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Abstract. The Surface Plasmon Resonance (SPR) is an interesting optical property of metallic
nanoparticles, which is strongly influenced by the morphology of the nanoparticles, their surface chemistry,
and of course, the medium in which the particles are dispersed; therefore, knowing the position of the SPR
is of vital importance to define its possible field of application. Here, we present the prediction of the
position of the dipolar SPR in gold nanospheres, employing a Multilayer Perceptron Neural Network
(MLP). The data for the training, validation and testing of the MLP were obtained by calculating the
extinction efficiencies of gold nanospheres with different diameters using the Mie Theory and the MiePlot
software. 5-fold cross-validation was used as evaluation method and MSE, RMSE, MAE and R? as
evaluation metrics. The MLP allows predicting the dipolar SPR of gold nanospheres with an accuracy close
to 100%, knowing only its diameter, so our methodology can be extended to predict different
physicochemical, optical, or morphological properties of metallic and non-metallic nanoparticles.
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INTRODUCTION

Au nanoparticles have been widely used in different fields of application due to their interesting optical properties,
specifically surface plasmon resonance (SPR) [1], so this optical property has been used in photocatalytic processes [2],
elimination of bacteria and cancer cells [3,4], to improve the efficiency of solar cells [5], etc.

When an electric field whose frequency coincides with the natural oscillation frequency of the conduction electrons
in metals a resonance phenomenon emerges, giving rise to a collective movement of the sea of conduction electrons.
From the point of view of Quantum Mechanics, a quantum of this oscillation is called a plasmon. Plasmons, based on the
Fermi electron sea model, can be described as a cloud of negatively charged electrons consistently displaced from their
equilibrium position around a lattice made of positively charged ions [1,5].

Knowing the position of the dipolar SPR in Au nanoparticles is of vital importance because the possible field of
application depends on this [1]. Nowadays, thanks to the development of nanoscience, it is possible to synthesize
nanoparticles with a great variety of morphologies, which allows the position of the dipolar SPR to be tuned [1]. However,
this process is usually expensive, so it is necessary to implement computational tools that allow us to predict the position
of the dipolar SPR and thus optimize resources. Currently, thanks to the rise of Artificial Intelligence, specifically
Machine Learning (ML), it is possible to implement computational models that have a certain learning capacity, which
can be obtained from experience, that is, from the analysis of historical data of the phenomenon under study [6]. An
example of these models are artificial neural networks [6].

Inspired by the human brain, the Artificial Neural Networks (ANN) were born of the necessity of automating
prediction, identification, and control tasks. To create a functional model of the biological neuron, three elements are
required. Firstly, the synapses are represented by a value called weight, which indicates the strength of the connection
between an input and the neuron. The second component must be an adder that sums up all the inputs, and, finally, an
activation function that controls the output of the neuron [6-8].

In the present work, an ANN known as multilayer feed-forward neural network or Multilayer Perceptron Neural
Network (MLP) is proposed for predicting the dipolar SPR of Au nanospheres as a function of their diameter, using their
extinction spectra, which were obtained using the MiePlot software.

METHODOLOGY

The rigorous method chosen to generate the data needed to train, validate, and test the neural network is the Mie
theory [9,10], which is applied by means of MiePlot software (http://www.philiplaven.com/mieplot.htm) [11,12]. The
required values are those of the wavelength of incident light at which extinction reaches its highest point for different
diameter values. To obtain the desired results, one must input data as it is described below.

Firstly, method and graphic variables are selected as it is showed in Figure 1. In this case, the extinction efficiencies
(Qext) were calculated for Au nanospheres with different diameters and dispersed in a medium with a refractive index of
1.33 (water).
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Figure 1. Method and variables selection in Mie Scattering’s interface
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Figure 2. Procedure to select the type of material in MiePlot interface
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Figure 3. Procedure to select the surrounding medium in MiePlot interface

Later, the refractive index is selected; there, the pointer must be placed on the “Sphere” option to display the
available materials, out of which gold is selected. Then, the surrounding medium chosen is water, and temperature is fixed
at 25 °C (Figs. 2 and 3).

The particle size (spherical) was varied from 0.002 um (2 nm) to 0.1 um (100 nm), and the lower wavelength limit
is fixed at 200 nm and the upper at 1000 nm. It is also important to select “linear” at intensity scale and horizontal scale
(see Fig. 4). Fig. 5 shows the Q.x for an Au nanosphere with a diameter equal to 20 nm. In this figure, it is possible to
observe that the maximum of the Q. is around 520 nm. This maximum is related to the position of the dipolar SPR.

AxmyanvHvie sonpocsl duonocuueckol gusuku u xumuu, 2021, mom 6, Ne 4, c. 597-601



MODELLING IN BIOPHYSICS 599

T3 Mie scattering: Water in a vacuum
File View Advanced Window Help

Intenzity zcale Harizontal zcale Farticle zize
" Logarithmic i
bz el . .g Diameter [pm)
" Logarithmic * Linear -
WWavelength zcale 0.003
(v Linear kinimum [rim)
200 v Monodizperze
b axirnuim b =i [rim) " Dizperse

Automatic - 1000
Esil Mirirnirm Mo, of steps
i

0.1 - 1000 -

Figure 4. Selection of scale and particle size in MiePlot interface
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Figure 5. Qext for a 0.02 um Au nanosphere dispersed in water at 25 °C (obtained using MiePlot). The maximum of
the extinction spectrum is related to the position of the dipolar SPR

This procedure is repeated for several particle diameter values between 0.002 and 0.1 um to obtain the corresponding
wavelength results at which resonance phenomenon is reached.

Once the SPR was obtained for the Au nanospheres with different diameters, the training, validation, and testing of
an MLP was carried out, using the 5-fold cross-validation evaluation method [6], and the Mean Square Error (MSE), the
Root Mean Square Error (RMSE), the Mean Absolute Error (MAE), and the Determination Coefficient (R?) were used as
evaluation metrics [6,8]. The MLP consisted of one input layer (related to the diameter of the nanosphere as a predictor
variable), a hidden layer formed by ten neurons with rectified lineal activation function (RELU) [6,8], and one output
layer of a neuron (related to the target variable, in this case, the position of the dipolar SPR). In addition, the L, = 0.001
penalty was used as a regularization method, and as an optimizer of synaptic weights, the quasi-newton L-BFGS-B
method was used [6,8]. For the implementation of this supervised learning model, Orange V2.28 software was employed
(https://orangedatamining.com/) [13].

RESULTS AND DISCUSSION

In Figure 6 a) the Orange workflow for predicting dipolar SPR of Au nanospheres is shown. Figure 6 b) shows the
dialog box to interact with the Neural Network widget. In this window it is possible to select the number of hidden layers
and the number of neurons per hidden layer, the value of the L, regularization and the optimization method of the synaptic
weights. On the other hand, in Figure 6 ¢) the dialog window of the “Test and Score” widget is observed, in which it is
possible to select the 5-fold cross validation method as the model evaluation technique. In addition, in this widget the
evaluation metrics for the prediction of the dipole SPR are appreciated, as can be seen, the following values of the
evaluation metrics are obtained: MSE = 0.173, RMSE = 0.416, MAE = 0.309 and R? = 0.999, which implies an excellent
prediction of the dipole SPR of Au nanospheres as a function of their diameter.
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Figure 6. a) General workflow in Orange to predict the dipolar SPR of Au nanospheres, b) "Neural Network" widget
dialog window, and c) "Test and Score" widget dialog window

On the other hand, Fig. 7 shows the dipole SPR prediction parity diagram. In this figure, the horizontal axis is related
to the position value of the dipole SPR in nanometers obtained using MiePlot, while the vertical axis is related to the
dipolar SPR values obtained from the MLP. As can be seen, by making a linear fit with those SPR values, it is possible
to obtain both a Pearson correlation coefficient and a determination coefficient close to unity, which indicates that it is
possible to predict the position of the dipole SPR with a precision close to 100%.
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Figure 7. Parity Plot for the prediction of the dipolar SPR of Au nanospheres. The horizontal axis represents the SPR
values obtained using MiePlot, while the vertical axis is related to the SPR values obtained from the MLP prediction.

The color and size of the points is related to the position of the SPR in nanometers. On the other hand, the black line
shows a good fit of the data
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CONCLUSIONS

Today, thanks to the rise of Artificial Intelligence, it is possible to optimize resources in nanoscience, to the point
that it is possible to predict the optical properties of different types of nanoparticles. Here we can conclude that it is
possible to use an MLP to predict the position of the SPR dipole of Au nanospheres with an accuracy close to 100%,
knowing only their diameter. This result opens the possibility of expanding our methodology to predict different
physicochemical, optical, or morphological properties of metallic and non-metallic nanoparticles.
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