and 𝑅𝑐 = 3.5𝑛𝑚
Now consider two gold-core/polymer-shell nanoparticles placed in contact and emerged in a dielectric medium of
permittivity εm = 1.77. For these nanocomposites the two parameters: thickness and permittivity of the external polymer
layer may simultaneously vary following an external stimulated response which can be either physical, such as
temperature in the case of thermosensitive polymers, PH or Electromagnetic radiation (UV, visible), chemical as Specific
ions and Chemical agents or biological as Enzyme substrates and Affinity ligands. In Figs.11-13 we present the
simulation results obtained by the FEM for deferent configurations: L-mode T-mode and randomly oriented, for these
figures the variation of the thickness and permittivity of the polymer-shell is simultaneously: the first decreases the same
time as the second increases. These curves show that the λmax -position of SPR is red-shift when the shell-thickness
decreases and the polymer-shell permittivity increases in the case of L-mode and in the case where the two coupled
coated-GNPs are randomly oriented relative to the external field whereas for the T-mode SPR λmax -position is slightly
varied. The main conclusion is that the coupling effect becomes significant when the polymer-shell thickness decreases
and its permittivity increases in the case where the two coupled nanoparticles are randomly or longitudinally disposed
relative to the direction of the applied electric field.
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Fig.11 Absorption cross-section for the L-mode of tow coated-GNPs for different values of the shell-thickness
permittivity𝜀𝑝 .and shell-thickness 𝑒.The curves are drawn choosing 𝑓 = 0.1, 𝜀𝑚 = 1.77 and 𝑅𝑐 = 15𝑛𝑚
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Fig.12 Absorption cross-section for the T-mode of tow coated-GNPs for different values of the shell-thickness
permittivity 𝜀𝑝 .and shell-thickness 𝑒.The curves are drawn choosing 𝑓 = 0.1, 𝜀𝑚 = 1.77 and 𝑅𝑐 = 15𝑛𝑚
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Fig.13 Absorption cross-section for the random disposition of tow coated-GNPs for different values of the shell-thickness
permittivity 𝜀𝑝 .and shell-thickness 𝑒.The curves are drawn choosing 𝑓 = 0.1, 𝜀𝑚 = 1.77 and 𝑅𝑐 = 15𝑛𝑚
Finally we studied the effect of gold-core radius on the optical properties of two coupled coated-GNPs, for this we have
chosen the following parameters: f = 0.1, εm = 1.77, εp = 3.5 and e = 4nm. Fig.14 shows the variation of the absorption
cross-section for different values of core-radius for the L-mode configuration, these curves show that when the coreradius takes the values Rc = 10nm, Rc = 15nm and Rc = 20nm the SPR peak occurred for the wavelength respectively
while the peak amplitude of the SPR increases considerably λmax = 577nm, λmax = 582nm and λmax = 588nm while the
absorption intensity increases considerably. Fig.15 shows a small shift of the SPR peak position in the case of T-mode
configuration while the amplitude is much more pronounced when the gold core-radius increases. In the case where the
two nanoparticles are randomly arranged Fig.16 shows that when the gold core-radius increases, the position of the SPR
is red-shift and increases in amplitude and we also note the appearance of a shoulder of the peak near the blue
wavelengths which mean that the coupling effect becomes very important when the gold core-radius increases.
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Fig.14 Absorption cross-section for the L-mode of tow coated-GNPs for three values of the gold-core radius 𝑅 𝑐 .The
curves are drawn choosing 𝑓 = 0.1, 𝜀 𝑚 = 1.77, 𝑒 = 4𝑛𝑚 and 𝜀 𝑝 = 3.5
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Fig.15 Absorption cross-section for the T-mode of tow coated-GNPs for three values of the gold-core radius 𝑅 𝑐 .The
curves are drawn choosing 𝑓 = 0.1, 𝜀 𝑚 = 1.77, 𝑒 = 4𝑛𝑚 and 𝜀 𝑝 = 3.5
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Fig.16 Absorption cross-section for the random disposition of tow coated-GNPs for three values of the gold-core radius
𝑅 𝑐 .The curves are drawn choosing 𝑓 = 0.1, 𝜀 𝑚 = 1.77, 𝑒 = 4𝑛𝑚 and 𝜀 𝑝 = 3.5
V.
CONCLUDING REMARKS
We recall that the aim of this work was to study the optical properties of GNPs coupled through stimuli-responsive
polymers shells, for this we have established a series of 3D-simulations using FEM to calculating the absorption crosssection of two coated-GNPs with different configurations called modes: the longitudinal mode (L-mode) where the tow
GNPs are arranged parallel to the direction of the applied electric field, the transverse mode (T-mode) where the two
GNPs are arranged perpendicular to the field direction and the random mode where the tow GNPs are disposed randomly
relative to the field direction. For these modes we studied the effect of geometrical and physical parameters on the
plasmonic properties of two assembled coated-GNPS such as the permittivity and thickness of the polymer-shell and the
gold-core radius.
In the case of L-mode, the results show that for the great values of the shell-thickness, the position and amplitude of
SPR peak does not change but when it became less than a given threshold the λmax -position is red-shift and the amplitude
increases slightly. For this same mode we note that when the shell-permittivity increases, the SPR-peak moves strongly
to the wavelengths near the red and its amplitude also increases, whereas when the gold-core radius increases the λmax position is slightly red-shift and the peak amplitude is strongly increases. The essential conclusions from these results is
𝑒
that when the
ratio decreases, the SPR-peak position is red-shifts whereas the amplitude increases when 𝑒 and (or)

𝑅 𝑐 increases

𝑅𝑐

In the case of T- mode the obtained results show that the coupling effect between the two GNPS does not depend on
the parameters 𝑒 , 𝜀 𝑝 and 𝑅 𝑐 , for this mode the obtained absorption spectres have the same behaviour as in the case of
the isolated coated-GNP
The latest configuration that we have studied is the case where the two GNPs are randomly oriented relative to the
direction of applied electric field. For this configuration the obtained results showed that the coupling effect depends on
the parameters 𝑒 , 𝜀 𝑝 and 𝑅 𝑐 , the absorption spectra show that, when the polymer-shell thickness decreases, the
polymer-shell permittivity increases or the gold-core radius increases, the λmax -position is red-shift and we notice the
appearance of a second peak due to the particle-particle interaction.
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Finally, we emphasize that the numerical method developed in this work, for the investigation of the optical properties
of the assembled coated GNPs, can be extended to other types of Gold nanoparticles, such as noble metallic nanoalloys
of different shapes and morphology in order to improve the optical properties suitable for the biomedical applications. In
addition, we emphasize that the numerical method, developed in this paper, can be extended to investigate the
electromagnetic coupling between particles and its effect on the plasmonic behaviors. Such considerations are in progress.
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