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Abstract
In this study, visible light extinction spectra of different gold 
nanoparticle assemblies were simulated using boundary 
element method (BEM) in order to investigate the optical 
properties of structures which determine the experimentally 
measured spectra during the self-assembly of the particles. 
Numerous different optically dominant particle arrangements 
can evolve depending on the underlying physicochemical 
mechanism of the clustering process itself: one-dimensional 
chains, two-dimensional arrays or three-dimensional clusters 
can be formed in the solutions or at interfaces. Experimentally 
the aggregation or clustering of gold nanoparticles can be 
conveniently followed by spectroscopic techniques due to the 
plasmon coupling related profound effect of particle aggrega-
tion on the visible extinction spectrum. However, the measured 
spectra usually contain the optical response of various aggre-
gate structures. Additionally, small changes of the interparti-
cle distance can have a significant impact on the frequency of 
the coupled mode. In order to assess the contribution of the 
different structures to the experimentally measurable extinc-
tion spectra during particle clustering, different model struc-
tures (chains, array and 3D-cluster) have been simulated, 
where the distance between the particles was varied as well.
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1 Introduction
Gold nanoparticles feature strong extinction in the visible 

wavelength range due to the evolution of localized surface 
plasmon resonance (LSPR) upon interaction with visible light, 
which can be exploited in the field of sensing [1-3], catalysis 
[4, 5], and biomedical applications [6, 7]. Since the LSPR of 
gold nanoparticles manifests itself in a pronounced extinction 
peak in the visible, it can be conveniently investigated using 
ensemble spectroscopy techniques. The optical response of the 
particles on the other hand is tunable: the peak position of LSPR 
is sensitive to the size [8] and shape [9, 10] as well. Organizing 
the individual gold building blocks into self-assembled struc-
tures can open route towards new properties and applications 
[11]. In the self-assembly processes, 1D-chains (or small oli-
gomers), 2D-arrays or 3D-compact nanoparticle clusters [12] 
are most commonly obtained. These nanostructures enable tun-
ing of the optical response [13-15] for new type of applications, 
such as colorimetric assays [16] or based on SERS enhancement 
[17]. The clustering of the particles and the evolution of the dif-
ferent assemblies can be followed by UV-Vis spectroscopy. 
There are several literature examples, where assignment of 
the evolved nanoparticle cluster structure has been carried out 
solely based on spectroscopic characterization (or by naked eye 
due to the color change) and the identification of dimers, trimers 
[13], chains [18, 19] or larger clusters [15] based on the extinc-
tion spectra has been claimed. Two-dimensional nanoparticle 
arrays have been also reported with potentially useful optical 
properties due to the collective plasmonic oscillations [20, 21]. 

Besides the structure or size [22] of the particle cluster, the 
interparticle distance between the building blocks [21, 23] has 
also a profound effect on the evolving coupled mode. It has to 
be emphasized that in a real experiment – independently of the 
resulting structure – the clustering process usually generates 
a distribution of structures. Consequently, a multitude of cou-
pled modes can exist simultaneously that can be excited by the 
external source. However, the overall optical response of the 
system is determined by the optically dominant centers [19], 
which is responsible e.g. for the presence of a ‘distinct’ coupled 
mode in the extinction spectrum during the aggregation of gold 
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nanoparticles. Hence it is important to know, what the indi-
vidual spectral response and their contribution to the overall 
optical signal of the different cluster types is. 

From this point of view, simulation methods that enable the 
calculation of the optical response of such clusters are of great 
use, since they represent a convenient way to construct and cal-
culate particle assemblies in silico. A wide range of method is 
used to simulate the electromagnetic properties of noble metal 
structures, relying on the solution of full Maxwell’s equations. 
The most commonly used methods are the finite-difference 
time-domain (FDTD) [24], the finite element method (FEM) 
[25], the discrete dipole approximation (DDA) [26], and the 
boundary element method (BEM) [27]. While the first three 
approaches suffer from the drawback of volume discretization, 
BEM works only with surface elements, thus the computational 
time can be reduced significantly. If the surfaces are subdivided 
to sufficient number of elements, the calculations can have the 
same quality as for volume based methods. 

In this paper we demonstrate BEM simulations of extinction 
spectra for linear chain, 2D array and 3D clusters made from gold 
nanoparticles (with diameters of 18 and 40 nm) in the visible 
wavelength range. The results emphasize that spectroscopy alone 
is not adequate to conclude on the precise assembly structure, 
other imaging techniques should be used as well: similar optical 
response from essentially different nanostructures with different 
interparticle separations can be easily obtained in an experiment.

2 Methods and simulation setup
Optical simulation of gold nanoparticles and their assem-

blies was performed in Matlab® using the MNPBEM toolbox 
[28] based on boundary element method (BEM). MNPBEM 
was developed for the simulation of the electromagnetic prop-
erties of plasmonic nanoparticles, where the particles are 
embedded into an environment with homogeneous dielectric 
properties and are separated by well defined, abrupt interfaces 
and provides accurate results for the particle sizes concerned 
in the present work. During the calculations retardation effects 
have been also taken into account. 

Three main geometries have been considered: linear chains, 
2D monolayers and 3D clusters with internal order. For 1D 
chains, the number of constituent particles was varied from 2 to 
13; for 2D arrays and 3D cluster the number of building blocks 
was 7 and 13, respectively. The interparticle distance was also 
varied from 0.2 to 3.8 nm and from 0.8 to 10 nm for 18 nm and 
40 nm particles, respectively. These distance values were cho-
sen based on our earlier work [12]. It is important to point out, 
however, that for the smaller sized particles for particle-particle 
separations below 0.5 nm, the calculated spectra neglect non-
local effects, and hence enable only qualitative conclusions on 
the associated spectral changes.

The nanoparticle surface was discretized using triangles, 
each nanoparticle surface was subdivided using 400 vertices. 
The embedding medium was set to water (dielectric constant: 
1.776), while for the gold particles the dielectric function from 
Johnson and Christy were used [29]. Figure 1 shows the sche-
matic representation of simulation setup with the discretized 
nanoparticle surface.

Fig. 1 Schematic representation of simulation concept: nanoparticle surface 
was subdivided using 400 vertices (green triangles represent the surface 

elements), the direction of irradiation was parallel to the z axis, and the light 
was x-polarized for all geometries.

Figure 2 represents the model structures: linear chains were 
built from different numbers of building particles (2-13), 2D 
arrays contained 7 particles (characteristic building block of 
a hexagonal closed packed 2D structure), and the 3D clusters 
consisted of 13 nanoparticles in closed packed arrangement 
(A-B-A type structure). 

Fig. 2 Schematic representations of simulated model structures. N is the num-
ber of the gold nanoparticles in the structure, D is the interparticle separation 

distance.

For the geometrical arrangement of the 2D and 3D clusters, 
the coordinates for the particle centers as shown in Fig. 3 were 
used.
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Fig. 3 Spatial coordinates of nanoparticles in an A-B-A type 3D cluster. 
Coordinates are x, y and z, respectively. r is the radius of particle, s is the half 

of the separation distance. The coordinates in the left panel have been used 
for the 2D heptamers.

As reported by us earlier [12], the 3D clustering of gold nan-
oparticles in aqueous medium can be carried out by modulat-
ing the effective range of steric repulsion between polyethylene 
glycol (PEG) grafted particles. Hence we restricted the inter-
particle separations between values derived from the thickness 
of PEG brush at the nanoparticle surface from the above men-
tioned reference. Table  1 summarizes the initial brush thick-
nesses and the applied separation distances (equaling to twice 
the brush thickness), as well as the reasonable minimal value 
for the separation as derived from interaction calculations. The 
detailed description of the procedure can be found in Ref. [12].

Table 1 Applied parameters in simulations: diameter of nanoparticles, 
polymer brush thicknesses for the two model systems and the extrema of 

separation distance values.

NP diameter 
(nm)

Polymer brush 
thickness (nm)

Dmax (nm) Dmin (nm)

18 1.9 3.8 0.2

40 6.8 10.0 0.8

3 Results and discussion
3.1 Comparison of Mie theory and boundary element 
method

Extinction spectra of single gold nanoparticles (18 and 40 
nm in diameter) were calculated using Mie theory and bound-
ary element method to compare the results of the two different 
approaches. For individual particles in water, the spectra calcu-
lated by the two different approaches show excellent agreement 
and agree with experimentally obtained data [12], with a slight 
difference in the peak intensity for the 18 nm gold nanopar-
ticles (Figure 4). Hence, discretizing the nanoparticle surface 
using 400 vertices is sufficient for the accurate simulation of 

the optical response of these nanoparticle sizes. On the other 
hand, it enables time-efficient computation, although as the 
particle number increases, (especially for longer chains and 3D 
clusters) the simulation time also increases up to 12 hours.

Fig. 4 Comparison of extinction cross sections calculated by Mie theory 
(open black circles) and the BEM simulation (solid lines) for single gold 
nanoparticles in diameter of 18 nm (a) and 40 nm (b) embedded in water.

3.2 Optical simulations for linear chains
Simulation data are presented for the longitudinal mode only, 

i.e. when light polarization is parallel to the chain axis. The rea-
son to investigate only this mode (polarization direction) is that 
for coupled systems the strength of the coupled mode exceeds 
the single particle mode by orders of magnitude i.e. it becomes 
the optically dominant mode [19]. The structure itself is highly 
anisometric, hence besides the coupled (longitudinal) mode the 
transversal excitation contributes the overall optical response 
to a smaller extent as well, analogously to gold nanorods. The 
transversal mode is determined by the diameter of the particles 
and hence its position is independent on the number of particles 
in the cluster or chain, whereas the individual contribution of 
each particle adds up and contributes to the intensity of this 
mode. Figure 5 shows the simulated (longitudinal) extinction 
cross sections for linear chains built from 18 nm gold particles. 
The number of the building blocks (nanoparticles) was varied 
from 2 to 13 particles, and the interparticle separation distance 
was varied between 3.80 nm and 0.20 nm. 

For larger separation (3.80 nm) the particles are located 
relatively far from each other compared to the particle diam-
eter (ca. 20 %), thus plasmon coupling does not influence the 
original spectrum of an individual particle dramatically. Still, a 
small broadening of the LSPR peak can be observed, indicat-
ing a minor overlap between the near fields of the neighboring 
particles already at this separation value. Decreasing the gap 
between the particles, a new resonance peak starts to evolve 
at higher wavelengths, indicating pronounced coupling for 
all chain lengths (number of particles in the chain). For small 
number of particles the initial LSPR peak remains pronounced 
as well showing a clear redshift, however starting with 4 NPs 
in the chain, its contribution to the overall extinction compared 
to the coupled mode becomes insignificant. As the separation 
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between the particles decreases, coupling manifests itself in the 
broadening of the LPSR band, which results in the appearance 
of a new coupled mode (around 0.60 nm separation distance).

Simulations were performed for chains of 40 nm gold nano-
particles as well and the results have been summarized in Fig. 6. 
The trends observed for the smaller particle size can be extended 
to this model system as well: if the particles are getting closer to 

each other, a redshift of the LSPR occurs and a new peak starts 
to evolve at higher wavelengths due to coupling.

These simulation results are in agreement with the ones 
obtained by Taylor et al. [19], who investigated the optical 
properties of quasi-fractal aggregates experimentally and theo-
retically as well. They compared time-resolved spectroscopic 
results with simulations for gold nanoparticles with diameters 

Fig. 5 Simulated normalized extinction spectra of 18 nm gold linear chains for different chain lengths and interparticle separation distances. Number of 
particles in the chains can be seen in the top right corners. Separation distance was varied from 0.2 to 3.8 nm which can be identified by the legend.

Fig. 6 Simulated normalized extinction spectra of 40 nm gold linear chains for different chain lengths and interparticle separation distances. Number of 
particles in the chains can be seen in the top right corners. Separation distance was varied from 0.8 to 10.0 nm which can be identified by the legend.
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of 20 and 60 nm; the aggregates featured a sub-nanometer 
(0.9 nm) interparticle gap. For 20 nm particles they found that 
coupled mode of dimers forms around 2.0 eV (620 nm) and 
chains can be found around 1.85 eV (670 nm).

Based on the experimental and simulation results it is obvi-
ous, that the gap size has a determining influence on extinction 
spectra. In a real aggregation experiment, surface attached mol-
ecules – acting as a spacer between the particles – provide this 
equilibrium separation. As observed in the simulated extinc-
tion spectra for chains, 1 nm interparticle distance causes only 
a moderate redshift to 600 nm for the 18 nm particles, even 
though a linear chain structure was assumed, which is charac-
teristic for the diffusion limited aggregation as will be shown 
later in Fig. 8. Simulation results are in agreement with the 
observations of Lin et al. [30], who aggregated citrate stabi-
lized 13 nm gold nanoparticles into branched chain network, 
and followed the process by time-dependent UV-Vis spectros-
copy. Evolution of nanoparticle network manifested in a con-
tinual decrease in the 520 nm band with time and an increase 
and redshift of a shoulder from 630 to 705 nm. Zhong et al. 
[31] simulated linear aggregates of gold nanoparticles (20 nm 
and 40 nm in diameter) using DDA, as well. In this study, the 
number of particles in the chain and the separation distance was 
varied. Changing the gap between two 20 nm particles caused 
red-shift in LSPR band from 540 nm to 605 nm for 4.0 nm 
and 0 nm separations, respectively. Spectral shift was observed 
from 530 to 710 nm, when the gap was set to 0.5 nm for 40 nm 
particles, and the number of nanoparticles in the chain was var-
ied from 1 to 7. These previous results also support our obser-
vations on simulation of chain-like structures.

To highlight the coupled nature of the evolving new modes in 
our system, near field calculations have been carried out as well. 
Figure 7 shows the near fields of gold chain at separation dis-
tance of 1.60 nm at two different excitation wavelengths: at the 
wavelength of the single particle contribution (537 nm) and at 
the wavelength of the coupled mode (645 nm) (also see Fig. 6c 
for details). Near field plots indicate that the resonance peak at 
the longer wavelength is indeed related to coupling and a sig-
nificant enhancement (well above 50) can be observed.

For the present study, we carried out the diffusion limited 
aggregation of 18 nm citrate stabilized gold nanoparticles to 
obtain the optical response of a complex, fractal-like aggre-
gate structure. As shown in Fig. 8a, the aggregation results in 
a complex structure, which is essentially a branched nanopar-
ticle network, where chains with different length and different 
branching ratio. The change of the extinction spectrum due to 
aggregation is shown in Fig. 8b: the initial spectrum of stable 
particles changes to a broad spectrum covering almost evenly 
the whole visible wavelength range above the LSPR of the 
starting nanoparticles.

Fig. 7 Calculated near fields of gold chains of 7 nanoparticles (in diameter of 
40 nm) at separation distance of 1.60 nm: a) at 537 nm, b) at 645 nm.

Fig. 8 Aggregation of citrate stabilized gold nanoparticles. SEM 
image of aggregates (a) and extinction spectra of citrate stabilized 
gold nanoparticles (b) measured before (red curve) and after (black 
curve) the increasing of ionic strength using K2SO4 solution. Inset 

of left panel shows the HR-TEM image of the aggregate.

This experimental result agrees with the simulated extinction 
spectra, where the optical response was found to depend sen-
sitively on the chain length (number of particles) and together 
with the varying interparticle separation allows the coverage 
of the whole visible wavelength range. Based on the simula-
tion result presented in Fig. 4 and 5, this also infers that such 
a full coverage of visible wavelength range (i.e. obtaining a 
greyish solution upon aggregation) can be achieved only if the 
particles are allowed to nearly touch each other in the aggregate 
thanks to the small sized ligand molecules on the gold surface. 
It also shows, that special care has to be taken when conclud-
ing solely from the extinction spectra on the structure of the 
prepared clusters, since even for the simplest case (1D linear 
chain) markedly different spectra can be obtained depending 
on the interparticle spacing. That is, when larger molecules are 
present on the surface, even in the aggregated state the spectra 
might show distinct extinction peaks, but this observation is 
not an evidence for the presence of three dimensional clusters, 
it might also originate from a linear, fractal-like assembly with 
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larger interparticle spacing. For this reason, extinction meas-
urement in itself does not provide evidence for the presence of 
special structures (3D structures or dimers), and complemen-
tary measurements (e.g. DLS or SEM) has to be performed.

3.3 Optical simulations for 2D heptamers
As a characteristic building block of self-assembled closed 

packed monolayer of particles, hcp structure built up from 7 
nanoparticles was investigated for two different nanoparticle 
diameters. Figure 9 shows the results of simulation for extinc-
tion spectra at different interparticle separations. While the 
spectra did not change significantly from the individual par-
ticle’s spectra at large separations (3.8 nm for 18 nm particles 
and 10.0 nm for 40 nm particle, respectively), decreasing the 
gap causes redshift and broadening of the LSPR band. Due to 
the x-polarized light, the structure can be considered as a spe-
cial type of chain, where the length of the chains is 3 particles. 
However, the presence of the other 4 particles with the chain 
results different extinction spectra. For this 2D array structure 
the observed coupled modes do not exceed 650 nm, thus the 
optical response can be tuned only from 530 nm to 650 nm, in 
contrast to the chain-like structures. 

Fig. 9 Simulated extinction cross sections as a function of wavelength for 
2D arrays at different separation distances for 18 nm (a) and 40 nm (b) gold 

nanoparticles.

Ben et al. carried out calculations using discrete dipole 
approximation for 2D infinite fcc array of gold nanoparticles 
[32]. They investigated nanoparticles in a wide size range (20-
100 nm) and varied the gap between the particles and found 
that plasmon ruler equation is valid also for 2D arrays. Our 
results (presented in Fig. 9) are in excellent agreement with 
the LSPR shifts calculated by Ben and his co-workers for infi-
nite arrays as shown in Figure 10a and b. Here, the peak shifts 
obtained from our simulation results for the different gap/parti-
cle diameter ratios as used in the calculations are plotted. For a 
convenient comparison, the values obtained from the plasmon 
ruler equation [32, 23] are also shown as a continuous line.

Fig. 10 LSPR peak shifts in a function of gap for 18 nm (a) and 40 nm (b) 
gold heptamers. Red curves illustrate the plasmon ruler function: y=A∙exp-

[(x-0.025)/τ18nm ] (a) and y=A∙exp-[(x-0.025)/τ40nm ] (b), where y is the ∆λ/λ0, 
x is the gap/diameter value, A is the preexponential constant (0.131 and 0.127 

for 18 and 40 nm, respectively) and τ is the decay parameter (τ18nm=0.053, 
τ40nm=0.091).

The calculated near-field maps (Fig. 11) also indicate that 
the peak around 526 nm is related to the single particle contri-
bution, but at 580 nm a coupled mode can be observed for the 
heptamer of 40 nm particles.

Fig. 11 Calculated near fields of gold heptamers of 7 nanoparticles (in 
diameter of 40 nm) at separation distance of 1.60 nm: a) at 526 nm, b) at 580 

nm. Color bar represents the near field enhancement.

3.4 Optical simulations for 3D nanoparticle clusters
Similarly to their 1D and 2D counterparts, three-dimensional 

nanoparticle clusters can have a complex optical response in the 
visible and near infrared region of wavelength, which is sensi-
tive to the structural geometry [15]. For a better understand-
ing of the optical properties of these ordered nanoclusters, it is 
important to know how the structure and the interparticle sepa-
ration affects their spectra. A simple closed packed 3D structure 
built up from 13 nanoparticles was chosen for the optical simu-
lations. Figure 12 demonstrates the obtained extinction spectra 
both for the 18 and 40 nm particles. For the smaller particles 
at the largest separation the cluster retains the optical proper-
ties of the individual nanoparticles, which shows that plasmon 
coupling in this case is not significant. Decreasing the gap to 0.6 
nm or less causes continuous red-shift and broadening until 560 
nm, where a coupled mode evolves. Similar behavior can be 
observed for bigger nanoparticles (Fig. 12b), however, coupling 
can be already observed at separation distance of 3.0 nm.
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Fig. 12 Simulated extinction cross sections as a function of wavelength for 
3D clusters at different separation distances for 18 nm (a) and 40 nm (b) gold 

nanoparticles.

For 40 nm particles, the near fields were calculated at two 
different wavelengths and three different planes. As shown in 
Fig. 13, the field enhancement for the 670 nm (bottom row) is 
significantly higher compared to 560 nm (top row). The small 
asymmetry in Figures a and d are due to retardation effects, 
whereas in c and f the high intensity region is located between 
the two particles aligned parallel to the excitation polarization.

Fig. 13 Calculated near fields of 3D cluster of 13 nanoparticles (in diameter 
of 40 nm) at separation distance of 1.60 nm for different slices: a-c) at 560 
nm, d-f) at 670 nm. Direction (k) and polarization (E) of incident light is 

labeled in the bottom left corners of the images.

4 Conclusion
Simulated extinction spectra of linear chains, 2D heptamers 

and 3D clusters built up from gold nanoparticles have been cal-
culated and compared. The simulations were carried out using 
boundary element method (BEM), where the particles were 
embedded into water and the separation distances were varied 
in order to map the optical response of relevant structures in 
colloidal self-assembly processes. 

It is known, that diffusion-limited aggregation results in 
hyperbranched gold nanoparticle chains, thus extinction proper-
ties of chains were investigated for 2-13 numbers of particles. In 
accordance with experiments it was shown, that whole visible 

range can be covered by the extinction of the clusters, but only 
if surface-to-surface separations well below 1 nm apply. 

Two-dimensional heptamers were investigated as the charac-
teristic building block of infinite close packed layers, which are 
relevant in interfacial assemblies and nanoparticle monolayers. 
Our results are in good agreement with previously published 
results obtained for infinite arrays using DDA approach and 
conform well to the plasmon ruler equation.

The simulation results obtained for 3D nanocluster with 
internal order and made up of 13 nanoparticles show a lower 
intensity coupled mode compared to linear chains or 2D 
heptamers. 

In general, for all types of particle assemblies (linear chains, 
2D or 3D clusters), the determining factor in the evolution 
of the coupled mode was the interparticle gap, depending on 
which markedly different spectral shaping can be achieved 
even for the same type of cluster. This draws the attention to 
the importance on experimental design at the nanoparticle syn-
thesis and surface modification level, since large surface mol-
ecules might limit the achievable coupling or spectral band in 
a certain application.
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